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Abstract

Transition metal dichalcogenides (TMDs) are a family of ubiquitous and inexpensive inorganic
layered materials, with an ever-growing set of physicochemical properties. Namely, the edge
site confined hydrogen evolution reaction (HER) electrocatalysis found in pristine TMDs is of
high interest to replace the scarce precious metals currently employed in proton exchange
membrane electrolysers. The core of this thesis is devoted to the maximization of the
electrocatalytic activity of TMDs, here being MoS> and WS, towards the HER in acidic
electrolytes by wuse of physical and electrochemical techniques. Activation of the
electrochemically inert sulfur edge sites in MoS» was undertaken by preparation of Ni-MoSs
hybrid nanoclusters using a dual-target magnetron sputtering and gas condensation technique.
The HER enhancement observed is limited by the sulfur-deficient inherent nature of the size-
selected MoS> nanoclusters, which hampers their crystallinity and electrochemical stability,
amended here by a post-sulfidation treatment consisting of sulfur evaporation and annealing.
Edge site exposure is alternatively explored for crystalline TMD flakes by fabrication of
nanopillar /nanocone array structures, investigating their morphology-dependent mass
transport properties and chalcogen-dependent HER catalysis. Insight on the pH-dependent
HER activity and stability of electrodeposited amorphous molybdenum sulfide is thoroughly
investigated, proposing the moieties responsible for the observed HER catalysis. Lastly, the
potential of tungsten sulfide decoration to mitigate iridium corrosion under acidic oxygen

evolution reaction conditions is evaluated.
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Figure 2.6. a) Left: Illustration of the electrochemically-assisted lithiation method to exfoliate monolayer
TMDs. Right: TEM image of electrochemically-assisted lithium exfoliated MoS2 monolayer. b)
Mlustration of the electrochemically-assisted TMD exfoliation via volume-expanding generation of Oq
and SO2in a two-electrode cell submerged in NasSOy electrolyte. Inset: TEM image of exfoliated MoS»
nanosheet. ¢) Top: Hlustration of the self-limiting electro-ablation mechanism, yielding monolayer TMDs
by in-situ H2O2 generation. Bottom: Anodic voltammogram of MoSs, and the corresponding electro-
oxidation feature in 1 M LiCl, and voltage-dependent (1.1-1.4 V held for 60 s) electro-ablation of MoS»
multilayers. d) Top: Multilayered MoS2 etching rate as a function of N2/SFg plasma etching time.
Bottom: Optical microscopy images of a ca. 90-layered MoS> flake before and after plasma etching.

Reproduced from refs. [143,144, 146,148, 155]. weeiuuriiuiee ittt ettt ettt st e e s aee e st eeseee e e 32

Figure 2.7. a) Top: Atmospheric-pressure CVD deposition setup based upon gas-phase TMD
condensation on a substrate (here a vertical purple sheet), Bottom: Schematic of the edge-oriented MoS»
platelets growth and SEM cross-section morphology analysis. b) CVD-grown MoS2 deposition pattern
obtained as function of the spatial location-induced MoOj3 concentration gradient in sections 1-6, and
their corresponding SEM micrographs showing MoS2 nanoplatelets shape evolution. ¢) Top: Shape
evolution of MoS> nanoplatelets dependent on local chalcogen-to-metal vapour ratios, ranging from
triangular to highly dendritic via star/branched triangular morphologies. Bottom: Morphology-
dependent HER performance, and linear correlation between MoS2 dendrite edge density and jo. d) Top:

Schematic of the spin coating-based thermal decomposition synthesis of WxMo(1.x)S2 on reduced graphene



oxide (rGO). Bottom: HER and electrochemical impedance spectroscopy (EIS) of WiMo(1-x)S2/rGO
(blue) versus their MoS2 (black) and WSz (red) analogues. Reproduced from refs. [160,171,177,191]. .36

Figure 2.8. a) Left: Tllustration of the stepped edge MoS» vertically-aligned array nanostructure (top),
and high-resolution TEM and FE-SEM images showing their stepped nature and edge termination
(bottom), Right: HER polarization curves obtained for stepped edge (red) versus flat edge (blue) and
commercial (yellow) MoS2 nanostructures. b-g) Compilation of TMD morphologies obtained by wet
chemical synthesis: defect-rich nanosheets, in-plane edge-rich nanosheets, nanoflowers, hollow porous

nanotubes, marigold-like nanoflowers and rhombic dodecahedra. Reproduced from refs. [193-197].

Figure 2.9. a) Chemical structure of the edge-mimicking (NHi)2[Mo2S12] cluster. b) Loading-dependent
HER performance of the [Mo2S12]* cluster catalyst. ¢) Chemical structure of the [MosSi3|* cluster (top
and lateral perspective). d) Hydrogen TOF dependence on the XPS amorphous electrodeposited MoSx
content on high binding energy S»* bridging and S* apical contents. Inset: HAADF-STEM image
showing |[MosS13]* cluster-based structure on electrodeposited MoSx. €) In operando Raman spectra
recorded on amorphous electrodeposited MoSy before (green) and during (blue) HER operation, showing

H-S vibration band. Reproduced from refs. [198,199,205,207,208] .......cvoverriiiriiniienieniienieeiie e 39

Figure 2.10. a) Plot of 4Gy,™ as a function of the TM-S edge binding energy AGs. b) Left: TEM image
of the vertically-aligned TM-doped MoS2 nanosheets (lateral TM concentration profile on inset), Right:
HER polarization curves before (black) and after Fe (red), Co (blue), Ni (cyan) or Cu (magenta) doping.
¢) Top: HER and EIS performance before (black) and after (red) multiwall CNTs functionalization of
MoS2 nanosheets, Bottom: Schematic and TEM image of MoSs-multiwall CNTs composite. d) “Volcano
plot” of hydrogen TOF per Mo atom as a function of support-dependent [Mo3S13|> clusters AGy". e) Left:
SEM micrograph of MoSs-modified 3D nanoporous gold, Right: MoS2 layer-dependent HER
electrocatalysis of modified nanoporous gold substrate. Reproduced from refs. [218,232-235]. ............. 42

Figure 2.11. a) Left: Aberration-corrected TEM image of MoS2 with S vacancies (ca. 12 %), Right: HER
performance before (blue) and after (red) tensile strain application (ca. 1.35 %). b) Left: Scanning
tunnelling microscopy image showing O-incorporated atoms at S vacancy sites (dark triangles) of MoSa-
xOx crystals, Right: HER performance before (blue) and after (red) O-incorporation. ¢) Left: HAADF-
STEM image of single Pt atom-doped MoS2 nanosheets, Right: HER polarization curves before
(magenta) and after (red) Pt doping, and d) Bottom: High-resolution TEM imaging of B-doped MoSes2
nanosheets along with their EDX mapping, Top: HER cathodic voltammograms recorded before (green)

and after (yellow) B incorporation. Reproduced from refs. [290,298,311,314]. «..ouvveiiiiniiiiiinneernnnnnne. 48

Figure 2.12. a) Schematic compiling the Ir electrodissolution pathways under OER operation: green and
red arrows correspond to the dominating dissolution routes taking place at low and high OER

overpotentials, respectively. Blue arrows show Ir intermediates and their associated reactions, observed



irrespective of the OER operation overpotential. b) Left: OER polarization curves of plasma-synthesized
WiklrkOs.5 thin films. Right: OER stability testing by jgeom hold at +10 mA cm2, Electrolyte: 1 M
H2S0O4. ¢) Pourbaix diagrams (Potential vs. pH) of molybdenum-sulfur-oxygen-hydrogen (left) and
tungsten-sulfur-oxygen-hydrogen systems (right). Reproduced from refs. [7,342,348]. ...c.ccoovvveruiennncens 51

Figure 3.1. Two-electrode setup for the Fe(CN)¢/Fe(CN)¢* redox couple, and breakdown of the

contributions of the measured POLENTIAL A rorar. < rererererererererererereieieieieieieie e aeaeaeseaeaeaeseaesaeaaaseseseseaenenns 83

Figure 3.2. Simplified schematic of a three-electrode electrochemical setup. The illustrated cell operation
corresponds to that used under potential-controlled hydrogen evolution testing conditions (Iwg < 0)

with a glassy carbon displayed here as a WE. .....ccoioiiiiiiiii 91

Figure 3.3. Absolute voltage-time profiles of a) linear sweep voltammetry and b) cyclic voltammetry.
¢) Representative cyclic voltammogram obtained in a 5 mM Kj3[Fe(CN)g] aqueous solution in a 3 mm

glassy carbon working electrode. Scan rate: 25 MV S it 94

Figure 3.4. Schematic representation of the “diffusion domain approximation” for a microelectrode array,

using diffusionally independent squared unit cells. Adapted from [12] ....cccooooiviiiniiiniiiniiniiiieeeee 99

Figure 3.5. Schematic representation of the 4 diffusional regime cases found for microelectrode arrays,

adapted fTOML [16]..co.ei ittt ettt st 100

Figure 3.6. a) Illustration of the working principle of impedance spectroscopy. Graphical representation
of AC signal and Nyquist plot features for ideal circuit elements as b) resistor, c¢) capacitor and d)

inductor. Nyquist plot in d) plotted as Z'' vs. Z' for ease of representation. ..........ccceeceeveeeroeeioenneenne. 102

Figure 3.7. a) Equivalent elements in the Randles circuit and b) Representative Nyquist plot obtained

for a model RAnAIes CIFCUIL. ...vvueiiiiii e et e e e 103

Figure 3.8. a) Molecular vibrations and corresponding vibration modes for single-layered (1L), bi-layered
(2L) and bulk MX> materials: modes labelled with R are Raman-active, whilst those labelled IR are
infrared-active; b) Layer-dependent relative frequency shift of in-plane Ezlg and out-of-plane A;;, MoSs
Raman modes; ¢) Raman spectra of monolayer 1T’-MoS2 (black), monolayer 2H-MoS: (red), and bulk
2H-MoS: (black). Reproduced from refs. [20,22,23]..........cccccciii 106

Figure 3.9. a) Schematic of the photoelectric effect employed as a basis for XPS measurements; b)

Diagram of a conventional XPS instrument. Reproduced/adapted from refs. [32,36]. ......cceevviernnnne 108

Figure 3.10. Signals emitted after the interaction between the specimen and the electron beam, and

their interaction volume (penetration depth). Reproduced from [41]. ....ccovieniiniiiniiniiiiiiieneneen 110

Figure 3.11. a) JEOL 2100F aberration-corrected STEM used at the NPRL, and schematic of its key

components; b) Schematic of the STEM imaging modes based on the beam collection angle 6; c)



Schematic of the working principle of Energy-dispersive X-ray spectroscopy: two electron from the L
and K shell are ionised by the electron beam, where the generated vacancies are filled by electrons from

the M and K shells, emitting Lo and Ko x-rays, respectively. Reproduced from refs. [44-46]............. 113

Figure 3.12. a) Schematic of the magnetron sputtering chamber: 1) magnetron target, 2) liquid nitrogen
jacket, 3) cluster aggregation and nucleation region and 4) adjustable cluster beam nozzle; b) Schematic
of the lateral Time-of-Flight mass filter chamber: 1,2) adjustable entrance/exit aperture slits, 3) Faraday

cup array; 4,5 and 6) entrance, field-free drift and exit pulse region. Schematics adapted from ref. [57].

Figure 3.13. Detailed schematic of the working principle utilized in the lateral Time-of-Flight mass

filter. Adapted from ref. [B0].......coouiiiiiiii et 116

Figure 4.1. Custom-built silicon wafer vertical positioner employed for NS monolayer deposition. ... 124
Figure 4.2. Schematic of the dual-target magnetron sputtering and gas condensation cluster beam
system (top view). It consists of four sections: magnetron sputtering, ion optics, lateral time-of-flight
mass filter and cluster deposition. For all experiments described the mass filter is only used for cluster
size monitoring, not for deposition. The clusters are instead deposited directly onto substrates in the

chamber shown at the top of the figure........cccccoiiii e 126

Figure 4.3. Cluster beam source schematic. It comprises five sections: magnetron sputtering and cluster

formation, ion optics, Time-of-Flight mass filter, cluster deposition and cluster post-treatment. ...... 127

Figure 4.4. Top: Diagram of the simplified transmission line circuit model employed for EIS fitting.
Bottom: 3D schematic of the EIS equivalent circuit overlapped at a cross-section of the acidic electrolyte-

(MoSx) nanocluster-glassy CarbOm SYSTOIML. .. .. ..iiiiiiiiiee ittt ettt et e e et esaeeeseaeeeneeas 135

Figure 5.1. Compilation of mass spectra obtained by the time-of-flight mass filter during nanocluster
deposition. From the spectra, MoS>, Ni (§W) and Ni-MoS2 (3W) show peak masses of around 4.8 x 104
amu {(MoS2)300), 1.3 x 10> amu (™ Niago) and 1.6 x 10° amu {(MoS2)1000}, respectively. The mass spectra
of Ni (4W) is also plotted to show the effect of the power applied to this target.........ccoevevrenennne. 147

Figure 5.2. STEM images and size distribution in diameter based on the nanocluster surface area
obtained by individual nanocluster counting at a given STEM image. MoS2, Ni-MoS», and Ni (8W) have
a peak value of 2.6 nm, 5.0 nm, and 4.2 nm respectively. Insets of STEM images are the FFT patterns

of the corresponding ClUSTOTS. t.vuiiiu it eae e 149

Figure 5.3. a) STEM image of hybrid Ni-MoS> hybrid nanocluster and b) example HAADF intensity
line profile corresponding to the yellow region in a). The line profile shows step changes in nanocluster
height, where layer numbers (0.65 nm theoretical interspacing) are labelled as a guide. ¢) STEM image

of a side-on (perpendicularly oriented) MoS2 nanocluster showing a layered structure. ..........cceen.... 150



Figure 5.4. STEM image a) containing large and small nanoclusters used for EDX measurement. b)EDX
mapping shows the composition of Ni-MoS2 nanoclusters; Mo, S, and Ni are shown in green, blue, and
red respectively. Signal in cyan comes from the overlap of Mo and S signals. Mo, S, and Ni signals are
also shown separately in pannels ¢, d and e; where the nanocluster positions are marked by the yellow

0 EC oL PR 152

Figure 5.5. High-resolution XPS spectra of Mo 3d (left) and S 2p (right) for fresh (top) and 14 h air
exposed (bottom) for a) (MoS2)300 nanoclusters and b) (Ni-MoS2)1000 nanoclusters. Labels: raw spectra
(solid black), cumulative peak fit (solid red), Mo*" 3ds/2 (solid green), Mo*" 3ds/2 (dashed green), Mot
3ds/2 (solid orange), MoSt 3ds/2 (dashed orange), S 2ps/2 (solid yellow) and S 2p1/2 (dashed yellow). 154

Figure 5.6. High-resolution XPS spectra of Ni 2p fresh (top) and 14 h air exposed (bottom) Ni
nanoclusters. Labels: raw spectra (solid black), cumulative peak fit (solid red), Ni’ 2p3» peak
deconvolution (solid blue), Ni** (NiO) 2ps/2 peak deconvolution (solid green) and Ni?* [Ni(OH)2 | 2p3/2

peak deconvolution (SOl OTAILZE). ....coverririeiioriiiet ettt ettt 155

Figure 5.7. High-resolution XPS spectra of Ni 2p for fresh (top, solid magenta) and 14 h air exposed
(bottom, solid orange) (Ni-MoS2)1000 nanoclusters. Dashed vertical line indicates peak position of metallic

Ni (theoretical value: 852.7H0.4 €V).[10].ccueeriiriiiiieitent ettt e 157

Figure 5.8. Linear sweep voltammograms recorded at 5 mm diameter glassy carbon (dashed black)
samples modified with a) fresh (MoS2)300 (solid red), b) fresh (Ni-MoS2)1000 (solid magenta), ¢) Niazoo
(solid blue), d) 14-h air exposed (MoS2)300 (solid green), and e) 14-h air exposed (Ni-MoS2)1000 (solid

orange) nanoclusters in the 0 to -1.2 V range vs. RHE. Scan rate: 25 mV s1......cccooiiiiiiiiniiinn... 161

Figure 5.9. Tafel plots (7 vs. 10g |jgeom|) of the Ni-doped /undoped MoS2 nanoclusters evaluated in figure
6. SCAN Tate: 25 TV S, oottt et ettt et et e et e e et e e ebaeeaaean 162

Figure 5.10. Anodic stripping voltammograms of 14-h air exposed a) (MoS2)300 nanoclusters (solid green)
and b) (Ni-MoS2)1000 hybrid nanoclusters (solid orange) deposited on a 5 mm glassy carbon stub in the

0.4 to 1 V range vs. RHE. Scan rate: 50 TV 87 .ot 164

Figure 5.11. Peak deconvolution of the anodic stripping voltammogram (ASV) first scan of 14-h air
exposed (Ni-MoS2)1000 hybrid nanoclusters deposited on a 5 mm glassy carbon stub in the 0.4 to 0.8 V
range vs. RHE. Raw ASV () is deconvoluted in peaks I (solid blue), IT (solid magenta), III (solid orange)
and IV (solid green). Cumulative peak fit labelled in solid red.........ccccocoviiiniiiniiniiiiiiiee 169

Figure 6.1. Low magnification STEM images of size-selected (MoSx)1000 nanoclusters a) as-deposited
and b) after sulfur evaporation and annealing. High magnification images for ¢) as-deposited and d)
sulfur-evaporated and annealed (MoSx)1000 nanoclusters shown to compare modifications in crystallinity

(FFT patterns of corresponding clusters shown in inset). Size distribution of non-overlapped independent



nanocluster counting on e) as-deposited and f) sulfur-evaporated and annealed (MoSx)1000 nanoclusters

included for €ase Of COMPATISOIL. .o i e 179

Figure 6.2. High magnification STEM images of size-selected (MoSx)io00 nanoclusters after sulfur
evaporation and annealing showing a) Moiré patterns due to layer misorientation and b) layered
structure when depositing in a side-on arrangement. c¢,d) HAADF intensity profile analysis of a,b)

showing the 3-4 layered structure and corresponding interlayer spacing. .........cooeveveieieieieieieie e, 180

Figure 6.3. High-resolution Mo 3d (top) and S 2p (bottom) XPS spectra of a) as-deposited (MoSx)1000
nanoclusters, b) sulfurised, non-annealed (MoSx)1000 nanoclusters and c) sulfurised, annealed (MoSx)1000
nanoclusters. Labels: raw spectra (black), cumulative peak fit (red), Mo*" 3d5/2:3/2 (green), Mo*OpSc
3ds/2:3/2 (blue), MoS* 3d5/2:3/2 (orange), S 2ps3/2:1/2 (S%, yellow) and S 2p3/2:1/2 (S2%, magenta). The faint

peak at ca. 160 eV in the S 2p spectra corresponds to a background subtraction artifact............... 182

Figure 6.4. a,b) Linear sweep voltammograms recorded at 5 mm diameter mirror-polished glassy carbon
samples (black) modified with as-deposited (MoSx)i000 nanoclusters (blue) and sulfurised, annealed
(MoSx)1000 nanoclusters (gold) at surface coverages of 5% (a) and 20% (b). Red arrows denote

overpotential shift due to sulfurisation at [juaif max|- Scan rate: 50 mV gl .o 184

Figure 6.5. a) Tafel plots (1 vs. log|jscom|) of the different (MoSx)1000 nanoclusters plotted in Figure 6.4.
Scan rate: 50 mV s1. b) Electrochemical impedance spectroscopy Nyquist spectra of samples in Figure
6.4 recorded at r” 700 mV vs. RHE. Labels in ¢,d): mirror-polished glassy carbon (black), as-deposited
(MoSx) 1000 nanoclusters at 5% (red) and 20% (purple) coverage, and sulfurised and annealed (MoSx)1000
nanoclusters at 5% (green) and 20% (blue) coverage. Asymmetric plotting of EIS spectra done for ease
Of INtErpretation Of TESULES. «.oovuiiiiiii ettt e e 186
Figure 6.6. a) Linear sweep voltammograms recorded at 5 mm diameter mirror-polished glassy carbon
samples modified with 20% projected surface coverage as-deposited (MoSx)1000 nanoclusters (black), (Ni-
MoS2)1000 hybrid nanoclusters (green) and sulfurised, annealed (MoSx)1000 nanoclusters (red). Blue arrow
denotes overpotential shift at |jnalf max|. b) Linear sweep voltammograms recorded at 5 mm diameter
mirror-polished glassy carbon samples modified with sulfurised, annealed (MoSx)i000 nanoclusters at

different projected surface area coverages: 5% (black), 10% (red) and 20% (blue). Scan rate: 50 mV sl

Figure 6.7. Evaluation of short-term stability of (MoSx)1000 nanoclusters by comparison of the first (light
blue) and eleventh (gold, as in Fig. 6.4) linear sweep voltammograms recorded at 5 mm diameter mirror-
polished glassy carbon samples modified with a) as-deposited and b) sulfurised, annealed (MoSx)1000
nanoclusters with 20% projected surface coverage. Red arrow denotes overpotential shift at [jhaif max|-

SCAIL TABE: 5O TEIV ST oottt ettt ettt sttt ananan 190



Figure 7.1. FE-SEM micrographs of 200 nm polystyrene-latex NS deposition on a) MoS2 and b) WS
CEYSEALS. 1.ttt ettt e e ettt e e s sttt e e e s st eneee s e 199

Figure 7.2. FE-SEM micrographs of SFs/CsFs plasma-etched MoSz crystals for a) 15 + 1 s (45° tilt
angle), b) 32 + 1 s (80° tilt angle), ¢) 45 + 1 s (85° tilt angle) and d) 60 + 1 s (45° tilt angle) and
SFs/C4Fs plasma-etched WSa crystals for e) 16 = 1 s, f) 31 £ 18, g) 46 £ 1 s and h) 61 £ 1 s (all
imaged at 45° tilt angle). Image distortion in e) and f) is attributed to SEM distortions: such areas are

not, considered during nanopattern characterization. ........oovviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii e, 202

Figure 7.3. High-resolution XPS spectra of W 4f (left) and S 2p (right) regions for SF¢/C4Fs plasma-
etched WSy crystals: as-received (first row), 16 + 1 s (second row), 31 + 1 s (R= 2, Z= 6.4, third row),
31 + 1 s (R= 1.4, Z= 5.1, fourth row) and 61 + 1 s (fifth row). Labels: W*" 4f7/2.5,2 WS2 2H phase
(green), W*' 4f7/2.52 WS2 1T phase (magenta), W*" 4f7/2.5/» from WO (light blue), W 5p (orange), S
2p3/2:1/2 from S*(yellow) and S 2p from SOx' (dark BIUe). ....ccoeoveiiiiiiiiiiiiiiiieeeeee e 205

Figure 7.4. Linear sweep voltammograms of SFg/CsFg plasma-etched a) MoS2 and b) WSz crystals in
the 0 to -1.2 V voltage range vs. RHE. Dashed line (orange) indicates |jgeom|= 0.05 mA cm? (see text).
Voltage scan rate: 5O IV S7L. oottt ettt b et et b e b enre e 207

Figure 7.5. Comparison of HER performance of a) 15 & 18, b) 30 £ 1 s and c) 60 £ 1 s SFg/CsFs
plasma-etched MoS» (solid black) and WSz (solid red) crystals in the 0 to -1.2 V voltage range vs. RHE.
Scan rate: 50 IV S Lot 209

Figure 7.6. Geometric peak current density |jp| vs. square root of the scan rate vslc/jn plots for HER
experimental (black) and theoretical values predicted by the irreversible Randles-Sevéik equation (blue)
fora) 15 £ 1s,¢) 32+ 1sande) 38 £ 1 s plasma-etched MoSz crystals; HER experimental (red=Ep +
50 mV; green— Ep + 100 mV) and theoretical irreversible Randles-Sevéik Case 4 (black) log-log plots of
transient dimensionless current densities j/Agzomain vs- dimensionless time t for b) 15 + 1 s and d) 32 +

1 s plasmaretched MoS2 CIYSEAL cooueiiiiiiiiiiii et 210

Figure 7.7. Plasma-etched WS> crystals geometric peak current density jp vs. square root of the scan
rate V;C/;n plots for HER experimental (black) and theoretical values predicted by the irreversible
Randles-Sev¢éik equation (blue). Etching conditions: a) 16 = 1's, b) 31 = 1 s (R= 2, Z= 6.4), ¢) 31 + 1

S (R= 1.4, Z= 5.1) and d) 61 & 1 Sueomiomieooeeoeeeeeeee oo 213

Figure 7.8. a) 31 + 1s (R=2, Z=6.4),b) 16 + 1 s and ¢) 31 + 1 s (R= 1.4, Z= 5.1) plasma-etched
WSs crystal HER experimental (red=FEp + 50 mV; green= Ep + 100 mV) and theoretical (black,
irreversible Randles-Seviik Case 4; red, irreversible Randles-Sevétk Case 1) log-log plots of transient

dimensionless current densities j/Agomain vS. dimensionless time T......oeveeveiniiiniiiniineineineinennn. 215



Figure 7.9. Tafel plots (n vs. 10g |jgeom|) of a) MoS2 and b) WS SF/C4Fs freshly plasma-etched crystals.
Voltage scam Tate: 50 IV Sl oottt 218

Figure 7.10. a) Peak to peak separations of the ferro/ferricyanide redox probe for plasma-etched MoS»
(blue) and WS» (red) samples at Useqn= 100m Vs, b) Heterogeneous electron transfer rate constants

kgpp calculation for plasma-etched MoS2 (purple) and WSz (green) samples obtained from the i vs.

[ (nzFD Vscan

-1/2 -
pom )] plot slope (Inset: zoom of 9b for a kg, x 10 cms™ scale bar to highlight MoS2 values),

and ¢) Calculated k3, values obtained by the Klinger and Kochi method for vgeqn= 100 mV s, .... 219

Figure 7.11. Calculated values of kg,, for the [Fe(CN)g|*/[Fe(CN)g|* redox probe of fresh plasma-

TZFDVscan -1/2 1 .
etched a) MoS2 and b) WSz crystals (¥ vs. [(T)] plot, Vsean= 100 mV s1), vs. the experimental
nanopillar height obtained from tilt-angle corrected SEM micrographs.......cccccovvveiiiiiiiieiininiiineneneen. 220

Figure 7.12. a) Linear sweep voltammograms in the 0 to -1.2 V voltage range vs. RHE and b) Tafel
plots (n vs. logljgeom|) for WSa atmospherically-aged SF¢/CsFs plasma-etched crystals. Dashed line

(orange) indicates |jgeom| = 0.05 mA cm™ (see text). Voltage scan rate: 50 mV st ... 223

Figure 7.13. Comparison of HER performance of a) 16 £ 18, b) 31 £ 1s (R=2,Z=6.4),¢) 31 £ 1s
(R= 1.4, Z= 5.1) and d) 61 £+ 1 s SFs/C4Fs plasma-etched fresh (solid black) and 5-month aged (solid
red) WSs crystals in the 0 to -1.2 V voltage range vs. RHE in 2 mM HC10O4/0.1M NaClO4. Voltage scan
FABE: BO TV ST ettt ettt ettt et e en e e 224

Figure 7.14. FE-SEM micrographs of a) 16 + 18, b) 31 + 1 s (R=2, Z=6.4),¢) 31 + 1 s (R= 1.4, Z=
5.1) and d) 61 + 1 s SFs/C4Fs plasma-etched WSa crystals after 5 month atmospherical ageing and
electrochemical testing. Tilt angle: 45°. ..o e 225

Figure 8.1. Representative I-E curve obtained from the solvent-phase sulfidation method in a plasma-
etched WS» crystal. Electrolyte: 10 mM NapS203, 0.1 M Na2SO4 and 1 mM Ha2SO4. The electrochemical
window was selected based on the optimized conditions stated in ref. [1]. Scan rate: 25 mV sl scanning

direction INdicated DY AITOW...coceererererieeieiee e 236

Figure 8.2. Left column: Linear sweep voltammograms in the 0 to -1.2V voltage range of a) 31+1 s (R=
2, Z=6.4) and b) 61+1 s atmospherically aged, sulfidation treated plasma-etched WS2 samples over a
three week ambient exposure period. Right column: Tafel plots (1 vs. log|jgeoml) of ¢) 31£1 s (R= 2,
Z=6.4) and d) 6141 s atmospherically aged, sulfidation treated plasma-etched WS2 samples over a three
week ambient exposure period. Labels: pre-sulfidated (black), post-sulfidated (red), 8-day atmosphere
exposed (green), 15-day atmosphere exposed (blue) and 22-day atmosphere exposed (magenta). Scan

Tt 28 TV 7. ittt e 238



Figure 8.3. Comparison of: a-b) roughness-factor corrected HER peak current densities at vseqn= 25mV
s1, c-d) WOz surface content (left axis) and S*:W*" XPS atomic photoemission ratios (right axis), and
e-f) k3, values for the [Fe(CN)g|*/[Fe(CN)g|* redox probe, for atmospherically aged, sulfidation treated
plasma-etched WSa samples 31+1 s (R=2, Z=6.4, left column) and 61+1 s (right column), after weekly

electrochemical testing over a three-week ambient exposure period. ........cceeveeeieiiiiiiiieniieiiiiiiiieeeeeeeens 240

Figure 8.4. Stacked high-resolution XPS spectra of W 4f and S 2p for a-b) 31 £ 1 s (R= 2, Z= 6.4) and
c-d) 61 £+ 1 s atmospherically aged, sulfidation treated, plasma-etched WSz samples over a three-week

ambient exposure period. e-f) Comparison of total S:W XPS atomic photoemission ratios. .............. 242

Figure 8.5. FE-SEM micrographs of a,c) 31 + 1 s (R= 2, Z= 6.4) and b,d) 61 + 1 s SF;/C4Fs plasma-
etched WSa crystals atmospherically aged plasma-etched WSa samples before (first row) and after

solution-phase sulfidation (second row). Tilt angle: 45°. .....ccoooiriiiininiiniiiir e 244

Figure 9.1. a) Representative voltammograms obtained during the electrochemical deposition of MoSx
onto 0.25 em? Si/Ti/Au electrodes by continuous voltage cycling from +0.1 V to -1 V vs. Ag/AgCl in
2mM (NHy4)2[MoSy|, 0.1 M NaClO4. b) Representative first (black) and 25" (magenta) voltammograms
obtained by continuous cycling within the +0.1 V to -1 V vs. Ag/AgCl electrochemical window for
Si/Ti/Au electrodes in 0.1 M NaClOy (dashed lines) and 2mM (NH4)2[MoS4|, 0.1 M NaClOy (solid lines)
electrolytes. Scan rate: 50 MV §7h ..ottt 251
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Chapter 1

Introduction

1.1 Background of the research

The impact of the industrial revolution in global warming is an undeniable and pressing
concern. A very recent report from the Intergovernmental Panel on Climate Change has
confirmed a 1+0.2 °C increase in the global average temperature in 2017 compared to pre-
industrial levels (see Figure 1.1a),[1] with warming higher than the average (almost double) in
specific regions and climate seasons (see Figure 1.1b).[1] In a business-as-usual scenario of
anthropogenic emissions, this report suggests that 1.5 and 2 °C temperature increases will be
achieved by 2040 and ca. 2070, respectively. Above 1.5 °C increase, experts anticipate
disappearance of coral reefs, extinction of local species, sea level rise, aggravated climate events
(heatwaves, heavy precipitation) and higher risks of water and food scarcity, amongst other
effects.[2] Some can be mitigated if drastic action is taken to stabilize up to 1.5 °C the global
temperature increase, commitment stated in the 2015 UN Paris agreement.|3]

However, the 2.2% and 1.6% growth of global primary energy consumption (for contribution
by energy source, see Figure 1.2a) and carbon emissions in 2017,[4] respectively, present a
contrasting reality. Oil, the highest relative contributor of primary energy consumption (ca.
34.2%), is being effectively depleted (98186 thousands of barrels/day consumed vs. 92649
produced), and its proven reserves would only last 50 more years at the present production
rate. Interestingly, economic growth of emerging economies is mostly driven by use of carbon-

intensive energy sources. For Brazil, China, India and Russia, coal, natural gas and oil account



for 62.9%, 86.4%, 91.9% and 87.4% of the primary energy consumption, respectively.|[4]
Consequently, a prompt transition towards a decarbonized and sustainable energy system is
needed to sustain the everlasting increase of energy demand (projected to be a 16% by 2050)|5]

whilst minimizing its impact on Earth’s ecosystem.[6,7]
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Figure 1.1. a) Time evolution of the global average surface temperature in the 1850-2017
period. b) Local warming observed in the 2006-2015 decade versus the average temperature in

the pre-industrial period (1850-1900). Reproduced from ref. [1].

Green renewable energies such as hydrothermal, geothermal, wind or solar photovoltaics (PV)
are one the keyplayers in this transition: these represent a 3.6% in the 2017 total energy
consumption.[4] In the UK, despite being a net electricity importer, a 31.7% of the generated
electricity corresponds to renewable energies (Figure 1.2b), presenting an energy capacity of
42.2 GW.[8,9] In both global and UK scenarios, renewables’ generation power capacity is on
the rise: 17% and 10% only in 2017, respectively. Their increasing deployment is driven by
decreasing manufacturing costs (since 2010, solar PV and wind dropped down 70% and 25%)
and competitive auction commissioning policies.[10] Thus, penetration of renewables in the

electricity grid is today a reality which could dominate the future energy system.



The inherently intermittent nature of some renewable energies, however, might prevent to
cover unpredictable peak energy demands (scenario coined as “lulls and slews”.[11] Among the
solutions, storage of renewable energy by on-site production of an energy carrier such as
hydrogen during periods of low demand of the energy grid is one of the most praised. The main
advantages of hydrogen use are its high gravimetric energy density compared with currently
employed fossil fuels (1 Kg of hydrogen presents more chemical energy stored than 2.5 Kg of
gasoline)[12]| and the generation of water as a byproduct of its combustion. These are extremely
valuable in the transportation sector, as not only would minimize carbon emissions but also
improve the energy security given the price volatility and geopolitical instability of crude oil.[13]
A hydrogen-based energy system, coined as the hydrogen economy,|[14] has been envisioned as
one of the most sustainable solutions to obtain a carbon-free energy cycle.[15,16] This, however,

heavily relies on the hydrogen production method.

LA

b)

Coal
1.6%

Gas
42.0%

Nuclear
21.7%

Relative contribution / %

6 @ 7@ s F 9 &8s & 87 8w @ % & 99 o

Year
Figure 1.2. a) Global primary energy consumption share in the 1965-2017 period, based on
energy source (in %): oil (green), coal (black), natural gas (red), hydroelectricity (blue), nuclear
energy (yellow) and renewable energy (orange). b) UK electricity generation share for the

second quarter of 2018, based on energy source. Refs. [4] and [§].



1.2 Hydrogen production methods

Hydrogen, although being the most abundant element in the universe, is mostly found on earth
chemically bound to molecules (namely water and hydrocarbons) rather than in its molecular
form. Different methods can be employed to generate hydrogen, with varying degrees of carbon
footprint. We will herein outline those based on water electrolysis, but alternative hydrogen

production methods are included in the appendix (section A) for completeness.

1.2.1 Electrolytic-based methods

Dating back to the pioneering experiments by van Troostwijk and Deiman in 1790,[17] water
electrolysis consists on breaking water molecules into its elemental constituents, hydrogen and
oxygen, by exerting an external voltage gradient between two immersed conducting electrodes.
In the anode, oxygen evolution occurs, whilst hydrogen is produced at the cathode. The overall
process is the following
Hy0 > Hy+ -0, AH = =288 kJ mol™* (1.1)

Water electrolysis is plausible from multiple sources. Pure water, as it is weakly dissociated
into protons and hydroxide ions (self-ionization constant Ky =1 X 107 at 298 K), can
undergo electrolysis, but its high resistivity (18.2 M) cm) requires the addition of water-soluble
ions to minimize ohmnic losses. Wastewater, brine and seawater, although widely available,
require demineralization and desalination treatments to prevent competing reactions (e.g.
chlorine generation) to occur.[18]

In the ideal scenario of the hydrogen economy, surplus electricity obtained by renewable
energies can be stored in molecular hydrogen by on-demand and on-site water electrolysis,
yielding no carbon emissions. Hydrogen, generally stored at 100MPa or alternatively into metal

hydrides,[19] can later be re-integrated into the electricity grid by its direct combustion or its



use in energy conversion technologies such as hydrogen fuel cells. Alternatively, hydrogen can
also be employed to manufacture high-value chemicals such as ammonia (Haber-Bosch process)
or hydrocarbons (Fischer-Tropsch process), and oxygen in relevant processes such as steel
forging and sulphuric acid production, among many others.[20] This paradigm is shown in
Figure 1.3.[21]

Water electrolysis cells, known as electrolysers, can be classified by the operating temperature
and nature of the electrolyte (Figure 1.4): low-temperature electrolysers (alkaline and proton
exchange membrane) operate industrially in the 50-80°C range, whilst high-temperature
electrolysers (solid oxide) in the 700-1000°C.[22] Table 1.1 presents an overview of these

technologies, and table 1.2 the specifications of some commercially-available units.

Operating parameters Alkaline Electrolysers ~PEM Electrolysers Solid Oxide Electrolysers
Temperature / °C 60-80 50-80 650-1000
Pressure / bar < 30 < 200 < 25
Current density / A cm™ 0.2-0.4 0.6-2.0 0.3-2.0
Cell voltage / V 1.8-2.4 1.8-2.2 0.7-1.5
Power density / W cm™ Up to 1.0 Up to 4.4 -
Voltage efficiency / %y 62-82 67-82 81-86
Hydrogen production rate / m? Ha h-! < 760 < 40 < 40
Hydrogen purity / % > 99.5 > 99.999 99.9
System energy consumption / kWh m? Ha 4.5-6.6 4.2-6.6 2.5-3.5
Cold start-up time / min 15 < 20 > 60
System response,lifetime / h s, 60000-90000 ms, 20000-60000 s, 10000-40000
Capital cost / € kW-! 1000-1200 1860-2320 > 2000
Maturity of technology Mature, commercial Commercial Demonstration

Table 1.1. Compilation of reported operating parameters of alkaline electrolysers, PEM
electrolysers and solid oxide electrolysers. Data compiled from multiple sources and reproduced

in refs. [23] and [18].
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Figure 1.4. Schematic of the operation principle of a) alkaline electrolyser cells (AECs), b)
proton-exchange membrane electrolyser cells (PEMECs) and c) solid oxide electrolyser cells

(SOECs). Reproduced from ref. [21].

1.2.1.1 Alkaline electrolysers (AEs)

In alkaline electrolysers, an aqueous alkaline electrolyte normally composed of 25-30% KOH or
NaOH is fed into the cathode where it is decomposed to hydrogen and OH". These anions then
migrate through the electrolyte and a microporous separator (normally ceramic, with high
chemical and thermal stability)[22] to reach the anode, where oxygen and water are generated.

The half-cell reactions are the following

Cathode: 2H,0+2e” > Hy+ 20H EYyp = —0.828V (1.2)

Anode: 20H™ >0, + Hy0+2e” Edyp = 0401V (1.3)



Hydrogen dissolved in the catholyte is recovered by dehumidification in a separate unit, and
alkali electrolyte is replenished to compensate for leaking losses during recirculation.[24]| In
liquid alkaline electrolytes, carbonation and bubble formation during operation are major
issues, as they irreversibly block and damage the electrodes increasing electron transfer
resistance([22]: electrolyte concentrations up to 47% can be used to improve conductivity, but

degradation of cell components is accelerated.|25]

Alkaline electrolysers are a consolidated technology since the 1920s, with low capital cost due
to use of non-noble metal catalysts (e.g. Raney Ni) and robust stack designs.[26] Indeed, a
135MW electrolyser plant designed by Norsk Hydro operated from 1953 to 1991.[27] Lower
current densities compared to PEM electrolysers are obtained, even when substituting the
separator by a OH- conducting membrane, and dynamic operation (desirable for coupling to
intermittent renewable electricity) is discouraged due to worsened system efficiencies and

hydrogen purities.[28|

1.2.1.2 Proton exchange membrane (PEM) electrolysers

PEM electrolysers are fed by water on the anode side, where oxygen and protons are generated.
Contrasting with alkaline electrolysers, a solid polymer electrolyte formed by a perfluorinated
sulfonic acid membrane (Nafion®) selectively conducts protons to the cathode, where hydrogen

is produced. The half-cell reactions are the following

Cathode: 2H " +2e” > H, Edp= 0V (14)

Anode: Hy0 >0, + 2H* +2e” EQyy =123V (1.5)

The main advantage of PEM compared with alkaline electrolysers is the high purity of the
hydrogen produced (99.999%) with no additional separation requirement. Other advantages

are the higher operating currents and system efficiencies, and capability of operating under

fluctuating power supply. However, shorter lifetimes, high purity water requirements to prevent



noble metal catalysts poisoning (e.g. Pt, Ir, Ru, Rh), and limited system scale-up due to higher

operating pressures and complex design need to be addressed.|23]
1.2.1.3 Solid Oxide Electrolysers (SOEs)

Solid oxide electrolysers are conceptually solid oxide fuel cells operating in regenerative mode.
The main advantage of SOEs with respect to AEs and PEMEs is that their high operating
temperatures reduce the overpotential of the electrolytic reactions and, yielding higher
electrical efficiencies (85-90%).[29,30] The overall mechanism resembles that of AEs: steam is
fed onto the cathode (generally being nickel-yttria stabilized zirconia, Ni-YSZ), where hydrogen
is evolved and the co-generated O* are conducted through a ceramic solid electrolyte (generally
YSZ). When reaching the anode (made of a metal-doped lanthanum oxide, such as lanthanum
strontium manganite), O lose electrons to the external circuit to produce oxygen. Half-cell

reactions are outlined below

Cathode: H,0 +2e~ > H, + 0% (1.6)

Anode: 0% »-0,+2e” (1.7)

The main drawbacks of SOEs are the high operating temperatures needed which decrease the
overall hydrogen production efficiency up to 60%,[24] the use of scarce materials, and cell
assembly complexity (sealing, chrome migration). The former can be amended if a high-grade
external heat is provided, such as waste heat from nuclear and coal-fired power plants, in which
case efficiencies can go over 100%, but high-temperature renewable heat is scarce.|31]
Stabilization of SOEs under thermal cycling and decrease in required operating temperatures

are sought to enable their commercialization.|[28,32]



Manufacturer Type of electrolyser Electrolyser power / Systemm energy H> output pressure
kW consumption / / bar
kWh m™ Ha
Avalence Alkaline 2-25 56.4-60.5 kWh Kg~! <690
AREVA H2Gen PEM 1000 44 <35
Acta Energy 200 PEM 1.06 5.3 <30
Hydrog(e)nics HySTAT 60- Alkaline 300 5.0-5.4 10-27
10 (4 stacks)
Hydrog(e)nics HyLYZER PEM 5000 5.0-5.4 30
5000-30 (2 stacks)
ITM Power HGas PEM 100-100000 4.4 20-50
Proton OnSite PEM 2200 5.3 30
Nel Hydrogen A-150-500 Alkaline 190-2135 3.8-4.4 1-200
Toshiba H20ne PEM Up to 5000 4.76 8
Siemens SILYZER 200 PEM 1250 5.1 <35

Table 1.2. Operating parameters of commercially available alkaline and PEM electrolyzers.

Data compiled from refs. [22], [31], [33], [34] and manufacturer’s brochures [35-39].
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1.2.2 Prospects of hydrogen production

The previous section have shown the multiple existing routes to produce hydrogen. A summary

of the techno-economic status of several hydrogen production methods is shown in Table 1.3.

Hydrogen production Feedstock Efficiency Capital cost / M$ Hydrogen cost / $ Kg!
method
Steam reforming Hydrocarbons 70-85 226.4 (with CCS) 2.27
180.7 (without CCS) 2.08
ATR of methane with CCS Hydrocarbons 60-75 183.8 1.48
Biomass gasification Woody biomass 35-50 149.3 1.77
Biomass pyrolysis Woody biomass 35.50 53.4 1.25
Direct bio-photolysis Water + algae 0.5 50$ m> 2.13
Indirect bio-photolysis Water + algae 0.5 135% m™ 1.42
Dark fermentation Organic biomass 60-80 - 2.57
Photo-fermentation Organic biomass 0.1 - 2.83
Nuclear/solar thermolysis Water 45 39.6/16 2.17/7.98
Alkaline Electrolysers Water + electricity 50-60 Table 1.2 3.68 (main grid)

5.75 (renewables)
PEM Electrolysers Water + electricity 55-70 Table 1.2 4.72 (main grid)
8.74 (renewables)

Solid Oxide Electrolysers Water | electricity 40-60 Table 1.2 -
+ heat

Table 1.3. Comparison of hydrogen production technologies based on feedstock, efficiency,

capital cost and hydrogen cost. Data compiled from refs. [40], [41], [42] and [22].

Hydrocarbon-based methods present, to this date, the lowest hydrogen production costs, which
supports their dominance over renewable-based methods. However, depletion of fossil fuels and
the subsequent transition towards a carbon-free energy system will necessarily shift the
production load towards methods based on renewable energies. In this regard, water electrolysis
stands out as one of the most viable technologies given the high efficiencies and potential for

scale-up. A recently reported expert elicitation study suggests that although alkaline

11




electrolysers will be the dominant electrolysis technology up to 2020, from 2030 onwards PEM
electrolyzers will dominate the market. This is due to foreseen improvements in system
efficiencies, lifetimes, scale-up and lower production costs in conjunction with the characteristic
flexible power input operation.|23] One of the main drivers for PEM electrolysers capital cost
reduction has been identified to be the minimization, if not replacement, of the platinum group
metal (PGM) catalyst loading employed, which for PEM fuel cells stacks accounts for up to
49% of the high-volume manufacturing costs.[43] The next section will give an overview of
catalysts for PEM electrolysers, with special focus on a family of earth-abundant, platinum-

free materials known as transition metal dichalcogenides.
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Chapter 2

Literature review

This chapter will initially devote to provide a solid background on the origin and structural
properties of two-dimensional transition metal dichalcogenides (TMDs) later presenting, to the
best of our knowledge, the most representative research efforts based on their significance and
their application in HER electrocatalysis.[1-9] In particular, the strategies explored to promote
exposure of the HER~active edge sites, maximize the inherent electroactivity of the edge sites

and activate the electrocatalytically inert basal planes.

2.1 Beyond critical metals: inorganic two-dimensional layered

materials

The scientific community has dedicated intensive efforts to find alternative earth-abundant
materials which can compete or even surpass the physicochemical properties of the well-
established, yet increasingly scarce, PGMs. The first major breakthrough in this quest was
made in 2004 by Novoselov and Geim with the experimental isolation of graphene by a
mechanical exfoliation route.[10] Graphene consists of a two-dimensional (2D) atomically thin
layer of sp? carbons in a honeycomb lattice arrangement, where each carbon atom is only
bonded to three atoms.[11] This atomic arrangement in the single-layer domain confers
graphene unprecedented properties compared with the sp? carbon counterparts: high electron
mobility (at room temperature, 2.5 x 10° em? V ), high stability towards application of high-

density electrical currents (10° times higher than copper) and stress/strain (Young modulus:

16



1TPa, intrinsic strength: 130 GPa), high specific surface areas (> 2600 m? g'), high
transparency and full impermeability to gases, amongst others.[12,13] This striking anisotropy
of graphene was exploited for multiple applications,[14] and paved the way to explore other
inorganic layered materials. This was soon anticipated by Novoselov et al., employing the
micromechanical cleavage technique, previously optimized for graphene production; to insulate
single layers of “2D atomic crystals” of materials such as hexagonal boron nitride (h-BN),
molybdenum disulfide (MoS2) or niobium selenide.|15] Indeed, h-BN was quickly implemented
as a high-quality graphene support for optoelectronic applications, as this stacked

heterostructure induced a band gap in the initially semi-metallic (zero band gap) graphene.|16]
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Figure 2.1. Library of 2D layered materials formed by two compounds represented in the
periodic table. Colour labelling: transition metal borides (orange), chalcogenides (blue), halides
(green) and oxides (red). Elements coloured vertically act as anions, whereas elements coloured
horizontally act as cations in the reported materials. MgBs (labelled with an asterisk) presents

non-van der Waals interlayer interactions. Adapted from ref. [17].

Recent reports account for more than 150 (and counting) 2D-layered materials which can be
isolated to single layers (see Figure 2.1 for graphical representation).[18] Among these, the most
renowned are the transition metal dichalcogenides (TMDs or MX»2, M= Mo, W, Ti, Zr, Hf, V,

Nb, Ta, Re, Fe, Co, Ni, Zn; X= S, Se, Te),[19] MXenes (2D metal carbides, carbonitrides and
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nitrides),[20,21] and most recently the monoelemental 2D semiconductors (Xenes: silicene,
germanene, phosphorene, stanene, arsenene, antimonene).|[22-27| Herein we will focus on the

TMD 2D-layered family of materials.

2.2 Layered transition metal dichalcogenides: structural aspects

Transition metal dichalcogenide (MX2) monolayers are constituted by transition metal cation
centres (M) sandwiched between two hexagonally closed-packed layers of chalcogenide anions
(X), forming an X-M-X atomic trilayer.[28] Analogous to graphite, intralayer bonds mostly
present a covalent nature, whereas adjacent TMD layers are stacked by weak van der Waals
(vdW) forces|29]: for MoSz, interlayer forces are 100 times weaker than intralayer.[30] TMD
monolayers are generally 6-8 A thick (for MoSz/MoSez/MoTes ~ 6.5/7.0/8.0 A,[31-33] whilst
for WSs,WSe2/WTes ~ 7/8 A),[34-36] and the interlayer spacing, defined here as the distance
between the atomic planes formed by M in two neighbouring layers, is of ~6.5 A.

Crystallographic parameters for some relevant TMDs are compiled in Table 2.1.

2D TMD Interlayer spacing | M-X bond length Band gap / eV
/ A / A Bulk Trilayer Bilayer Monolayer

2H-MoS2 6.15 2.42 1.23 1.46 1.59 1.89
2H-MoSe2 6.47 2.49 1.09 1.34 1.46 1.57
2H-MoTe2 7.28 2.72 0.93 1.02 1.05 1.08
2H-WS2 6.16 2.40 1.35 1.53 1.73 1.98
2H-WSe2 7.00 2.49 1.20 1.45 1.54 1.66
2H-WTe2 7.02 2.71-2.82 Semimetal /metal (~ 0.5)

Table 2.1. Crystallographic parameters and thickness-dependent band gap values (measured

at room temperature) for the most utilized TMDs. Compiled from refs. [37-50],

Layered TMDs present several polymorphs dependent on the metal coordination and interlayer
stacking sequence: the most commonly reported are the 1T, 2H and 3R. In this nomenclature,

the digit corresponds to the number of X-M-X layers involved in the stacking sequence along
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the z axis (crystallographic unit cell), whereas the letter is related to the crystallographic
symmetry. The 2H and 3R polytypes present a hexagonal trigonal prismatic (Dsn symmetry
group, Figure 2.2a) and rhombohedral atomic arrangement (C%, symmetry group, monolayers
in trigonal prismatic phase), respectively, whilst the 1T polytype presents an octahedral
structure (D34 symmetry group), (Figure 2.2b).[7] The relative atomic arrangement of the X-

M-X within a stacking sequence is expressed by three letters: capital letters correspond to the
chalcogen, and lower-case letters to the metal. For a monolayered 1T-MXo>, the stacking
sequence notation is AbC (no overlapping between X atom layers); for 2H-MX> this is now

ADbA BaB (X atoms overlap with M atoms of the neighbouring layer), and for 3H-MX> is AbA
CaC BcB (see Figure 2.2¢).

®
N
o
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etry
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Mirror symine

W W > o B

y.. m oMo

T phase

Figure 2.2. Schematic of the trigonal prismatic and octahedral (180° rotated trigonal prismatic)
symmetry of the a) H and b) T phases found in TMDs. c¢) Crystallographic unit cells of the

1T, 2H and 3R TMD polytypes, along with their stacking sequence. Adapted from refs. [51,52].
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TMDs from group IV (M= Ti, Zr, Hf) are mostly found in the 1T phase, whereas those from
group VI (Mo, W) are generally present in nature in the 2H phase. This trend excludes WTez
(orthorhombic, Tq) and CrXs (metastable 1T phase). Surprisingly, TMDs from group V exhibit
either a 1T phase (VXa) or 2H phase (NbXs, TaXsz).[51] For MoSa, one of the most employed
TMDs, both 2H and 3R are naturally occurring phases, 2H being the most abundant given its
higher thermodynamic stability, and 1T is metastable. 3R- and 1T-MoS2 phases can be

converted to 2H- by use of heating treatments.|[53,54]

The different symmetry and layer stacking arrangement induces contrasting electronic, optical
and magnetic properties between TMD polymorphs, making them an extremely versatile family
of layered materials. These, whilst not being the focus of this work, have been covered in the
appendix for completeness (section B Appendix). We will now focus on the (electro)catalytic
properties of TMDs, in particular those related to the electrochemically assisted hydrogen

evolution reaction.

2.3 Hydrogen evolution reaction (HER): fundamentals and origin of

TMD activity

The hydrogen evolution reaction (HER) is a multi-step, inner sphere electrochemical reaction
which occurs at the cathode of (photo)electrochemical water splitting devices. It comprises the
reduction of protons (in acidic media) or water (in alkaline media) to molecular hydrogen. The

most widely accepted reaction mechanisms in acid and alkaline solutions are outlined below|55]:
1) Volmer reaction (electrochemical adsorption of monoatomic hydrogen)
H30% (aq.) + e~ +x= H*+ H,0 (1) (Acidic media, 2.1a)

H,0 () + e~ ++= H*+ OH™ (Alkaline media, 2.1b)
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followed by either 2) or 3)
2) Heyrovsky reaction (electrochemical hydrogen desorption)
H* 4+ H30% (aq.) + e +x= Hy, + H,0 (1) +* (Acidic media, 2.2a)
H*+ H,0 () + e~ + = H, + OH™ + * (Alkaline media, 2.2b)
3) Tafel reaction (chemical hydrogen desorption, recombination)

H*+ H* = H, + 2" (Acidic and alkaline media, 2.3)

Where * and H* designate an available active site and a chemisorbed hydrogen atom on an

active site, respectively.

The pathways under which HER takes place are highly dependent on the (electro)chemical and
electronic properties of the electrode material.[56] It is well established by theoretical
microkinetic modelling[57] and experimental measurements, however,[58| that Tafel slopes (b)
are intimately related to the HER rate-determining step (for theoretical values, see Table 2.2).
Thus, experimental elucidation of b by gradient analysis of the n vs. logjseom graphical
representation (i.e. geometric current densities j eom recorded at the kinetically-controlled HER
overpotentials ) enables to allocate a characteristic HER mechanism to an electrocatalyst.
Caution must be taken in Tafel slope analysis, as experimental values are affected by mass
transport/uncompensated resistance limitations,[59] monoatomic hydrogen coverages,|[57]

catalyst surface structure and electrode preparation method.|[2]
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Rate-determining step
Volmer reaction Heyrovsky reaction Tafel reaction
2.303RT 2.303RT 2.303RT
b=- ~ 120 mV dec™? b=————~40mV dec™! b=- ~ 30 mV dec™!
aF 1+ a)F 2F

Table 2.2. Tafel slope theoretical values as a function of the HER rate-determining step. Refs.

[60,61].

Among the multiple HER descriptors historically evaluated,[62] the hydrogen adsorption free
energy change (AGy"), informing of the bond strength between the electrocatalyst surface and
monoatomic hydrogen (M-H), was originally proposed by Parsons[63] and Gerischer,[64] and
thoroughly investigated by Trasatti|65] to correlate the physicochemical properties of the
known HER-active metals with their HER exchange current densities (jo, obtained at the
intercept of the Tafel plot), an experimental descriptor of the reaction rate in equilibrium.
Based upon Sabatier’s principle,|66] if hydrogen binding energy is very weak, then reaction 1)
(hydrogen adsorption) should limit the overall process. On the other hand, if hydrogen binding
energy is very strong, 2) or 3) (hydrogen desorption-recombination) will control the reaction

rate.

According to this, the optimal HER catalyst should have a zero AGy" (thermo-neutral
condition) so that hydrogen binding energy is neither too weak to facilitate proton-electron
transfer processes nor too strong to guarantee a facile M-H bond breaking for the release of
molecular hydrogen. Graphical plotting of experimental jo HER values versus Density
Functional Theory (DFT) calculated AGy" for various metal surfaces yields the so-called
“yolcano plot” curve (see Figure 2.3a). The good correlation observed for HER activity trends
not only enables the benchmarking of existing electrocatalysts,[67] but also serves as a

predictive tool for the discovery of novel HER electrocatalysts, [68-72].

It should be noted, however, that the AGy*-based volcano plot presents some limitations

regarding unambiguous explanation of the HER reaction rates.[73] An alternative “volcano
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plot” was reported, using experimentally measured modifications in the work function upon

hydrogen electroadsorption through a water layer instead of AGy”, with improved scaling

relations (Figure 2.3c).[74]
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Figure 2.3. a) “Volcano plot”, here being experimental jo (in logarithmic scale) versus DFT-

calculated AGy", for MoSs and metal electrocatalysts. b) Atomic ball model of a truncated

MoS: hexagonal platelet (Mo27Ss4; Mo: blue, S: yellow) exposing the (1010) Mo-edge and

the (1010) S-edge. c¢) Alternative “volcano plot”, here being experimental jo (in logarithmic

scale) versus measured work function changes after hydrogen adsorption through a metal-water

layer. Reproduced from refs. |6

8,74,75).

Indeed, the use of TMDs as earth-abundant electrocatalysts for the HER was discovered by

pioneering DFT calculations that evidenced an almost thermo-neutral AGy™ value at the MoSs

edges (Figure 2.3b) .[76] It was proposed that the HER would preferentially occur at the (1010)

Mo-edge, as its calculated AGy* value (0.08 eV) is closer to zero than that found at the
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(1010) S-edge (0.18 eV).[77] Later experimental studies on truncated triangular MoS:
nanoplatelets deposited on Au (111) in ultra-high vacuum (UHV) confirmed a linear correlation
between the sulfided Mo-edge length predominantly present and the experimental HER jo
values.|78] As alterations of the MoS> nanoplatelets dimensions yielded higher edge-to-basal
plane ratios retaining the edge structure, this provided experimental proof that the Mo-edge is
the HER active site, whilst the thermodynamically stable, defect-free (0001) 2H-phase basal
plane|79] is catalytically inactive.[80,81] Unfortunately, the preferential exposure of the TMD
edge sites for HER electrocatalysis is thermodynamically unfavourable, as the edge surface

energy of MoSy is two orders of magnitude higher than that of the basal plane surface.[82,83]

2.4 Transition metal dichalcogenides: strategies for maximized edge

site exposure

2.4.1 TMD edge site exposure maximization: top-down methods

As described in Section 2.2, naturally occurring 2D TMDs are encountered as layered stacks
bound by weak vdW forces. The stacking arrangement, crystalline phase and number of layers
yielded substantially modified physicochemical properties, also including their catalytic
behaviour. The most important one is the conductivity anisotropy: TMD interlayer
conductivities were found to be 2200 lower than along the X-M-X plane.[84] For chemical
vapour deposited MoS> HER electrocatalysis, this resulted in worsened performances by a
factor of ca. 4.47 after the deposition of each additional monolayer (Figure 2.4a).[85] Therefore,
top-down methods to exfoliate layered 2D TMDs into few-to-single layered flakes would greatly
benefit from improved electrical properties but also higher volumetric edge site exposure, as
HER turnover frequency values (TOF) are inversely proportional to the number of layers|86]

and the mean TMD nanosheet dimensions.|87]
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Conceptually speaking, the most simple methods to achieve this are micro/nanomechanical
cleavage, based upon the Scotch tape peeling method[15] and the use of a piezoelectrically
micro-positioned ultra-sharp tungsten tip under high-resolution (TEM) imaging, respectively.
Clean, highly-controlled production of few-to-monolayer TMDs with lateral dimensions up to
~500 pm are achieved,[88,89] selectively yielding monolayers when applying a tip voltage bias
(Figure 2.4b).[90]

A less technically challenging strategy to produce few-to-single layer TMDs is liquid phase
exfoliation. Proposed by Coleman and co-workers, this consists on the shear-driven dispersion
of bulk TMD single crystals in a solvent by use of a sonicating probe or a mechanical mixer,
followed by size separation under sequential centrifugation and collection of supernatants.
Initially surveyed using ca. 30 solvents of different polarities, these yielded air-insensitive and
almost defect-free suspensions of several TMDs and h-BN.[91] Later investigations maximized
the TMD concentration in solvent (ca. 40 mg ml* in MoSz), with TMD nanoflake dimensions
inversely proportional to the centrifugation rate employed (Figure 2.4¢)[92] and experimentally
proved by optical extinction spectroscopy.[93] Exfoliation yields, improved for a given
centrifugation rate by higher TMD initial concentrations, higher sonication power and longer

sonication times (Figure 2.4d),[94] are heavily affected by the solvent employed.
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Figure 2.4. a) Left to right: Schematic of the layer-dependent through-plane TMD electron
transfer, HER polarization curves as a function of MoS2 layer number and jo value dependence
with layer number. b) TEM images obtained during in situ lateral sliding of a MoS2 monolayer
using a W probed dc biased at +10 V. ¢) Left: Centrifugation rate-dependent liquid exfoliated
MoS: nanosheets dispersed in DMF. Right: Maximum length (blue), average length (black)
and width (red) MoS» nanosheet size as a function of the centrifugation rate. d) Left:
Surfactant-stabilized dispersions of multiple liquid exfoliated layered TMDs and h-BN. Right:
MoS: exfoliation yield dependence on sonication power, initial concentration (Cr) and
sonication time (tsonic). €) Room temperature ionic liquid exfoliated WSz nanodots, I) TEM
imaged after 10000 rpm sequential centrifugation. IT) Centrifugation rate-dependent (500-10000
rpm) HER catalysis after redispersion in DMF. III) HER polarization curves of 10000 rpm
centrifuged fresh (black), 1 month aged (red) and 1 month aged after acetone washing (blue)

WS: nanodots. Reproduced from refs. [85,90,92,94,95].
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TMDs obtained by gradient centrifugation,[96] i.e. size resolution by mass-dependent
sedimentation, were employed in numerous HER electrocatalysis studies.[97-99] Recent studies
on the effect of sonication time and dispersing solvent in HER catalysis were evaluated:
sonication times which yielded smaller WSs NP size distributions presented enhanced
performances,[100] whilst choice of solvent negatively shifted n at -10 mA c¢cm™ by 150 mV (-
0.57 V in acetonitrile vs. -0.72 V in methanol) ascribed to solvent-dependent dispersion and
adsorption effects.[101] In case of DMF, ageing of WS> nanosheet dispersions tend to restack,
trapping DMF adsorbates and residues at the interlayers which overall hamper through-plane
electron transfer (Figure 2.4e).[95] Detrimental performances (250 mV negatively shifted 1)
were also found for ionic surfactant-modified exfoliated MoS2 nanosheets due to surfactant-
induced active sites blocking.[102] Alternatively, monolayers obtained from partially-
amorphous MoS2 presented improved hydrogen production compared with fully-crystalline
counterparts.[103] Thus, experimental parameters responsible for improved exfoliation yields
and selective control of size distributions are pending challenges in liquid exfoliation,[104,105]

as these result in dramatic modifications in HER catalysis.

Few-to-single layer TMDs can also be chemically produced by intercalation of electron-
donating guest species such as alkali metals, Lewis bases and organolithium compounds into
the TMD interlayer gaps[48,106]: negatively charged electron acceptors cannot be intercalated
due to electrostatic repulsion with the chalcogen layers.[107] Alkaline and organolithium
intercalation of TMDs, dating back to the 1970’s,[108,109] is based upon the violent exothermic
reaction between the intercalated alkali cations (IA ") after water /moisture exposure to produce
volume-expanding alkali hydroxides and hydrogen, (see reaction 2.4) obtaining negatively-
charged single layers[110] which can be collected by (induced) precipitation as interlayer-
expanded restacked MXo.[111]

1A MX, + x H,0 - MX, (nanosheets) + x/2 H, + x IAOH (2.4)
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Intercalating agent-induced TMD interlayer expansion is generally promoted by
ultrasonication, but recent investigations on group IV-VI TMDs have shown that manual
shaking under controlled lithiating conditions enable to obtain large-sized monolayers (e.g. >
100 pm for TaSs, Figure 2.5a).[112] Alkali-assisted Mo/WX> interlayer expansion is also
accompanied by a partial phase transition from the semiconducting 2H polytype to the
hydrophilic 1T metallic polytype (Figure 2.5b),[54,113,114| retained after restacking,[115] and
reported to be 107 times more conductive.[116] For MoSz, complete transformation of the 2H
basal planes to the distorted 1T’ phase can be achieved by extended Li intercalation times,[117]
where Li' occupies the interlayer S-S tetrahedron sites.[118]

1T-MoS2 and 1T-WS> monolayers obtained by Li intercalation presented excellent HER
performances with respect to the 2H polytypes: 187 mV overpotential at 10 mA cm™ with b—
43 mV dec! (Figure 2.5¢),[119,120] and ca. 200 mV overpotential at 10 mA cm? with b= 55
mV dec,[121] respectively, related to the high density of active sites and lower charge transfer
resistance (Rei). Another study, employing a liquid-ammonia-assisted-lithiation method,[122]
reported the preparation of mesoporous (holey) 1T- and 2H-MoS: monolayers, in which
synergistic HER improvements were found between 1T phase and sulfur vacancies
presence.|123| Exfoliated TMDs were alternatively produced by a KOH,[124] NH3 [125] and

superacid-assisted methods.|[126]

The degree and type of intercalating agents has undisputed implications in HER
electrocatalysis, extensively investigated by Pumera and co-workers. Initial investigations
focused in MoS2 by use of different Li intercalation compounds: methyl, n- and t-butyl lithium
(t-BuLi). It was observed that t-BuLi intercalation produced smaller TMD nanosheet lateral
sizes and layer numbers (1-8), which resulted in lower overpotentials (160 mV vs. 280 mV in
bulk) and Tafel slopes (94 vs. 151 mV dec!).[127] Posterior investigations with other TMDs

(MXa2, M= Mo, W; X= S, Se) using t-BuLi as an intercalant initially correlated improved HER
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catalysis with higher exfoliation yields (Figure 2.5d),[128] later proven to be controlled by
higher 1T phase contents arising from a more efficient 2H—1T conversion.[129] The influence
of the intercalating alkali cation was also evaluated, observing again a good correlation between
higher 1T phase contents and HER performances (best performers: Li' for MoSz, Na' for WSy)
with larger hydrated interlayer interspacings and 1T phase stabilization upon cation-assisted
proton intercalation (Figure 2.5¢).[130]

Stabilization of the chemically-exfoliated TMD dispersions, critical for their long-term
application, has been reported by covalent functionalization with organoiodides,[131] Bronsted
acids,[132] ammonia,[133,134] thiol-terminated ligands,[135,136] diazonium salts,[137] and
polymeric interspacers,|138] among others. The general origin of the increased stability is either
the functionalization of the edge sites or partial relaxation of the metastable 1T phase to the
2H phase, achieving full conversion by thermal annealing.[139] Covalent functionalization with
phenyl ring-based molecules containing electron-donating or withdrawing groups enabled to
stabilize the HER-active 1T-MoS: phase, modulating its electrochemistry (Figure 2.5f):
electron-donating groups facilitated electron-transfer kinetics (high TMD nanosheet
conductance), and prevented the thermally-driven conversion to the 2H phase, which overall

resulted in improved long-term HER stability.[140]
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Figure 2.5. a) Optical images and size distribution (inset) of n-BuLi exfoliated TaS»
nanosheets. b) Coloured high-resolution TEM images showing the coexistence of the 2H (red),
1T (blue) and distorted 1T’ (green) MoSz polymorphs after partial 2H—1T conversion upon
72h n-Bulii intercalation and exfoliation. ¢) HER polarization curves of chemically-exfoliated
1T (red) and 2H (blue, after annealing) MoS2 monolayer nanosheets. d) HER performance of
different exfoliated TMDs for a given intercalating agent (BuLi): MoSez (blue), WS: (red) and
WSez (green). e) Alkali cation-dependent HER performance for alkali metal naphtanelide-
exfoliated WSy nanosheets. f) Left: Illustration of the electronic affinity of phenyl ring-based
functional groups covalently bound to exfoliated MoS> nanosheets. Right: Corresponding HER
polarization curves obtained for the covalently-functionalized MoS2 nanosheets. Reproduced

from refs. [112,117,120,128,130,140].
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TMD exfoliation can also be induced by electrochemical methods, previously employed for
graphene production,[141,142] such as electrochemically-assisted room temperature lithiation
(Figure 2.6a),[143] and two-electrode anodization in aqueous (Figure 2.6b) or RTIL
electrolytes.[144,145] The underlying mechanisms are based on the intercalation of in-situ
generated Li', or the volume-expanding Oz production from oxygen/hydroxyl radicals (as well
as anions) within the electrolyte after applying a negative or positive bias on a TMD electrode,
respectively. High-quality MoS2 monolayers with a 92% yield, as well as lateral sizes within 5-
50 pm were obtained. A particular case of TMD electrochemical exfoliation was found when
MS2 and MSez (M = Mo, W) were selectively anodized to monolayers using TiN working
electrodes in 1M LiCl electrolyte.[146,147] This, referred as self-limiting electro-ablation, was
suggested to occur due to strong TMD-TiN interactions that limit the hydrogen peroxide TMD

electro-oxidation up to the monolayer level (Figure 2.6¢).[148|

Other alternative top-down TMD nanostructuring strategies have been explored, relying on
physical methods. In brief, laser ablation was employed to successfully produce highly-
crystalline 2 nm MoSz quantum dots,[149] whilst steam etching yields defective basal
planes.[150] Alternatively, plasma etching successfully depletes TMD material by either
exposing HER-active sulfur-vacancies with inert gases (Ar or Hz plasma),[151,152| partially
incorporating oxygen moieties at the TMD outermost surface (O plasma),[153,154] or full
layer-by-layer etching of the TMDs by formation of volatile MFy compounds (N2/SFg plasma,

see Figure 2.6d).[155] Further insights on their HER activities will be given in Section 2.6.
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Figure 2.6. a) Left: Illustration of the electrochemically-assisted lithiation method to exfoliate
monolayer TMDs. Right: TEM image of electrochemically-assisted lithium exfoliated MoSs
monolayer. b) Illustration of the electrochemically-assisted TMD exfoliation via volume-
expanding generation of O2 and SO» in a two-electrode cell submerged in NaxSOy electrolyte.
Inset: TEM image of exfoliated MoSz nanosheet. ¢) Top: Illustration of the self-limiting electro-
ablation mechanism, yielding monolayer TMDs by in-situ H2O> generation. Bottom: Anodic
voltammogram of MoS2, and the corresponding electro-oxidation feature in 1 M LiCl, and
voltage-dependent (1.1-1.4 V held for 60 s) electro-ablation of MoS: multilayers. d) Top:
Multilayered MoS: etching rate as a function of N2/SFs plasma etching time. Bottom: Optical
microscopy images of a ca. 90-layered MoS: flake before and after plasma etching. Reproduced

from refs. [143,144,146,148,155].
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2.4.2 TMD edge site exposure maximization: bottom-up methods

It is clear from Section 2.4.1 that exposure of the metastable 1T phase edge sites in the most
employed TMDs (MoSz and WSy), is key to obtain HER electrocatalysis. As top-down methods
rely on the inherent phase of the starting TMDs, bottom-up TMD preparation methods provide
a nanoengineering approach to selectively produce HER active phases with a suitable
morphology for catalysis. Indeed, 1T-MoS2 obtained by hydrothermal synthesis outperformed
its analogue obtained by lithium intercalation for the HER.[156] Three main bottom-up
methods have been reported in the literature: chemical/physical vapour deposition

(CVD/PVD), thermal decomposition and wet-chemical synthesis.

CVD of TMDs is generally undertaken by either I) gas-phase reaction and condensation of
vaporized transition metal and chalcogenide solid precursors under inert conditions, or II)
temperature-induced chalcogenide incorporation of pre-formed metal nanoplatelets or
nanofilms (normally produced by PVD) by use of a chalcogen carrier gas under reducing or
inert atmosphere (H2X/Hz or HaX/Ar), generating nanoplatelet or nanofilm structures. An
excellent example of CVD-nanoengineered TMDs are the vertically aligned, edge-terminated
MoS2 and MoSe; films reported by Kong et al. The 1T edge sites are optimally exposed towards
the electrolyte with a continuous electron-conducting path which circumvents the high through-
plane resistivity of horizontally-aligned TMDs,[157] which significantly improved after Li
electrochemical intercalation post-treatment (widened interlayer spacing, 2H—1T phase

conversion)[158] or deposition in curved/rough surfaces (higher surface areas).[159]

Similar benefits have been obtained in other edge-oriented TMD nanofilms (Figure 2.7a).[160—
162] Large-scale, high-quality TMD monolayers have been obtained by CVD,[31,36,85,163-166]
with templates assisting the formation highly-ordered mesoporous nanostructures|[167| or layer-
controlled nanoparticles.[86] In all cases, deposition parameters deeply affect catalytically-

relevant parameters such as morphology, composition[168] and crystallinity.[169] For example,
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increasing operating temperatures,[170] larger relative distances between chalcogen precursor
and metal surface (Figure 2.7b),[171] and lower H2S:H> ratios|172| promoted morphology shifts
from triangular to round-shaped in MoS2 nanoplatelets. An Evans-Polanyi based site-dependent
deposition barrier model enabled to construct a theoretical “kinetic phase diagram” dependent
on MoOs and S partial pressures, were quantitative correlations with experimental

morphologies were achieved and applicable to other CVD-grown TMDs.[173]

Diffusion-limited twin defect derived crystal growth, unaccounted in this model and modified
by chalcogen-to-metal vapour ratios,[174] is responsible for the formation of fractal-like
dendritic MoS: structures (Figure 2.7c).[175] These present high edge-to-basal plane ratios
beneficial for HER catalysis,[176] yielding jo as high as 32 pA cm™, ca. 40 times higher the
triangular counterpart and among the best for unmodified monolayer MoS».[177] Alternatively,
use of mixed chalcogenide powders/stream gas enabled to obtain ternary (MoSz(1-x)Seax, WSa(1-
05e2¢)[178,179] and quaternary alloys (MoxW (1-S2ySe2(1-y))[180] with tuneable optoelectronic
and HER activities. Highly-crystalline, thickness-controlled wafer-scale TMD nanosheet films
were obtained by atomic layer deposition,[181] molecular beam epitaxy[182] or PVD methods
such as pulsed layer deposition,[183] with high purities but scarce HER application due to their

cost-intensive nature.[184,185]

PVD methods comprise the sublimation of TMD targets or powders by a plasma (magnetron
sputtering, see section 3.4) or a heat source (thermal evaporation), with a subsequent
condensation onto a substrate in UHV or inert gas atmosphere, and mainly reported for group
VI TMDs.[186] For magnetron sputtered MXg, there is a preferential evaporation of X, yielding
sub-stoichiometric nanoclusters[187] or films[188,189] with amorphous structure, whilst
morphology and stoichiometries for thermal-evaporated TMDs are similarly controlled as in

CVD (operating temperatures, condensation length, carrier gas flux/composition).
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Thermal decomposition is based upon the thermolysis of a MXs precursor powder or aqueous
solution in presence/absence of Hz. The HER performances obtained with this method are
noteworthy: a freezed-dried, thermally decomposed MoS2 aerogel presented extremely high
surface areas (~ 700 m? g') and HER performances (100 mA cm™ at 260 mV),[190] whereas a
Wi Mo(1-x)S2-rGO composite an extraordinary low overpotential (96 mV at 10 mA c¢cm™?) and
Tafel slope (38.7 mV dec!) (Figure 2.7d).[191] A recent temperature-dependent crystallinity
study showed that maximized HER performances were obtained for 300°C annealed films,
where a trade-off between intrinsic activities (higher TOF) and active edge site density

(crystallinity degree) was found.[192]

Lastly, wet-chemical synthesis methods are aqueous (hydrothermal) or organic (solvothermal)
solvent-based methods by reaction of appropriate TMD chemical precursors under high-
pressure conditions (achieved in autoclaves) or inert atmospheres (colloidal synthesis) with
high potential to scale-up. These yield edge- and defect-rich nanostructures with tuneable
morphologies, which for group VI TMDs contain the metallic 1T phase responsible for HER
catalysis (see Figures 2.8a-g). In general, longer reaction times and higher temperatures in wet-
chemical synthesis methods yield improved crystallinities and higher stacking degrees. Wet-
chemical synthesis methods were also implemented to produce composites with highly-

conducting supports or transition metals, covered in the next sections.
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Figure 2.7. a) Top: Atmospheric-pressure CVD deposition setup based upon gas-phase TMD
condensation on a substrate (here a vertical purple sheet), Bottom: Schematic of the edge-
oriented MoSy platelets growth and SEM cross-section morphology analysis. b) CVD-grown
MoSs deposition pattern obtained as function of the spatial location-induced MoOs3
concentration gradient in sections 1-6, and their corresponding SEM micrographs showing MoS»
nanoplatelets shape evolution. ¢) Top: Shape evolution of MoS2 nanoplatelets dependent on
local chalcogen-to-metal vapour ratios, ranging from triangular to highly dendritic via
star/branched triangular morphologies. Bottom: Morphology-dependent HER performance,
and linear correlation between MoSz dendrite edge density and jo. d) Top: Schematic of the
spin coating-based thermal decomposition synthesis of WxMo(1-x)S2 on reduced graphene oxide
(rGO). Bottom: HER and electrochemical impedance spectroscopy (EIS) of WxMo(1x)S2/rGO
(blue) versus their MoSy (black) and WSy (red) analogues. Reproduced from refs.

[160,171,177,191].
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Figure 2.8. a) Left: Illustration of the stepped edge MoSz vertically-aligned array nanostructure
(top), and high-resolution TEM and FE-SEM images showing their stepped nature and edge
termination (bottom), Right: HER polarization curves obtained for stepped edge (red) versus
flat edge (blue) and commercial (yellow) MoSz nanostructures. b-g) Compilation of TMD
morphologies obtained by wet chemical synthesis: defect-rich nanosheets, in-plane edge-rich
nanosheets, nanoflowers, hollow porous nanotubes, marigold-like nanoflowers and rhombic

dodecahedra. Reproduced from refs. [193-197].
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On a separate note, molecular catalysts with edge-mimicking structures are an alternative
strategy to maximize group VI TMD activities, as the under-coordinated motifs obtained are
intrinsically free of basal planes. The pioneering work by Karunadasa et al., who proposed the
Mo-edge analogue [(PYsMe2)MoSz|?", was followed by the synthesis of [Mo2S12|* (Figure 2.9a-
b)[198] and [MosS13|* clusters (Figure 2.9¢)[199] with improved TOF values per Mo unit (ca.
3 s at =200 mV). Amorphous MS3 thin films prepared by wet-chemical synthesis[200,201]
or electrodeposition from [MS4]* aqueous solutions,[202-204] the latter constituted by [MosSi3]*
polymeric domains in MoS3,[205] also presented improved HER performances. The
preliminarily ascribed role of terminal So* ligands as the HER active sites in acid[169,206] or
under-coordinated Mo atoms|205] was later related to higher S»* bridging and S* apical
contents (Figure 2.9d)[198,207] and finally to the S2* bridging bond cleaving induced by proton
electroadsorption by in operando Raman experiments (Figure 2.9¢),[208] which results in S loss
and an irreversible structural conversion from MoSs to MoS2;x responsible for

electrocatalysis.[209,210]
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MoSx before (green) and during (blue) HER operation, showing H-S vibration band.

Reproduced from refs. [198,199,205,207,208|
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2.5 Transition metal dichalcogenides: strategies for maximizing the

inherent electroactivity of the active sites

The activity of TMD active sites towards the HER can be maximized if AGy" values are
optimized to reach the ideal thermo-neutral value and the electron-transfer between the active

sites and the conducting electrode is accelerated.

Group V TMDs (namely VS», TaSz and NbSz), known to be inherently metallic, present close-
to-zero AGy" values in the basal planes based on DFT calculations (-0.14, 0.17 and 0.01 eV for
VS2, NbSy and TaSs, respectively)[211] which makes them highly active to the HER, as their
activity is not limited to the edge sites: n=50-65 mV at 10 mA cm? with 10-55 pg cm loadings
(NDS2 and TaS),[212,213] and n = 58 mV at 10 mA cm? with b = 34 mV dec! (VSy),[214]
which for TaS» can be further maximized using the 3R polytype due to improved hydrogen
electroadsorption,|215] mimicking results obtained for MoSz/WS».[216] These outstanding
performances cannot be matched by pristine group VI TMDs (MoX2, WX32), where the 2H

semiconducting basal planes are inactive.

DFT calculations showed that MoSs and WSes should preferentially catalyse the HER in the
Mo-edge and Se-edge, respectively,[76,217| whilst for WSz and MoSe2 both edge sites should be
indistinctively active.|[77,217] Sub-stoichiometric transition metal (TM) doping was found to
decrease AGy" in the MoS2/WSs S-edge sites to quasi thermo-neutral values: 0.10 and 0.07 eV,
respectively when using Co.|77] Posterior DFT calculations inversely correlated AGy™ with AGg,
a thermodynamic descriptor related to the TM-S binding energy: a weakening in the doping
metal-S bond strengthens the H-S bond at the S-edge, lowering AGy" close to thermo-neutral
values for dopants such as group VII (Mn, Re) and group VIII-X (Fe, Co, Ni, Pt, Rh, etc)
TMs (Figure 2.10a).[218] This AGy" comparable to the undoped MoS; Mo-edge not only

activates them to the HER|77] but also results, for PVD nanoclusters, in a morphology
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modification from triangular to hexagonal due to the thermodynamic stabilization of the S-
edge.[219] Non-selective edge doping is obtained by co-electrochemical deposition using [MoS4]*
and Fe/Co/Ni[220] or Pt[221] precursors in an aqueous solution, yielding up to 7-fold improved

jecom and Pt-comparable activities for Pto.1MoSa 5, respectively.

Other strategies for non-selective TM doping reported for HER enhancement are the
preparation of TMD/TM core-shells;[222] TMD-TM sub-stoichiometric composites prepared
by wet chemical synthesis;[223] TM interlayer intercalation (Co, Ni, Pd, Pt)[224-226| or doping
to stabilize the HER-active 1T polytype (Nb, Re, Ta or V)[53,227|; and electrochemically-
induced Ag,[228] Ni,[229] Pt [230] or Pd[231] decoration of TMD nanosheets. Selective edge
doping was achieved in edge-terminated, vertically-aligned MoS2 nanosheets where the 2-fold
(Cu) and ca. 3-fold (Fe,Co,Ni) jo enhancement was directly correlated to the S-edge sites

activation (Figure 2.10b).[232]
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on inset), Right: HER polarization curves before (black) and after Fe (red), Co (blue), Ni

(cyan) or Cu (magenta) doping. ¢) Top: HER and EIS performance before (black) and after
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image of MoSz-multiwall CNTs composite. d) “Volcano plot” of hydrogen TOF per Mo atom

as a function of support-dependent [Mo3S13]* clusters AGy".

e) Left: SEM micrograph of MoSs-

modified 3D nanoporous gold, Right: MoS» layer-dependent HER electrocatalysis of modified

nanoporous gold substrate. Reproduced from refs. [218,232-235|.
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Alternatively, non-metallic anion doping was also employed for improving HER activities.
Chalcogenide anions such as Se, more metallic than S, improved MoS: electron transfer
rates,[236] whereas MoSz p-type doping with N via N2 plasma|237] or wet chemical synthesis
(metal precursor and thiourea)[238] decreased AGy" on the S-edge from -0.778 to 0.06 eV,[239]
activating their HER activity alongside with improved conductivities.[240,241] Molybdenum
phosphosulfides (MoSz(1x)Px), prepared by post-sulfidation of MoP,[242] electrochemical
deposition from [MoSs|* and sodium hypophosphite[243] or thermal annealing|244,245| also
presented equivalent benefits for HER catalysis, notably higher stabilities. In some cases,
however, TM doping (Nb, Ta) or metallic impurities have been found detrimental for HER

catalysis.[246,247]

TMD anchoring with highly-conducting materials aimed to accelerate the charge transfer
kinetics between the TMD active sites and the electrode, one of the limiting factors of layered
materials, by providing an interconnected network.[248,249] HER enhancements after
conductive composite fabrication generally manifested as significantly reduced R, and Tafel

slope values (close to 40 mV dec! as found in the Volmer- Heyrovsky mechanism).

Carbon-based supports, given their inexpensive nature and allotropy, were extensively
employed: graphdiyne,[250] rGO,[60,251] (N-doped) carbon nanotubes (CNTs) (Figure
2.10c¢),[252] (N-doped) carbon nanofiber paper/cloth/foam,[158,193] carbon black[253] and

carbonized wood microchannels,[254] among others.

Catalyst-support interactions, if strong, can also result in almost thermo-neutral AGy,™ values:
NbSs-Hf/ZrSes and TaS>-HfSe» heterostructures,[255] as well as Mo-edges on MoSz-Au[256]
presented the most favourable AGy,™ according to DFT calculations, the latter experimentally
corroborated by improved HER performances by 3-fold increase in TOF vs. a glassy carbon
support  (Figure 2.10d).[234] Nanoporous Au-supported TMDs were fabricated

accordingly,[162,257] where an additional strain-induced local 2H—1T MoS; phase transitions
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synergistically maximized the HER performances (Figure 2.10e).[258] Other TMD conducting
supports reported are black phosphorous,[259] h-BN,[260] CN,[261,262] MoO»,[263] Si,[264],

TisCa, [265] and TiOs.[266]

Surprisingly, electrochemically-induced proton[267| and alkali cations|268| intercalation also
decreased the charge transfer resistance and AGy" to more thermo-neutral values, without

modifications of the TMD polytype or interlayer spacing.

2.6 Group VI Transition metal dichalcogenides: strategies for

activation of basal plane sites

Activation of the electrocatalytically-inert group VI TMD basal planes to the HER has devoted
significant attention in recent years. This was initially achieved by triggering the 2H—1T
polytype conversion after chemical intercalation (see section 2.4.1), tensile/compressive
strain,[222,235,269-272| or chemical vapour exposure,[273] which also modulated their
optoelectronic[274,275] and magnetic properties[276-278] (see section B Appendix). The most
relevant basal plane activation strategies, involving structural engineering and incorporation of

foreign metal/chalcogenide centers, are compiled in Tables 2.3 and 2.4.
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Basal plane activation method

Activation mechanism

Experimental strategy employed

References

Tensile strain

Energy downshift of the unoccupied TMD defect

levels, facilitated proton reduction |279)

Synthesis of nanostructures with intrinsically distorted structure
(e.g. nanospheres, crumpled/concave-distorted nanosheets,

amorphous MoSx on Au nanopillars)

[280 282

Lattice defects

S vacancy and edge sites exposure

Multiple synthetic routes

[123,194,283 287

S vacancy generation

Under-coordinated M sites reach 4Gy =0 under
optimal strain

The relatively low S vacancy formation energy
(2.12 eV)[28§] is significantly decreased when forming

a vacancy row.[289]

Exposure to inert plasma source (Ar, Ho)

[151,152,290-292)

Cation exchange resin

[293,294|

Electrochemical conditioning: cathodic potentials (-1 'V vs. RHE,

Figure 2.11a), 0 to 2.2 V vs. RHE voltage cycling.

[295,296|

Table 2.3. Compilation of TMD basal plane activation strategies, along with the underlying activation mechanisms, based upon structural

engineering.
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Basal plane activation method

Activation mechanism

Experimental strategy employed

References

Oxygen incorporation  (MoS2xOx

solid solution)

Local n-doping. increased eclectron affinity at the basal plane, reduced AGy”,

assistance in S vacancy formation (Figure 2.11b)

Spontaneous replacement of X atoms
on the basal planes under long-term

ambient exposure (1 year)

[287,297 299

Single-atom metal doping

(substitution at metal site)

Vicinal chalcogenide atoms AGy”™ reduction to thermo-neutral values [272]: 0.1, -0.02

and ca. 0 ¢V for Ni, Pd and Pt, respectively

Dopants: Co, Cr, Er, Mn, Ni, Nb, Pd,

Pt, (Figure 2.11¢), Re and V.

Co,300,301] Cr,|302]
Er,|303| Mu1,|240,304|
Ni,|305 307 Nb,[308]

Pd,|226,309,310]  Pt,|311]

Rel312| and V.|302|

Single-atom chalcogenide

substitution

e  B: basal plane active site (Figure 2.11d)

. P: substantial decrease in the nearest-neighbour chalcogen AGy”

. N/P: induced compressive strain to narrow the electronic band gap and
improve intralayer charge transfer rates.|239,244|

. F, N co-doping: sygnergistic activation of N as the basal plane active site

(AGy" ca. -0.145 cV).|313|

Multiple synthetic routes

B,|314| F,|313|
N,|267,286,28%]  and P.

244,316

Table 2.4. Compilation of TMD basal plane activation strategies, along with the underlying activation mechanism, based upon

incorporation of foreign metal/chalcogenide centers.
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Basal plane-activated TMDs present remarkable HER peformances. Intralayer oxygen-
incorporated MoS2.<Ox solid solution presents a 3-fold jgeom increase at n=200 mV, similarly to
that obtained for oxygen-incorporated 1T-WSs: a 2-fold increase in jo versus the undoped
counterpart suggests improved conductivities to be the doping effect.[317] For Pd single-atom
doping of MoS», a close-to-Pt performance was achieved: 40 mV onset potential, b= 41 mV
dec! and jo= 426.58 pA em?2.[309| As for the chalcogenide substitutional dopants, P-MoSa,
N,Mn-MoS2 and B-MoSe> presented HER electrocatalysis comparable to those of group V
TMDs: 43, 66, and 84 mV 5 at -10 mA cm? and b= 34, 50 and 39 mV dec!,

respectively.[240,314,316|

Briefly, Janus TMDs (i.e. sandwiched X-M-Y structures, X/Y being different chalcogenides)
have been theoretically[318,319] and later experimentally demonstrated to present HER-active

basal planes,[320] with activities to be exploited in future investigations.

The underlying activation mechanisms are, yet, still a matter of debate. As an example, the
HER enhancements obtained from cathodic preconditioning activation, related to S vacancy
generation in MS» TMDs, are in stark contrast with previously reported electrochemical
activation treatments by Chia et al., where the enhancements were ascribed to stabilized 1T
phases[321] and a higher availability of Mo-edge sites.[322] Analogously, unambiguous
understanding of the nature of any mixed n- and p-type doping, such as N/F co-doping, is
concealed as n- and p-type dopants should in theory present opposing doping effects on TMDs.
Basal plane activation in TMDs is, consequently, a promising research field but efforts need to

be made in deeper understanding of the activation mechanisms to fully harness their potential.
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Figure 2.11. a) Left: Aberration-corrected TEM image of MoS; with S vacancies (ca. 12 %),

Right: HER performance before (blue) and after (red) tensile strain application (ca. 1.35 %).

b) Left: Scanning tunnelling microscopy image showing O-incorporated atoms at S vacancy

sites (dark triangles) of MoS2.xOx crystals, Right: HER performance before (blue) and after

(red) O-incorporation. ¢) Left: HAADF-STEM image of single Pt atom-doped MoS: nanosheets,

Right: HER polarization curves before (magenta) and after (red) Pt doping, and d) Bottom:

High-resolution TEM imaging of B-doped MoSe2 nanosheets along with their EDX mapping,

Top: HER cathodic voltammograms recorded before (green) and after (yellow) B incorporation.

Reproduced from refs. [290,298,311,314].
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2.7 Transition metal dichalcogenides and the oxygen evolution
reaction: activity and stabilization of Ir-based state-of-the-art

catalysts

Replacement of PGM catalysts has driven research regarding the activity of TMDs towards
oxygen evolution reaction (OER) electrocatalysis. In alkaline environments, materials such as
MoS2,[323] CoSez,[324] NizTes,[325] NixFeixS2,[326] NizS2 on Ni foam,[327] Co1«V<SP[328| or
CoXz/NiXs (X = S, Se, Te)[329] were employed, among many others, with excellent activities
and stabilities. Although still under debate, general consensus in the literature suggests that
observed activities are a result of in situ partial/total TMD electro-oxidation under OER
conditions to generate a porous metal (oxy)hydroxide layer responsible for the OER with high
surface areas and active site exposures.|330] However, the majority of these (oxy)hydroxides

are unstable in acid, preventing their implementation in PEM electrolyser technologies.

In such harsh acidic electrolytes, RuOx and IrOx are the state-of-the-art OER monoelemental
materials,[331] as Pt (the HER and ORR metal champion) undergoes PtOx formation which
passivates its activity.[332] The benefits of acidic PEM electrolyser operation (see Chapter 1)
are limited by the dissolution rates of RuOy/IrOx catalysts. Whilst OER activities present the
trend Ru > Ir » RuO2> IrO2, their dissolution rates increase as IrO2 « RuO2 < Ir « Ru.[333]
Indeed, highly-active materials normally present an OER mechanism where lattice oxygen from
surface metal oxides generated during OER operation (Ru, Ir)[334,335] or inherently present
in the catalyst structure (perovskites)[336] assist in oxygen production: this is known as lattice
oxygen evolution reaction, which aggravates their electrodissolution due to internal
restructuring,[337] and is thermodynamically favourable.[338] For Ru, dissolution is ascribed
to the OER-triggered formation of the volatile RuO4 compound,[335] which can be stabilized
by use of an overlayer of IrO,[339] thermal oxidation treatment[340] or mixed metal

alloys/oxides.[73,341] In the case of Ir, the electrodissolution has been proven to be
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overpotential-dependent (Figure 2.12a): high overpotentials favour the dissolution via IrOs
oxidation to IrO42, whilst low overpotentials the formation of Ir*O2OH and ultimately the
metastable HIrO: species to leach as Ir**.[342] Improved Ir stabilities were obtained for core-
shell structures,[343] Ir-Ni mixed oxide thin films[344] or nanowires,[345] and Ir alloys such as
Irp.7Sn0.302-x,[346] IrOx/SrIrOs,[347] or more recently Wi IriOss (Figure 2.12b),[348] and
composites such as IrO2/Mo0Os3.[349] These contain the earth-abundant MoO3 and WOs3, the
resulting electro-oxidation products of group VI TMDs in acid (see Pourbaix diagrams in Figure
2.12¢),[7,350,351] WOs3 being corrosion-resistant under both anodic and cathodic potentials[352]
with robust OER photoelectrocatalytic activity[353] synergistically maximized when
incorporating Ir.[354,355] To date, the exact stabilization mechanism of Ir-modified surfaces is
still unknown, but use of earth-abundant oxides such as WOs3 as passivating agents towards

improved Ir stabilities is of particular interest.
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Figure 2.12. a) Schematic compiling the Ir electrodissolution pathways under OER operation:
green and red arrows correspond to the dominating dissolution routes taking place at low and
high OER overpotentials, respectively. Blue arrows show Ir intermediates and their associated
reactions, observed irrespective of the OER operation overpotential. b) Left: OER polarization
curves of plasma-synthesized Wi IrxOs thin films. Right: OER stability testing by jgeom hold
at +10 mA cm?, Electrolyte: 1 M H2SOs. ¢) Pourbaix diagrams (Potential vs. pH) of
molybdenum-sulfur-oxygen-hydrogen (left) and tungsten-sulfur-oxygen-hydrogen systems

(right). Reproduced from refs. [7,342,348).
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Chapter 3

Theoretical background

3.1 Electrochemical characterization

The theoretical concepts outlined in this section have been adapted from multiple reference

textbooks in electrochemistry.|[1-6]
3.1.1 Fundamentals of electrochemistry

Electrochemistry is a scientific discipline concerning the study of electron transfer across an
interface. Depending on the interface studied, we can classify the electrochemical processes as
homogeneous (electron transfer occurs at the same phase, e.g liquid-liquid) or heterogeneous

(electron transfer occurs at the interface of two different phases, e.g solid-liquid, solid-gas).

The majority of the practical applications of electrochemistry are based upon the use of
heterogeneous interfaces: these are either two ionic conductors (as found, for example, in solid-
state batteries) or an ionic conductor and an electron conductor. From now on we will focus
on the latter scenario, specifically in the heterogeneous interface formed by a solid electron

conductor (electrode) and a liquid ionic conductor (electrolyte).

The reactions studied in electrochemistry, analogously to any other chemical reaction, satisfy

an equilibrium. For the classical example of inserting an inert metallic wire (e.g. platinum
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electrode) into an aqueous electrolyte solution containing the anions Fe(CN)¢* and Fe(CN)g*

(a redox couple), this can be expressed as:
Fe(CN)3 (aq.) + e~ = Fe(CN)¢ (aq.) (3.1)

Depending upon the relative Fe(CN)g*/Fe(CN)g* concentrations, the reaction will balance so
that the rate under which Fe(CN)¢* donates electrons to the metallic electrode is equal to that
of electrons being transferred from the metallic electrode to Fe(CN)g*. As the nature of these
reactions involves the transfer of charged particles from/to a surface, this results a net electrical
charge separation. Such charge separation consequently yields a difference in electrical potential

between the metal surface ¢, and the solution ¢y at the electrode-electrolyte interface, Ay, /s:

A‘.bm/s = ¢m— bs (3'2)

This absolute equilibrium potential, although presenting a precise finite value, cannot be
measured experimentally unless an additional electrode is immersed in the solution to obtain a
closed conducting electrical circuit. This results in a two-electrode electrochemical cell, the

simplest experimental setup in electrochemistry.

Let us consider the individual contributions to the electrochemical cell potential. After the
incorporation of a second electrode connected to an equipment capable of measuring a potential

gradient (volt meter), we have generated two additional interfaces:

Adptotar = Aqﬁm/s + Aqﬁs/m/ + Adpy, 1/m (3'3)

where A/, is the electrical potential gradient at the second electrode/electrolyte interface,

and A¢p, ,/m the metal-metal contact potential difference.

By applying a marginal alteration to the electrochemical cell potential, unless A¢yg/n,, and
Adm 1 /m are negligible, Agy, s can’t be elucidated. It is satisfied that A¢p, ,/m = 0 when m and

m’ are made of the same material (the electrochemical potential of the electron in both m an
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m’ is equivalent pg* = ug*’). Thus, an experimental value of Agy, s can be obtained if Agg/m, ,
is known. However, metallic electrodes are polarizable surfaces, where any electrochemical
potential will result in an equivalent modification in A¢yg/y,. This is clearly inadequate for

electrochemical experimentation, as Agqrq; cannot be directly related to Agy, .

Conversely, ideally non-polarizable electrodes, where the charge transfer across their interface
is infinitely fast, present no modification in their electrical potential. Hence, irrespective of the

electrical current passed then, their potential is fixed so that A/, , = constant

These electrodes are commonly known as reference electrodes (REs), because they provide a
reference from which to report the electrical potential of any electrode at the other side of the
electrochemical cell (half-cell). Although ideally non-polarizable electrodes do not formally
exist, several electrochemical systems satisfy the non-polarizability conditions at reasonable

current ranges. If a RE is used instead of m’, Eq. 3.3 can then be rearranged as
Adrotar = Dpmys + Ads/rg + Dprp/m = Adyys — dm + (Dds/re + Pre) (3.4)
As Apg/rp + Pre = constant in reference electrodes,
Adtotar = Dpmss — Pm + constant (3.5)

Consequently, the experimentally measured potential does not correspond to the absolute value
of Ay /s as previously anticipated, so any Aorq; measurements using a RE are restricted to
changes in Agp, /s — ¢m. A schematic of the two-electrode setup using a RE is shown in figure

3.1.
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Aps/re + Pre =
| constant

Adrotat = Dpmys + Dds/re + APre/m = Apmys — $m + (Bds/re + Pre)

Pt RE
: I |
-

Figure 3.1. Two-electrode setup for the Fe(CN)¢*/Fe(CN)g* redox couple, and breakdown of

the contributions of the measured potential A¢iprq-
3.1.2 Reference electrodes (REs)

The RE historically employed is the so-called normal hydrogen electrode or standard hydrogen
electrode (SHE). Its potential is defined by convention to be zero at all temperatures, based on

the following reaction:
Hy(a=1),Pt|H*(a=1aq.); 2H"(aq.) +2e” 2 Hy(9); Eg+,y, =0V (3.6)

SHE is experimentally fabricated by immersing a platinized platinum electrode into an acidic
solution of unit activity (generally 1.18M HCI) and applying a 1 atm positive flow of hydrogen
gas over the electrode surface. The safety concerns and technical difficulties of using a
continuous hydrogen flow motivated the replacement of the SHE in daily electrochemical
experimentation for alternative systems. Those employed in this thesis are the saturated
silver/silver chloride (Ag/AgCl sat.) and the saturated calomel electrode (SCE). Both systems

present well-defined potentials versus the SHE.
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For Ag/AgCl sat.:
AglAgCl|Cl=(a = 1,sat); AgCl(s) +e~ = Ag (s) + Cl™(aq.); Egy/agcivs-SHE = +0.197V (3.7)
For the SCE:
Hg (DIHg,CLICl~(a = 1,sat); Hg,Cly(s) +2e~ = 2 Hg () + 2 Cl™(aq.) ; ESczvs. SHE = +0.242V (3.8)

Among the properties which REs need to satisfy to qualify as quasi-ideally non-polarizable

interfaces, they must fulfil the following:

- High exchange current density values (i.e. fast electrode kinetics) to present high
sensitivity to voltage perturbations at the electrode of interest (working electrode, WE)

- Contain oxidized and reduced forms of a specific element in high concentration to
prevent drift from electrochemical equilibrium (i.e. changes in electrode potential)

- Present redox couples with solids and ideal liquids to present activities close to 1 to

behave close to ideal conditions

3.1.3 Electrochemical equilibrium: Nernst equation and its implications in RE

operation

As mentioned in section 3.1.1, electrochemical equilibrium is formally a specific case of a
chemical equilibrium. For a generic chemical reaction of i number or reactants R which yield j

products P, with stoichiometric coefficients v; and v;
LiviR = X viP; (3.9)

The Gibbs free energy of reaction A,.G under non-equilibrium conditions is defined as follows

fe7)

Hi(a;‘i)

AG =A.G°+RTInQ, =A,G°—RTIn

(3.10)

84



where A,G° is the standard Gibbs free energy change R the ideal gas constant (8.3145 J K!
mol!), T the temperature (in degrees Kelvin), and a) a;ii the activities of products and

Pj7

reactants under non-equilibrium conditions.

In electrochemical systems, equation 3.11 establishes the relationship between A,.G and the cell
electrical potential under operation E (i.e. electromotive force, emf), which in electrochemical

systems under equilibrium conditions yields the standard cell potential E°
A.G = —zFE (3.11); A.G° = —zFE° (3.12)

where z is the stoichiometric number of electrons transferred in the electrochemical reaction
and F the Faraday constant (96485 C mol™). It can be concluded that electrochemical cells
with positive emf values are thermodynamically favourable (spontaneous, generation of
electrical current), whereas negative emf values require and external driving force to be

triggered (i.e. external power supply)

By combination of eqs. 3.10 to 3.12 we obtain the following expression, known as the Nernst
equation, which under electrochemical equilibrium (flow of minimal net electrical current)

enables to obtain the equilibrium constant K,

in equilibrium: Egq = E° — —InK.q (3.13)

E is a dynamic value dependent on the electrochemical reaction rate (depletion of electroactive
reactants), whilst E.q is a stable value, commonly known as the open circuit potential (OCP)

of the electrochemical cell.

We can now use this expression to analyse the properties of the electrochemical processes

involved in REs

An expansion of the Nernst equation for the SHE yields the following
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1/2

P
E = Ejyz——In {ﬁ} (3.14)

ag+

As the hydrogen partial pressure in SHE PI}Z/ % s 1, a further conversion of natural logarithm

to decimal leads to

0 2.303RT 1
Ernp = Espp — log \—

} (3.15)

Ht

which at 298 K and knowing the definition of pH = log{ }

S
aH+
Erue = E&yr — 0.059pH (3.16)

Consequently, the reference hydrogen electrode (RHE potential is pH-dependent: a 59 mV
negative shift in Exyp is found per pH unit increase. Alternatively, the Nernst equation of the

redox processes for both Ag/AgCl sat. and SCE, yields

RT
Epgagclorsce = Ef(l)g/AgCl or sce — 7 In{ag-} (3.17)

which clearly shows the importance of using saturated chloride concentrations to mitigate any
modification in ac;- and the equilibrium potential. If high electrical currents are passed through
any of the REs, however, the electrochemically-driven depletion/ formation H' or CI- will
irreversibly modify the RE experimental potentials. Then, an additional electrode is needed to

mitigate this drift: the counter electrode or auxiliary electrode.
3.1.4 Counter electrode

The incorporation of a counter electrode (CE) to the previously described two-electrode cell
yields the classical three-electrode electrochemical cell setup. The CE not only ensures that a
marginal current is passed through the RE to minimize its voltage drift, but also closes the
electrical circuit by adopting the voltage necessary to pass the opposite electrical current to

that exerted at the working electrode.
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Consequently, the materials used as CEs should be either electrochemically inert to the system
evaluated at the working electrode or stable at the operating electrochemical window. Else,
after long-term operation, oxidised/reduced forms of the CE obtained by electrolysis can
migrate within the electrolyte and ultimately interfere with the electrochemistry at the working

electrode.

The CE materials should also present and excellent electrical conductivity and high surface
area, so that the electrode kinetics at the working electrode are not limited by the

electrochemical reaction occurring at the CE. For metals, a mesh morphology is desirable.

In this thesis we have employed both platinum mesh and glassy carbon counter electrode
materials. For long-term experiments, following up recent reports which demonstrated
significant Pt dissolution, redeposition and doping at non-PGM WEs under HER operating
conditions,|[7,8] the Pt mesh is encapsulated in a fritted glassware. Alternatively, glassy carbon
is used owing to its electrochemical inertness despite of the smaller surface area and electrical

conductivity.

3.1.5 Working electrode

The working electrode (WE) is the electrode which either serves as a support for the reaction
of interest to occur, or triggers the redox process by being the electrocatalytic material. In the
first scenario, a WE must be electrochemically inert to the electrochemical reaction, and present
a wide electrochemical stability window to prevent additional current contributions during
electrochemical experimentation. In the present thesis, we have selected glassy carbon and gold
as working electrodes, both being inert to the hydrogen evolution reaction, which is catalysed
by nanostructured molybdenum sulfide materials. In the second case, iridium and its
modification with tungsten sulfide nuclei are the surface of interest purposefully chosen to

catalyse the oxygen evolution reaction.
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In all cases, the WEs allow to gather insights on crucial aspects of electrochemical reactions

such as the electrode kinetics and mass transport phenomena.
3.1.6 Electrode kinetics: Butler-Volmer and the Tafel approximation

The reaction rates of electrochemical processes, as introduced in Section 3.1.3, are dependent
on the external potential applied. Assuming that the electron transfer kinetics is the rate-
limiting step of the electrochemical reaction, a macroscopic model can describe the overall

electrode kinetics and its potential dependence. If we express the electrochemical reaction as

kred
0(aq.) + e~ (m) = R(aq.) (3.18)
kox

where k,.; and k,, are the heterogeneous electrochemical reaction rate constants of the
reductive (forward) and oxidative (backward) electron transfer reactions. Analogously to
chemical reactions, the overall reaction rate v, and consequently the net current I, is the
difference between the oxidative (v,,) and reductive (v,..q) processes for a given electrode area

A

I on Ire
V=%~ ra £ = Vyy — Vrea = kox[Rlo — krealOlo (3.19)

where [R], and [0], are the initial bulk concentrations of reductive and oxidative species, v,y
and v,.4 the oxidative and reductive reaction rates, with their corresponding oxidative and

reductive currents I, and I,.4

Transition state theory can then be implemented onto the deduction to elucidate the terms
involved in the electrochemical reaction rate constants. For a given reaction, the reactant must
overcome an energy barrier with an activation free energy AGF, which satisfies the following

Arrhenius-type expressions

*
Kox = Ag exp (o ) (3.20); Kyeq = Ay exp( Ted) (3.21)
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Ar being a pre-exponential factor accounting for the collision frequency of electroactive species

with the surface of the electrode.

The activation free energies of the oxidative (AG},) and reductive (AG.) electrochemical
processes are necessarily correlated with the interfacial electrode overpotential n (i.e. the
electrochemical driving force), defined here as the difference between the applied potential E

and the formal potential E]9, yielding

(1—-a)zF —azF
kox = k3pp €XP (%) (3.22); kyea = kdpp exp( C;ZT n) (3.23)

where the charge transfer coefficient a (0 < @ < 1) informs of the relative geometric and
electronic resemblance of the transition state compared with the initial and final
electrochemical products. a values close to 0 indicate a transition state similar to the reactants,
whilst @ values close to one inform of a transition state similar to the products. Unless specific
knowledge of the electrochemical reaction is known, @ is assumed to be 0.5 (i.e. the transition
state lies halfway the reaction coordinate). kgpp is the standard (or apparent) rate constant,
which informs of the electrochemical reaction lability: high values of kgpp involve reactions

which reach equilibrium in short timescales, and vice versa

Expressions 3.22 and 3.23 can be incorporated in the definition of the overall reaction rate,

I'= FAgeomkpp {[Rloexp () = [0g exp ()} (3.24)

which, normalized by the electrode area Ageom and with further rearrangements give the Butler-

Volmer equation

= () - e (22 (29

The Butler-Volmer equation can be further simplified for limiting scenarios. When applying

large oxidative or reductive overpotentials, as exp(—x) — 0, the reductive or oxidative
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component of the equation, respectively, can be regarded as negligible. The resulting

expressions are known as the anodic and cathodic Tafel equations

Anodic Tafel:

. . (1-a)zF
log j = log jo+ S5 1 (3:26)

Cathodic Tafel:

. . F
logj=1logjo,— ﬁn (3.27)

Thus, representation of logj vs. n enables to elucidate the exchange current density j,
(exponential of the intercept value) and a slope intimately correlated with @ known as the
Tafel slope. Further insights on the significance of both j, and Tafel slope were given in Section

2.3.

3.2 Electrochemical measurements

The standard three-electrode electrochemical cell setup enables electrochemical testing of the
reaction of interest at the working electrode (see Figure 3.2). A potentiostat/galvanostat, an
electronic-based instrument, is used in electrochemical experimentation to control the voltage
(potentiostat) or current (galvanostat) established between the WE and the CE, whilst keeping
a feedback loop of marginal current flow between the WE and RE so that the WE acts as a
reference point in the course of electrochemical experimentation. A pre-determined
voltage/current program is fed to the potentiostat/galvanostat by means of a PC-controlled
software, chosen according to the information to be extracted from the electrochemical system:

kinetic or mass-transport related.
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Potentiostat/Galvanostat Ewg(t) vs Exg

|

PC-controlled software

Iye(®) < 0[ le“ Ipp =0

WE RE
Voltage/current
program generator

GC disk

Figure 3.2. Simplified schematic of a three-electrode electrochemical setup. The illustrated cell
operation corresponds to that used under potential-controlled hydrogen evolution testing

conditions (Iwg < 0) with a glassy carbon displayed here as a WE.

3.2.1 Mass transport limitations

In previous sections we had assumed that the electrochemical processes studied were limited
by the electron transfer kinetics. However, the rate under which electroactive species reach the
electrode-electrolyte interface affects the overall electrochemical reaction. Three main transport

processes can contribute: diffusion, migration and convection.

The contribution of migration and convection, which involve mass transport of the electroactive
species by electrostatic and density gradients, respectively, can be mitigated. Addition of an
excess, approximately 2 orders of magnitude higher concentration, of inert electrolyte
(supporting electrolyte) results in all electrostatic ion transport being allocated to these
spectator species, leaving the electroactive species unaffected by migration effects and

sustaining the electroneutrality at the interface.
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Natural convective effects can be mitigated in quiescent conditions by using a thermostatted
cell (water jacket) to minimize temperature gradients, but experiments beyond the 20 s
timescale might present additional convective contributions due to stray vibrations.
Experiments under forced convection, such as those performed in a rotating disk electrode,
present well-defined hydrodynamic profiles which allow to accurately predict the convective

contribution to the electrochemical currents.

Hence, diffusion effects arising from concentration gradients from the bulk electrolyte to the
electrode-electrolyte interface are the major contributors to the overall electrochemical current

profiles shown in figure 3.3c.

Linear diffusion, as found in planar electrodes, and its time-dependence are described by Fick’s

18t and 20 law:

J = —DZ (3.28)

ac _ . d%c

. . . . ac . .
where J is the flux of species per unit of area and time, P the concentration gradient along a

direction x, D the diffusion coefficient of the species, and Z—i the time-dependent concentration.

For the semi-infinite planar diffusion scenario, where the electrolyte away from the electrode-
electrolyte interface is regarded as unperturbed, the electrical current response with time upon
an applied potential step from absent to diffusion-controlled currents is described by the

Cottrell equation

1/2
— ZFADoz/c/redCox/red,bulk
cottreul = T1/2(1/2 (3.30)

where Cox/req,putk 18 the concentration of the electroactive species in bulk
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The time-dependent current response of non-planar electrodes, where the linear diffusion regime

is not applicable, will be covered in Section 3.2.4.
3.2.2 Potential sweep methods

The most commonly voltage programmes used in electrochemical experimentation are potential

sweep methods, in particular linear sweep voltammetry (LSV) and cyclic voltammetry (CV).

LSV and CV involve a linear variation of the cell voltage (i.e. voltage ramp) with time, referred
as scan rate, which aims to investigate variations in the WE electrical current as a function of
the applied voltage. For LSV, the potential-time profile is linear (Figure 3.3a), whilst for CV
if both initial and final potentials are identical it presents a symmetrical triangular profile
(Figure 3.3b). A representative cyclic voltammogram of a solution containing Fe(CN)g* and
Fe(CN)g* in quiescent conditions is shown in figure 3.3c. The voltammetric shape, for a given
scan direction, presents three distinctive regions. The first region (labelled as I in Figure 3.3c)
presents an almost negligible current as the 7 is similar to Ej9: the driving force is not sufficiently
high to drive any faradaic redox process. The second region (II in Figure 3.3c) presents an
exponential shape as described by the Butler-Volmer equation: || = E}9, and consequently the
electrochemical reaction rate k,y/req increases as n reach higher absolute values. Finally, the
third region (III in Figure 3.3c) presents a maximum current followed by a decay, yielding a
wave profile: |n| > E]9, and the electrochemical reaction rate is so high that the mass transport
of the electroactive species limits the redox process. This wave profile is known as the diffusion

decay peak profile, and has important implications in CV interpretation.
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infinite linear diffusion conditions, known as the Randles-Sevéik equation
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relevant parameters such as diffusion coefficients and geometric electrode areas.

Figure 3.3. Absolute voltage-time profiles of a) linear sweep voltammetry and b) cyclic

voltammetry. ¢) Representative cyclic voltammogram obtained in a 5 mM Ks[Fe(CN)g| aqueous

Indeed, a relationship between the voltage scan rate vg.,, and the peak current intensity of a

redox process I, is found for highly reversible and totally irreversible redox systems in semi-

The Randles-Sevéik equation is essential as it enables the elucidation of electrochemically-
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3.2.3 Criteria for electrochemical reversibility, and numerical elucidation of kgm,

In the previous section, the concept of electrochemical reversibility and irreversibility in redox
couples was introduced. Qualitatively, fully reversible electrochemical reactions are those that
present fast enough electrode kinetics (large kgpp values) so that the redox product of the
forward scan is fully oxidized/reduced by reversing the scan direction. Conversely, fully
irreversible electrochemical reactions are those where the reverse scan shows no redox process:
once the oxidation/reduction has occurred, it cannot be reversed. These present small kJ,,

values.

The degree of electrochemical reversibility can be evaluated by several criteria, adding to that

of the Randles-Sevéik equation, as follows:
For fully reversible reactions:

- The peak-to-peak separation AEp between the anodic Ep, and the cathodic peak Ep .
is constant and independent on the scan rate (Tomes criterion): AEp = 59/z mV

- The peak anodic Ip 4 to cathodic Ip . current ratio equals 1
For irreversible reactions:

- AEp between the anodic Ep, and the cathodic peak Ep . (if reverse peak is present)
dependent on the scan rate: AEp, > 120/z mV
- Ep. (assuming a one-electron, cathodic reaction) displaces negatively by 30/« mV per

tenfold increase in Vg4
However, most real electrochemical systems lie in the quasi-reversible scenario.

In our present research, insights on the electron transfer properties of TMDs are essential to

correlate electrocatalytic enhancements of the HER with faster charge transfer kinetics, and
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elucidating the heterogeneous electron transfer rate constant kgpp of a quasi-reversible redox

mediator such as [Fe(CN)g]*/[Fe(CN)g]* provides an adequate metric.

For quasi-reversible systems, Nicholson and Shain elucidated a method to calculate kgppvalues

by correlating the scan rate with a dimensionless kinetic parameter iy using the expression

-1/
0= Koy (2) ()] o

where D,y and D4 are the diffusion coefficient for the oxidized and reduced species.|9]

A dataset was constructed which correlated Y as a function of AEp in the 61 < AEp < 212 mV
range upon varying vs.q,. In practice, experimental AEp values are compared to the Y vs AEp
dataset to interpolate ¥ and finally obtain kgpp from the aforementioned equation.

Lavagnini et al. recently reported an empirical equation which provided a continuous ¥ vs

AEp function in the AEp 60 — 210 mV range[10]

_ (~0.6288+0.0021 zAEp)
T (1-0.017 zAEp) (3.34)

Investigations by Klinger and Kochi proposed an alternative expression for electrochemically
irreversible systems (3 < 0.1 and AEp > 210 mV)[11] derived from Nicholson and Shain’s initial

equation, providing a direct kgpp elucidation from AEp at a given scan rate:

kG, = 2.18 (%)1/2 exp|- (%) nAEp| (3.35)

where AEp is given in V.

A rearrangement of this expression in combination with Nicholson and Shain equation

TZFDVscqn

— )]_1/2 for any range

provides a graphical method to obtain kgpp by plotting ¥ vs. [(

of scan rates utilized[10]

W =218 (%)1/2 exp [— (%) zAEP] (3.36)
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P = kG [ (F2ED2)| % (3.57)

3.2.4 Electrode morphology-dependent mass transport properties

Contrary to planar macroscopic electrodes, electrodes with a micrometric size (microelectrodes)
and three-dimensional geometry present diffusion profiles that can no longer be described by
one spatial coordinate. For microelectrodes, such as disk microelectrodes, mass transport
towards the radius has a significant contribution, since the relative edge dimensions are
comparable to those of the electrode cross-section and are no longer negligible: the smaller the
radius, the higher the contribution. Fick’s second law now needs to be expressed by cylindrical
coordinates r and Z.yrq, referring to the radial coordinate and perpendicular coordinate from

the disk centre.

ac _

ac 9%c , 10cC a9%C
at

D -] (3.38)

ar2  ror  0Zcoord

At very short timescales (< 60 ps), microelectrodes behave similarly to planar electrodes in the
potential step experiments: their response is equal to that predicted by the Cottrell equation

(3.30).

However, at longer timescales (> 60 ms) the radial diffusion contribution dominates the
microelectrode response, yielding a steady-state diffusion (current) dependent on the

microelectrode radius 7y,

I = 4zF Cox/red,bulkDox/redrel (3-39)

Microelectrodes reach this radial (convergent) diffusion regime at fast timescales, which is
beneficial in the study of fast redox processes. In addition, the small dimensions of
microelectrodes also minimize the contribution of non-faradaic processes (capacitance, ohmic

drop) which also enable higher electrochemical signal-to-noise ratios.
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The benefits of microelectrodes can be further exploited if these are fabricated as well-defined
arrays. However, the mass transport response of microelectrode arrays will be dependent on
the microelectrode dimensions and interspacings, as well as the timescales of the electrochemical
experiments. This complex scenario was simplified by Compton el al. using the “diffusion

domain approximation”.[12—-14]

Briefly, a regular array of microelectrodes with centre-to-centre spacing d is subdivided into

N hexagonal (Apeyx = ? d?) or square unit cells (Asqr = d?), where N is the number of electrodes

in the array. These unit cells are converted into circular (for microdisk arrays) or cylindrical
(for micropillar arrays) diffusion domains with an equivalent area to that of Apey or Agq, and
radius Tgomain, leading to diffusion domain areas Agomain = T7lomain- Lhese domains are
considered diffusionally independent and equivalent, which implies a zero net flux across the
walls of the domains (Figure 3.4). Consequently, this approximation simplifies a challenging
three-dimensional problem to a two-dimensional one due to the cylindrical symmetry of the
domains, obtaining the total microelectrode array current by multiplying the computationally-

calculated current of one microelectrode by N.

Several experimental behaviours can be observed for microelectrode arrays. These are
dependent on the experiment timescale (voltage scan rate) and the relative dimensions of the
microelectrodes and their diffusion layer thickness §. The latter corresponds to the region of
the electrode-electrolyte interface affected by the electrochemical process, with concentrations
of redox species that differ from the bulk. Although it does not present a defined thickness, §
is normally estimated as § = VmDt: it is clear that & is intimately related to the voltage scan
rate, as it is a time-dependent property. Based on these considerations, four microelectrode

array cases can be identified (Figure 3.5).
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Figure 3.4. Schematic representation of the “diffusion domain approximation” for a

microelectrode array, using diffusionally independent squared unit cells. Adapted from [12].

Case 1 is observed when thickness § is smaller than the microelectrode size and interspacing,
resulting in each microelectrode in the array having independent and individual planar diffusion
layers. This is only observed at very short timescales (very fast scan rates). For case 2, the
diffusion layer thickness 8 is larger than the microelectrode dimensions but smaller than their
interspacing, leading to a convergent diffusion profile per each microelectrode. In case 3 the
initially independent radial diffusion layers formed by each microelectrode start to overlap as
the diffusion layer thickness is larger than the microelectrode interspacing, observing a mixed
mass transport behaviour. Cases 2 and 3 are observed at fast-to-moderate timescales/scan
rates. Finally, case 4 corresponds to timescales under which the diffusion layer thickness 8 is

larger than both the size and interspacing of the microelectrodes, resulting in a complete overlap

99



of the microelectrode diffusion layers towards a semi-infinite planar diffusion regime,

characteristic of macroelectrodes.

The diffusion domain approximation, however, is not valid when the number of electrodes in
the perimeter of the array is not negligible compared to the total number. This was referred as
Case 5, where a nanoelectrode array which should have presented a macroelectrode behaviour

(case 4) presented a steady state response (case 2).[15]

The latter scenario will be of significance in the analysis of the mass transport response of the

TMD nanopillar arrays fabricated in this thesis.

Independent linear diffusion layers Independent convergent diffusion layers

..............
..............

Insulator
<+—— Microelectrode
Case 1 Case 2
Partially-overlapped Fully-overlapped diffusion layers
Semi-infinite planar diffusion

Case 3 Case 4

Figure 3.5. Schematic representation of the 4 diffusional regime cases found for microelectrode

arrays, adapted from [16].

3.2.5 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a non-invasive technique that enables
frequency-dependent information of an electrochemical system to be obtained. It consists of the

application of a frequency perturbation of small amplitude to a preset direct current (DC)
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potential input E, known as the across function, and evaluate modifications in the alternating
current (AC) output I, known as the through function, before and after passing through the
electrochemical system of interest (Figure 3.6a). The electrochemical system presents time (and
consequently frequency) dependent phenomena, which can be represented as a set of elements
in an electrical circuit. Thus, EIS can provide information relevant to the magnitude and

kinetics of each physical phenomena involved in the electrochemical cell.

The value of the total impedance Zg;s is defined as the ratio between the across function E;

and the through function I; following the expression

_ Et _ _Epsin(wt)
Zgis = Iy~ Ipsin(wt+) (3.40)

where E, and I, are the voltage and current amplitude, w the angular frequency (i.e. 2nf, f

being the frequency in Hz) of the sinusoidal wave, and ¢ the phase angle.

For ease of interpretation, and by use of complex exponentials (with the imaginary unit j =
V—1), the total impedance Zg;s with phase angle 8 can be separated into two terms: one with
the sole contribution of magnitude (Z’, real), and another related to the phase angle (Z",

imaginary).

Zgis = |Zgisl exp(j6) = |Zgis| cos(x) + |Z|j sin(x) =Z' + Z" (3.41)
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Figure 3.6. a) Illustration of the working principle of impedance spectroscopy. Graphical
representation of AC signal and Nyquist plot features for ideal circuit elements as b) resistor,

¢) capacitor and d) inductor. Nyquist plot in d) plotted as Z'' vs. Z' for ease of representation.

Graphical representation of —Z'’ vs. Z', known as the Nyquist plot, allows direct elucidation of

the resistive components and capacitive/inductive components by mathematical treatment.

The impedance of a resistor Zg, a capacitor Z;, and an inductor Z; present the following

frequency-dependent responses
j ,
Zp=R; Z; = - Z; = jwL (3.42)
where R, C and L are the values of resistance, capacitance and inductance, respectively.

Thus, if the electrochemical system behaves as a pure resistor, the amplitude of the output
signal is modified whereas the phase angle is unaffected: this would be a single point in the
Nyquist real axis (Figure 3.6b). However, if it presented a behaviour of elements such as a

capacitor (Figure 3.6¢) or an inductor (Figure 3.6d), the phase angle would be negatively or
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positively shifted, respectively, whilst the output signal amplitude would be unaffected: these

would appear as a straight line in the Nyquist plot.

However, electrochemical systems cannot normally be represented by one circuit element alone,
as several physical phenomena co-exist. Thus, a set of circuit elements is needed, either in series

or in parallel, to construct an equivalent circuit which correlates with the physical phenomena.

The most employed and simple one is the so-called Randles circuit (see Figure 3.7). The Ry,
element accounts prominently for the electrolyte resistance, as well as of the resistance of the
cabling components along the electrochemical circuit. The non-faradaic charge-discharge of the
electrical double layer is accounted by the capacitor C4 (or constant phase element, CPE, if
the capacitor is non-ideal), and the faradaic-driven charge transfer and mass transport
resistances by the pure resistor R.; and the Warburg element Z,, elements parallel to Cg;.
However, other electrochemical processes such as multi-step electron transfer or adsorption

processes, demand more complex equivalent circuits to provide full physical meaning.

2) Car b) 2

w =1/R;Cy

Rsol RC!

Figure 3.7. a) Equivalent elements in the Randles circuit and b) Representative Nyquist plot

obtained for a model Randles circuit.

In the research presented here, EIS is mostly employed in our electrochemical analysis to apply
the ohmic compensation correction (—IRgy;, Rso; Obtained at the high-frequency Z' intercept)

and evaluate the electron transfer properties of TMDs by observing modifications in R, values.

103



3.3 Physical characterization

3.3.1 Raman spectroscopy

Raman spectroscopy is based on the inelastic scattering of an incident collimated light beam
upon interaction with a surface, leading wavenumber modifications of the scattered light higher
than 1 em™. It is a non-destructive technique that can successfully characterize gas, liquid and
solid phases and, unlike techniques such as X-ray diffraction or electron microscopies, samples

in the ng weight range.

First experimental evidence of this non-coherent light scattering was demonstrated by C.V.
Raman and K.R. Ramanathan in 1928, by use of a focused sunlight beam into several types of
liquids and placing two complementary light filters between the incident and scattering light
paths.[17] Modern Raman spectrometers collect the scattered light from a sample upon
irradiation with a laser of specific wavelength. The interaction of the incident photons with the
sample of interest can either lead to a negative (Stokes) or a positive (anti-Stokes) shift in the
frequency of the scattered photons: this indicates that the scattered photons present a lower
or a higher energy, respectively, than the incident photons. Stokes and anti-Stokes scattering
lines are symmetrical, with frequencies independent on the incident light beam frequency.|18§|
A Raman spectrometer separates the scattered light beam by means of a holographic grating,
which is later directed towards a CCD array detector that gives an intensity read-out of each
wavelength detected: plotting of the relative scattered light intensities versus the wavenumber

shift of the incident laser provides the Raman spectrum.[19]

In molecules or solids, the inelastic interaction of the incident beam arises from the excitation
of specific vibration modes (e.g. translations, rotations or (a)symmetrical bond stretchings) or

lattice vibrations, respectively, the latter modelled as quantized quasi-particles known as
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phonons. The total number of active vibration/phonon modes (to infrared or Raman scattering)
are obtained by applying symmetry operations on the given molecule or crystal unit cell. By
doing so, a point group symmetry is identified, with a corresponding set of irreducible
representations: in essence, the simplest mathematical form to express the symmetry changes
caused by the excitation of a specific vibration mode|20] The expression which describes the
induced electrical dipole moment P, of a vibration/phonon mode k with respect to the normal
vibration coordinate @ when an incident light beam E}gq,, of electric field amplitude Eg peqm.

frequency Vypeqm, and phase angle ¢, interacts with the sample follows
Py = ay * Epeam = o * Eo peam €0S(Vheamt) + Pro c0s[(vo — Vi)t + @] + Pyo cos[(vo + vy )t + @]
1 ’
where Pyo = > Q@ * Eopeam (3.43)

The first term of the expression corresponds to Rayleigh scattering, whereas the second and

third correspond to Stokes and anti-Stokes scattering (Raman active). It can clearly be seen

oa::
that the latter are only present when aj = Y / 90, # 0. This is known as the Raman

scattering selection rule: vibration/phonon modes are only active to Raman if the molecular
polarizability @, that is the relative charge distribution distortion of the molecule/solid at a

given external electric field, is modified between the ground and excited state. [21]

Raman spectroscopy has proven to be a powerful technique to characterize layered two-
dimensional materials such as graphene. In the case of layered TMDs, the fact that bulk MX»
presents a Dgn point group symmetry, whereas in few-layered (even) 2N-MX3 is D3q and (odd)
2N+1-MX> is Dan due to a reduction in symmetry clearly indicates that relevant information
can be extracted by its use. A compilation of the vibration modes found in MX2 materials can

be found in Figure 3.8a.
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Figure 3.8. a) Molecular vibrations and corresponding vibration modes for single-layered (1L),
bi-layered (2L) and bulk MXs materials: modes labelled with R are Raman-active, whilst those
labelled IR are infrared-active; b) Layer-dependent relative frequency shift of in-plane Ezlg and
out-of-plane A;; MoS; Raman modes; ¢) Raman spectra of monolayer 1T’-MoS; (black),

monolayer 2H-MoS: (red), and bulk 2H-MoS: (black). Reproduced from refs. [20,22,23].

The most relevant morphological properties of TMDs obtained by Raman spectroscopy are the

following;:

- Number of TMD layers present (Figure 3.8b): a layer-dependent variation on the
relative frequency of the in-plane Ezlg and out-of-plane A;5 MoS; Raman modes was
found up to 4 layers, compared to bulk MoS.[24] With increasing layer number, E34 is
red-shifted (lower frequency) whereas A;, is blue-shifted (higher frequency). The

relative frequency shift Av was found independent on the laser employed.[22] The
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number of layers, in the case of MoS», can be obtained by Av(Alg — Ezlg) =258—
8.4/N, N being the number of layers.

Identification of TMD polymorphs: 1T (tetragonal, point group Dsq), 2H and 3R
(hexagonal and rhombohedral, respectively, point group Dan) polytypes of TMDs, as
they present different symmetries they will consequently present different Raman
modes. For 1T-MoSz, three additional bands (at 153, 226, 330 cm™ known as J1, J2
and J3 respectively) were observed|23] compared to 2H-MoS: (Figure 3.8c). Similar
bands have been found in other TMDs. [25,26]

Identification of sulfur ligands: molecular-type TMD materials such as the cluster-based
[MosS13]* present sulfur atoms with different chemical functionality, distinguishable in
the Raman spectrum.[27,28|

Laser-induced phase transitions: amorphous MoS> and 2H-MoTez were demonstrated
to undergo a transition to crystalline and 1T-MoTes after laser irradiation,
respectively.[25,29] This was due to thermal and Te vacancy generation effects,

presenting clear Raman signatures.

3.3.2 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS), also known as ESCA (electron spectroscopy for

chemical analysis), is a surface characterization technique developed by Kai Siegbahn and co-

workers at Uppsala University in the late 1950’s.[30,31] XPS yields near-surface information

regarding the elemental composition, chemical and electronic environment (i.e. oxidation state),

and semi-quantitative elemental concentrations. Its working principle is based upon the

photoelectric effect discovered by Albert Einstein in 1905 (see Figure 3.9a).[32] An incident

monochromatic X-ray radiation of energy hv interacts with the core-level electrons of the
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surface atoms contained within the sample, ejected as photoelectrons with discrete kinetic

energy Ej. The photoelectron binding energy BE is calculated as
BE = hv — E, — E4 (3.44)

where Eg is the work function of the instrument (minimum energy required to eject an electron

from the instrument), and BE is independent on the instrument.

A given element will present quantized photoelectron binding energies related to every core
atomic orbital, detected in the XPS spectrum as a set of “fingerprint” peaks dependent on hv
(see Figure 3.9b). Although the probing depth of X-rays is in the order of pm, the ejected
photoelectron escape depth (E, ~ 0 — 1480 eV) is of not more than 10 nm: photoelectrons at
higher depths lose kinetic energy as they displace within the solid and are finally re-
absorbed.[33] This explains the high surface specificity of XPS, as only the information on the
outermost 10 nm region of the probed material is detected. Indeed, with the exception of H
and He, XPS elemental sensitivity is as low as 0.5 atomic %.[34] This is particularly suited for

disciplines as electrochemistry, where the electroactivity is limited to the interface.|35]
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Figure 3.9. a) Schematic of the photoelectric effect employed as a basis for XPS measurements;

b) Diagram of a conventional XPS instrument. Reproduced/adapted from refs. [32,36].
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The elucidation of characteristic chemical environment, and consequently oxidation state, of
each element detected in XPS arises from modifications of core-level electron binding energies
with the atom effective charge: positively charged atoms will require higher energies to eject
electrons compared with those negatively charged.|37] Thus, positive BE shifts indicate higher

elemental oxidation states and vice versa.

In this research, XPS spectra of TMDs are acquired to evaluate oxidation state changes upon
nanostructuring and electrochemical testing, as well as the chalcogen-to-metal ratios and degree
of transition metal doping. In analogy to Raman spectroscopy, XPS spectra are distinctive for
different TMD polymorphs: for MoSs, the Mo 3ds/2:3/2 spin-orbit doublet is found to be

downshifted ca. 1eV in the metallic 1T phase compared to the semiconducting 2H phase.[38]

3.3.3 Electron microscopy imaging

3.3.3.1 Scanning electron microscopy

Scanning electron microscopy (SEM) is a high vacuum surface characterisation technique that
rasters a high-energy focused electron beam, accelerated by an applied voltage (~1 to 30 kV)
which interacts with a (generally) conductive specimen. The electron-sample interaction results
in the emission of both photon and electron signals, containing information of the sample
relative to its topography and composition (see Figure 3.10). The most relevant ones for surface
imaging are those obtained by detection of backscattered (BSE) and secondary (SE) electrons.
BSE are high-angle elastically-deflected electrons from the incident electron beam by atom
nuclei in the specimen. The ratio between the BSEs and the incident electron beam is dependent
on the atomic number Z,;om: higher Zypom values (heavier elements) deflect more BSEs than
lower Zgtom values.[39] Detection and analysis of BSEs provides, consequently, information

regarding the sample composition: this is known as phase or Z,;,,;, contrast.
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Secondary electrons are low-energy electrons (< 50 eV) ejected from the specimen by the
inelastically-scattered primary electron beam. As the mean free path of SEs is very small (1 to
10 nm),[40] their ejection (and subsequent detection) is surface topography-dependent: rougher
or higher points in the specimen will eject more SEs compared to flat or low specimen areas.

Thus, images obtained by detection and analysis of SEs provide surface topography contrast.

Primary electron Beam
Backscattered electrons BSE

Secondary electrons SE
X-ray photons

Photons of Visible light CL ,
Auger electrons

Sample surface

Secondary electrons SE
Backscattered electrons BSE
Characteristic x-rays

Continuum x-rays

Secondary fluorescence
BSE spatial resolution

«———  X-fay spatial resolution

Figure 3.10. Signals emitted after the interaction between the specimen and the electron beam,

and their interaction volume (penetration depth). Reproduced from [41].

In our present research, SEM imaging by SEs is employed to investigate the aspect-ratio of the
plasma-etched TMD nanopillar arrays, the degree of decoration of tungsten sulfide nuclei on
iridium substrates, as well as the impact of electrochemical testing in the surface roughness

and morphology of the working electrodes.

3.3.3.2 Scanning transmission electron microscopy

Scanning transmission electron microscopy (STEM) is a high-resolution imaging technique
based on the use of a very focused, high-energy electron beam probe to scan a thin specimen

area. Signals obtained from the transmitted beam are collected point-by-point (as in SEM) to
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form an image. STEM presents several advantages compared with conventional Transmission

Electron Microscopy (TEM).

Firstly, the resulting image is not magnified by post-specimen lenses. Thus, as STEM is not
affected by the aberration of these lenses, its theoretical resolution should be related to the
wavelength of the incident electrons: for 200keV accelerating voltage, as used in NPRL’s JEOL
2100 STEM (see Figure 3.11a), this should correspond to 2.51 pm. However, aberrations arising
from the electron-probe formation limit STEM resolution: these are either spherical or
chromatic. Spherical aberration occurs due to imperfections in the magnetic field exerted by
the condensor lenses which yields a higher refraction angle for lens off-axis than near-axis
electrons, whilst chromatic aberration arises from the energy dispersion (non-monochromatic
nature, ~ 0.3-1 eV) of the electron beam. Both lead to a dispersion of the beam at the focal
point, which can be mitigated: the STEM employed in this work is spherical aberration-
corrected (Cs), which provides a final spatial resolution of less than 0.1 nm (» 0.8 A). Thus,

aberration corrected(AC)-STEM enables atomic resolution imaging.

Secondly, STEM allows simultaneous collection of multiple signals depending on the relative
deflection angle of the transmitted electron beam after interacting with the specimen nuclei
and electron cloud (see Figure 3.11b): bright field (directly transmitted electron beam,
collection angle 6 ~ 1-5 mrad), annular dark field (elastically scattered electron beam, 6 ~ 15-
50 mrad) and high-angle annular dark field (HAADF, highly scattered electron beam, 8 > 50
mrad).[42] In particular, HAADF-STEM imaging is also known as Z-contrast imaging as
HAADEF intensity, based on Rutherford scattering, is proportional to Z* (n<2), n being a value
experimentally obtained for each STEM instrument after calibration. Thus, HAADF-STEM
images are atomically-resolved, with intensities related to Z. In nanocluster imaging, the linear
dependence of HAADF intensity and cluster size[43] enables to elucidate, for single element

clusters, three-dimensional profiles (i.e. cluster atomic structure).
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Finally, chemical information can be gained from STEM by detection and mapping of the
Energy-Dispersive X-rays (EDX). These are a result of the inelastic interaction between the
focused electron beam and inner-shell electrons of atoms contained at the specimen: electron
beam-induced ejection of an inner-shell electron is followed by an outer-shell, higher energy
electron filling the generated vacancy (see Figure 3.11c). By doing so, the atom de-excites by
releasing an X-ray photon, with an energy equivalent to the energy difference between the two
electron states. Analogously to XPS, the element-dependent and quantized nature of the EDX
enables elemental composition analysis, which in STEM is highly spatially-resolved. However,
EDX-STEM presents a poor EDX energy (elemental) resolution due to the detector: in the
case of the Bruker XFlash 4030 detector coupled to the STEM at NPRL, this is of 133 eV at

Mn Ko
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Figure 3.11. a) JEOL 2100F aberration-corrected STEM used at the NPRL, and schematic of
its key components; b) Schematic of the STEM imaging modes based on the beam collection
angle 0; ¢) Schematic of the working principle of Energy-dispersive X-ray spectroscopy: two
electron from the L and K shell are ionised by the electron beam, where the generated vacancies
are filled by electrons from the M and K shells, emitting La and Ko x-rays, respectively.

Reproduced from refs. [44-46].

3.4 Cluster beam deposition

Physical production of nanoclusters has been carried out by techniques such as ball
milling,[47,48| supersonic expansion nozzles and laser ablation.[49] However, nanocluster
generation by magnetron sputtering and gas condensation cluster sources, used in the present

work, is preferable as the size distributions and materials used to form the nanoclusters are less
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restricted than in the aforementioned.[50] Clusters of Pt, Au, Ag, Pd, Pt-Ti and MoSz, among
others, have been fabricated with this technique at the NPRL.[43,51-56]

Its basic operation principle is the acceleration and collision of an inert gas plasma beam (in
this case Ar'), generated by a high DC or RF power, to a target of the material of interest
mounted on a magnetron gun under ultra-high vacuum conditions (base pressure no more than
10" mbar). This occurs at the magnetron sputtering chamber (for schematic, see Figure 3.12a).
Metallic targets are negatively biased to electrostatically attract Ar™ plasma formed by DC,
whereas periodical modifications in RF promote Ar" attraction and repulsion to non-conducting
targets. The generated cloud of vaporised atoms is condensed by injection of cooled helium
(He) gas to the sputtering chamber, where clusters aggregate via “three body collisions™ two
atoms of the sputtered material and a molecule of He. Although cooled He reduces the kinetic
energy of the small atom aggregates, supplementary cooling by liquid nitrogen is needed to

promote the condensation of larger clusters.

Figure 3.12. a) Schematic of the magnetron sputtering chamber: 1) magnetron target, 2) liquid
nitrogen jacket, 3) cluster aggregation and nucleation region and 4) adjustable cluster beam
nozzle; b) Schematic of the lateral Time-of-Flight mass filter chamber: 1,2) adjustable
entrance/exit aperture slits, 3) Faraday cup array; 4,5 and 6) entrance, field-free drift and exit

pulse region. Schematics adapted from ref. [57].
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Cluster size distribution can be easily modified by altering the inlet pressures of Ar and He,
and magnetron gun power. For higher Ar pressures, higher Ar" plasma flows are obtained,
leading to higher sputtering rates and larger clusters. Same occurs with magneton power: higher
powers result in a higher electric field gradient, which leads to higher higher Ar" plasma
collision rates. Higher He pressures, on the other hand, yield smaller clusters with a narrower
size distributions at a given sputtering rate.[58] This is explained by the higher He collision
rates, which hinder the addition of atoms to the condensed atom aggregates. As ~30% of the
generated clusters are ionised by the Ar' plasma,[59]| those positively-charged are collimated
by an array of optical electrostatic lenses at the second vacuum chamber (ion optics).

The cluster beam then goes to the NPRL proprietary lateral Time-of-Flight (ToF) mass filter
(schematic in Figure 3.12b, detailed illustration of the operating principle in Figure 3.13). The
cluster mass selection is obtained by applying two opposing electrostatic pulses to the
collimated, positively-charged horizontal cluster beam. The first perpendicular pulse, applied
by a bottom plate parallel to the beam axis, generates a vertical deflection and acceleration of
the clusters. The vertical trajectory of the clusters is dependent of their mass, which leads to
a parallel spreading of cluster beams in the vertical axis: as all clusters experience the same
electrostatic pulse, smaller clusters travel vertically more than the larger clusters. Next, a
second perpendicular pulse, applied by a top plate parallel to the beam axis, cancels out the
vertical motion of the beam of a given cluster size, which then exits the mass filter by an
aperture towards the deposition chamber. Specific cluster masses can be selected by modifying
the frequency and timescale of the electrostatic pulses.

The ToF mass filter resolution R is given by

M __ Hvert (3.45)

- AM NN TR

where M and AM are the cluster mass and the cluster mass range exiting the mass filter, X, et

is the total vertical displacement of the selected cluster mass, and Ax;, and Ax,,; the
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dimensions of the entrance and exit apertures. In our present work, R~ 20-25. As an example,
if we selected a cluster mass of 100 atoms, for R~ 20 we would obtain a size distribution of

100+£2.5 atoms.

T()p p].a.tc Cluster beam exit

Second electrostatic pulse region |1

Xyert

I"irst electrostatic pulse region

.y

. ________________________________________|] I
Cluster beamn entrance BOttOIIl plat(}

Figure 3.13. Detailed schematic of the working principle utilized in the lateral Time-of-Flight

mass filter. Adapted from ref. [60].

Finally, the size-selected cluster beam is collimated at the deposition chamber, where it impacts
the substrates acting as nanocluster supports, where mask holders confine the deposition area.
To control the physical attachment degree (impact landing energy) of the nanoclusters to the
support substrate, a positive voltage bias is applied to the substrate, ranging from 0 to 1500 V
(0-1.5eV). Higher voltage biases lead to harder cluster pinning, whilst lower biases lead to soft
landing.

In the present work we will be employing magnetron sputtering and gas condensation as the
technique to deposit molecular materials such size-selected MoS» nanoclusters (for cluster
source schematic, see Figure 4.3 Materials and methods section). In addition to this, formation
of hybrid Ni-MoSz will also be explored: for such purpose, a modified cluster source

simultaneously operating with dual targets (Ni and MoSz) is employed (for dual-target cluster
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source schematic, see Figure 4.2 Materials and methods section). Substrates employed are TEM
grids, to evaluate cluster size distribution, morphology and elemental composition; and glassy

carbon substrates to perform electrochemical experiments.
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Chapter 4

Materials, equipment and methods

4.1 Working electrode preparation and modification

4.1.1 Glassy carbon electrode preparation

Glassy carbon (GC) samples were fabricated from 5 and 7 mm diameter type 2 rods (Alfa
Aesar, UK, 50 mm length). GC rods were cut into stubs of approximately 5 mm thickness with
the aid of a diamond saw, under water flow to remove stray carbon particles and mitigate saw
overheating under operation. GC stubs employed for direct electrochemical characterization
were sequentially polished with 45, 30, 15, 9 and 3 pm MetaDi Supreme polycrystalline diamond
suspensions on TriDent polishing pads (Buehler), followed by polishing with 1, 0.3 and 0.05
pm MicroPolish alumina slurry suspensions on MicroCloth polishing pads (Buehler). GC
samples were mounted on a Buehler Vector LC 250 single force rotating sample holder (Spring
load pressure: 15 N, Rotation speed: 60 rpm) by use of in-house manufactured polypropylene
sample holder adaptors (38 mm diameter, 20 mm height, 3 mm sample holder thickness)
coupled to a Buehler Metaserv 250 polisher under 250 rpm rotation speed. GC stubs were

polished until a mirror-like finish was achieved.
4.1.2 Glassy carbon working electrode assembly

TMD nanoarray modified GC stubs electrical conductivity was improved by applying a
colloidal silver ink (SPI Supplies, USA) at the TMD/GC edge junctions with a hypodermic

needle under an optical microscope. For both TMD nanoarray and Ni-MoS2 nanoclusters
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experiments, the GC-modified stubs were electrically connected with silver ink to a 50 x 2 mm
brass rod embedded in a 40 x 10 mm Teflon rod (Direct Plastics Ltd, United Kingdom). To
prevent potential interference of silver and the GC lateral perimeter in the electrochemical
experimentation, epoxy resin (Araldite) was applied to insulate the non-modified GC regions
and ensure that only the TMD nanoarray crystal and nanocluster-modified cross section was
exposed. For the remaining experiments (TMD nanoarray electrochemical sufidation
monitoring and sulfur-enriched MoSx nanoclusters), GC stubs were connected to a rotating
disk capable OrigaTrod setup with a 7 mm diameter OrigaTip sample holder (OrigaLys
ElectroChem SAS, France), or to a E4 series AFMSRCE modulated speed rotator coupled with
a AFE3M shaft and an E4TQ ChangeDisk RDE tip (Pine Research Instrumentation Ltd.,

USA), respectively. No rotation was applied during electrochemical experimentation.

4.2 Transition metal dichalcogenide nanoarray fabrication

The TMD nanoarray fabrication has been adapted from a method developed within the
Nanoscale Physics Research Laboratory (NPRL), and performed by MSc student Ross Griffin.
MoS: (20x10 mm, SPI Supplies USA) and WSy (defect-free, 99.9995% purity, 2D
Semiconductors USA) crystals were cut into rectangles of approximately 1.5 x 5 mm using a
pristine scalpel blade and then attached to GC type 2 stubs (2mm thickness, 5-7mm diameter,
Alfa Aesar, UK) with conductive carbon tape. TMD samples were mechanically cleaved under
an optical microscope by insertion and lifting of a scalpel into the edges of the TMD samples
to remove several TMD layers and obtain a flat surface for modification.

20 pL of a 1:1 (vol. ratio) mixture of a 216 &+ 4 nm diameter polystyrene-latex nanosphere (NS)
suspension (3000 Series Nanosphere, 1 wt. % in water, Thermo Scientific, UK) with absolute
ethanol were transferred to a silicon wafer to form, by self-assembly, a NS monolayer with
hexagonal close-packed (HCP) structure. All silicon wafers were cleaned first by piranha

solution (H2SO4 96% vol. /H202 30% vol. 3:1) and later by oxygen plasma (Technics Plasma
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100-E, 100 W Induced Coupled Plasma, 60 s) to ensure a residue-free hydrophilic surface
feasible for surface modification. Prior to use, the NS suspension was ultrasonicated to ensure
isotropic NS distribution.

Nanospheres deposition onto the TMD-modified GC substrate was performed by attaching
the NS-modified silicon wafer to a custom-built vertical positioner (Figure 4.1). The positioner
was adjusted to immerse the wafer into a water-filled Petri dish (30 s) containing the TMD-
modified GC stubs attached to the centre of the dish bottom, and the supernatant was
extracted with a syringe to promote NS deposition onto the TMD surface by evaporation.
Successful formation of a NS theoretical monolayer at the water-air interface was initially
assessed by thin film light reflection interference under illumination with a tungsten lamp. SEM
micrographs of the resulting samples were acquired to evaluate the coverage and compactness

of the NS HCP arrangement (XL 30 SFEG, 5kV).

Figure 4.1. Custom-built silicon wafer vertical positioner employed for NS monolayer

deposition

Etching of the NS-modified TMDs was performed in an Oxford Instruments Plasmalab NGP
80 Inductively Coupled Plasma (ICP)/ Radio Frequency (RF) etcher. Isotropic oxygen plasma
etching for 40 s at 30 standard cubic centimetres per minute (sccm) Oz flow rate and 100 W

RF power was performed as an NS shrinking step. Next, exposure to an anisotropic plasma

etching mixture of SFg (20 sccm) and CyFs (30 scem) performed under 200 W ICP and 20 W
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RF power for variable times (15-60s) was carried out to obtain nanopillar arrays with variable
aspect ratios. Both etching steps were performed under pressures of 15 mTorr and chiller
temperatures of 20°C. SEM micrographs of the freshly etched and electrochemically tested
samples were acquired to determine the aspect ratio (nanopillar height/base diameter) and

interspacing (nanopillar base-to-base distance) of the individual nanostructures in the array

(XL 30 SFEG and JEOL 7100F FEG-SEM, 5kV, tilt angles from 45° to 85°).

4.3 Molybdenum sulfide nanoclusters fabrication

4.3.1 Nickel-molybdenum disulfide hybrid nanoclusters: dual-target magnetron

sputtering deposition

Ni, MoS2 and hybrid Ni-MoS2 nanoclusters were prepared using a custom-built cluster beam
source at Teer Coatings Ltd (Worcestershire, UK) by PhD candidate Yubiao Niu. The system
layout is shown in Figure 4.2.

Ni, MoSz and Ni-MoS2 hybrid nanoclusters are generated within the first section of the source
by sputtering with dual, independent magnetrons. During the preparation of pure Ni or MoSs
clusters, only the magnetron sputtering source fitted with the respective target (Ni or MoS2)
was activated, leaving the other magnetron power supply switched off. For the deposition of

Ni-MoS:2 hybrid clusters, the two magnetrons were operated simultaneously.
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Figure 4.2. Schematic of the dual-target magnetron sputtering and gas condensation cluster
beam system (top view). It consists of four sections: magnetron sputtering, ion optics, lateral
time-of-flight mass filter and cluster deposition. For all experiments described the mass filter
is only used for cluster size monitoring, not for deposition. The clusters are instead deposited

directly onto substrates in the chamber shown at the top of the figure.

After leaving the magnetron sputtering chamber via a small nozzle (5 mm in diameter),
positively charged clusters are accelerated and steered by the ion optical electrostatic lenses
which surround the beam in the second vacuum chamber. Next, the ion beam is collimated and
directed into the third vacuum chamber for mass selection. By using the lateral Time-of-Flight
mass filter developed at the NPRL, (see Section 3.4) the mass distribution of clusters can be
monitored in real time. When the desired cluster size distribution within the sampled ion beam
is achieved, the high voltages applied to the deflector in the centre of the Ion Optics chamber
are switched to deflection mode, so that the positively ionised fraction of the cluster beam is
deflected horizontally towards the deposition chamber. Mirror-finished GC stubs (5 mm x 5
mm x 3 mm) are mounted on a carousel that can rotate as well as translate vertically. The
rotation speed of the carousel and its vertical motion are carefully controlled to ensure an even
cluster distribution on the substrates. Additionally, a high voltage bias is applied to the carousel

in order to control the impact energy of the clusters landing on the GC stubs. During the
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cluster deposition, a condensation length (i.e. the distance between sputtering target surface
and the exit nozzle) of 24 cm was used and a pressure of approximately 0.23 mbar was
maintained in the condensation chamber, with 70 standard cubic centimetres per minute (scem)
Ar flow and 10 sccm He flow. For all the samples, an average cluster spacing of 2.5 nm was
targeted. According to this cluster spacing and the mass spectra, the mass loadings are 1.28 yg

em2, 3.45 ug em2, and 4.25 pg cm? for Ni, MoSz and Ni-MoS; hybrid nanoclusters, respectively.

4.3.2 Size-selected, sulfur-enriched molybdenum sulfide nanoclusters: single target

magnetron sputtering deposition

e
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SPUEnng aqd aeam focu55|_n 9 Mass selection Deposition Sulphur
cluster formation and acceleration addition

Figure 4.3. Cluster beam source schematic. It comprises five sections: magnetron sputtering
and cluster formation, ion optics, Time-of-Flight mass filter, cluster deposition and cluster post-

treatment.

Size-selected MoSs nanoclusters were produced using a DC (45 W) magnetron sputtering and
gas condensation cluster beam source as shown in Figure 4.3, by PhD candidate Yubiao Niu
and Dr. Sung Jin Park at the NPRL from a 2-inch sputtering MoS: target (PI-KEM, 99.9%
purity). Ar and He flows to promote MoS: target sputtering and nanocluster aggregation were
180 scem and 160 scem, respectively. The positively charged clusters were accelerated with ion

optical electrostatic lenses and then size-selected with a lateral time-of-flight mass filter (see
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Section 3.4). A mass of 160000 amu, corresponding to 1000 MoS2 units (designated as
(MoS2)1000), was selected for depositing onto an amorphous carbon coated TEM grids (Agar
Scientific, 200 Mesh Cu) and onto mirror-finished GC stubs (5 mm x 5 mm x 3 mm). The mass
resolution of the mass filter is of approx. 20: for the as-deposited MoSs, this yields a cluster
deposition size distribution of 16000018000 amu. The loading of the TEM grid samples was
approx. 5% projected surface area coverage (i.e., approx. 5% of the surface covered by clusters),
while the loadings of the GC samples were 5%, 10% and 20% projected surface area. The
clusters were deposited onto amorphous carbon covered TEM grids and GC stubs with an
impact energy of 1.0 eV and 1.5 eV per MoS2 unit, respectively. Sulfur addition was conducted
in a sulfur atmosphere created by evaporating sulfur using a home-built in-situ thermal
evaporator (5 min). Annealing (7 min, 215 + 5 °C) was performed with an electron beam
bombardment heating stage. The temperature was monitored using a pyrometer (IMPAC

Pyrometer, IPE 140).

4.4 Preparation of amorphous molybdenum sulfide thin films

Amorphous molybdenum sulfide (MoSx) thin films were deposited onto Si/Ti (10 nm)/Au (100
nm) substrates by electrochemical deposition from a freshly-prepared, deaerated electrolyte
solution containing 2mM (NHs)2[MoS4| (99.97% trace metal analysis, Sigma-Aldrich) and 0.1
M NaClO4 (ACS 298%, Sigma-Aldrich). In this setup, a double-junction saturated Ag/AgCl
reference electrode (Sigma-Aldrich) and a bright Pt mesh counter electrode (Alfa Aesar, U.K.)
were employed. Analogously to HER experiments, the Pt counter electrode was encapsulated
in a glass vial with a fritted junction to prevent Pt re-deposition onto the deposited MoSx thin
films. A deposition area on Si/Ti/Au chips (5 x 5 mm) was selectively exposed to the
electrolyte by insulating the remaining working electrode surface with hydrophobic Teflon tape.

Electrodeposition was carried out with neither rotation nor N2 bubbling to prevent alterations
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in the deposition rate from the effects of convection. Preliminary deposition rate studies were
performed by depositing MoSx thin films at various charge densities. Anodic electrodeposition
(AE) was performed at a constant voltage of +0.1 V vs. Ag/AgCl, whilst cathodic
electrodeposition (CE) was performed at -1 V vs. Ag/AgCl. MoSy thin film thickness vs. charge
density plots (Figure 9.2 Chapter 9) were obtained after three independent height profile
measurements of each MoSx-modified sample using a Dektak 3ST surface Profilometer (Veeco,
USA). For inherent electrochemistry and HER experiments on AE-MoSy, an approx. thickness
of 100 nm (33.7 mC cm™) was employed in all samples, assuming a 100% Faradaic deposition

efficiency.
4.5 Preparation of tungsten sulfide-decorated iridium electrodes

Tungsten sulfide (WSx) nuclei were deposited onto Si (0.5 mm)/Si thermal oxidation layer (1
um)/ Cr (10 nm)/Ir (100 nm) substrates by electrochemical deposition from a freshly-prepared,
deaerated electrolyte solution containing 10mM (NHy)2[WS4] (99.9% trace metals basis, Sigma-
Aldrich) and 0.1 M NaClO4 (299.0% AnalaR Normapur, VWR Chemicals). In this setup, an
in-house fabricated reversible hydrogen electrode (RHE) encapsulated in a fritted double
junction (electrolyte: 0.1 M NaClO4) and a 3 mm diameter GC counter electrode (Alfa Aesar,
U.K.) were employed. A deposition area on Si/Cr/Ir chips (5 x 5 mm) was selectively exposed
to the electrolyte by insulating the remaining working electrode surface with hydrophobic
Teflon tape. Electrodeposition was carried out under quiescent conditions to prevent alterations
in the deposition rate from the effects of forced convection. Preliminary WSk deposition studies
were performed by depositing thin films by continuous cyclic voltammetry experiments within
the -0.4 V to +2.5 V vs. RHE voltage window. Galvanostatic pulsed electrodeposition was
performed by symmetrically alternating the working electrode current intensity in the 500-900

um current range. Several current pulse time durations (0.0625, 0.125, 0.25, 0.5 and 1s) and
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total electrodeposition times (1, 2.5, 5 and 10 mins) were employed to evaluate modifications

in WSy nuclei size and coverages.

4.6 Equipment for electrochemical characterization

Electrochemical measurements at the University of Birmingham were carried out with a PC-
controlled PGSTAT128N potentiostat/galvanostat using a Nova 2.1 software (Metrohm
Autolab B.V, Netherlands) whilst those at the University of Copenhagen were recorded in an
ECi-200 potentiostat/galvanostat using the software EC4U 4.1.90.1 (Nordic Electrochemistry
ApS, Denmark). In both cases three-electrode thermostatted electrochemical cells were
employed (water jacket, 23 + 2° (). Oxygen-free conditions during electrochemical
experimentation were achieved after purging the electrochemical cell with N (99.998% purity,
Oxygen-free grade, BOC Gases plc) or Ar (99.999% purity, < 2 ppm oxygen, Alphagaz 1
Argon), and maintained by applying a positive atmosphere of the inert gas above the electrolyte
surface. All electrochemical glassware was cleaned overnight by use of a dilute solution of
KMnOy (ACS = 99%, Sigma-Aldrich) in concentrated HaSOy4 (> 95% analytical grade, Fisher
Scientific) followed by thorough rinsing with ultrapure water (University of Birmingham), or
by overnight soaking in an acidified saturated solution of KMnOy4 (= 99%, crystalline, extra
pure, Merck) followed by rinsing in a 1 L aqueous solution containing H2SO4 (0.5mL, 95%
technical grade, VWR Chemicals) and H202 (30 mL), and copious rinsing with ultrapure water
(University of Copenhagen).

The reference electrodes used in this work are as follows: commercial SCE reference (RE-
2BP, BAS Inc., Japan) for HER experiments at the University of Birmingham, commercial
double junction saturated Ag/AgCl reference (Z113107-1EA, Sigma-Aldrich) for solvent-phase
electrochemical sulfidation and molybdenum sulfide electrodeposition experiments, and in-

house fabricated RHE for experiments at the University of Copenhagen. The latter is obtained
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by flame sealing the narrow end of a previously snapped Pasteur pipette containing a
protruding 1 mm Pt wire (Alfa Aesar), which is rinsed and filled up with the same electrolyte
as used for electrochemical experiments (for this work either 0.1 M NaClO4 or 0.1 M HCIOy).
Next, the Pt-modified Pasteur is inserted onto a glass vessel (i.e. fritted double junction or
Luggin capillary) filled with analogous electrolyte to prevent electrolyte cross-contamination
and RHE voltage drift, and connected to a two-electrode electrochemical cell to undergo in-
situ hydrogen production at the Pasteur reservoir by electrolysis (WE potential: -2 V, 5-10
mins) using a Pt wire counter electrode (CE).

Unless otherwise stated, all HER potentials reported for non-RHE electrodes are corrected
versus the RHE using the Nernstian shift correction: Erug = Eoref + 0.059pH, where Egref is
the standard electrode potential of the reference electrode versus the standard hydrogen
electrode. Experimental deviations in the in-house RHE reference were accounted for by
acquisition of 10 cyclic voltammograms from -0.25 V to 0.15 V (starting potential: 0.05 V)
after 10 minutes purging with Hs to reach solution saturation. Real RHE values were elucidated
by averaging the experimental voltage values obtained at 0 A for the 10™ forward/backward
scan.

The counter electrodes used in this work are a 52 mesh woven Pt gauze (0.1 mm wire diameter)
connected to a 0.25 mm Pt wire (Alfa Aesar), or 3 mm glassy carbon rod. For experiments
under which Pt contamination at the working electrode (WE) due to dissolution and re-
deposition are foreseeable (i.e. long term HER and electrochemical deposition experiments),

the Pt mesh was encapsulated in a glass tube with a fritted junction.

The WEs used are modified GC stubs (vide supra), Si (1 mm)/Si thermal oxidation layer (1
um)/ Ti (10 nm)/Au (100 nm) and Si (0.5 mm)/Si thermal oxidation layer (1 um)/ Cr (10
nm)/Ir (100 nm) wafers prepared by sputtering deposition and mechanical dicing (5 x 15 mm,

IMB-CNM, Universitat Autonoma de Barcelona, Spain). Prior to use, Si/Ti/Au and Si/Cr/Ir
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chips were ultrasonicated sequentially in acetone (3 times, 3 mins), isopropanol (2 mins) and
finally rinsed in ultrapure water to eliminate the polymeric resin coated onto the substrates,
used for preventing particle contamination from mechanical dicing and surface scratching

during wafer transportation.

4.7. Chemicals and procedures for electrochemical characterization

4.7.1 Magnetron-sputtered molybdenum sulfide nanoclusters

4.7.1.1 Chemicals

A 2 mM HCIO4 (ACS 2 70%, Sigma-Aldrich), 0.1 M NaClO4 (ACS > 98%, Sigma-Aldrich)
solution (pH 2.7) was used in all experiments, freshly prepared with ultrapure water (Millipore
Mili-Q Direct 8, resistivity not less than 18.2 M ¢m). This fully supported, non-coordinating
anion-containing, low proton concentration electrolyte was chosen in contrast to the more
commonly reported high proton concentration electrolytes in hydrogen evolution experiments
(0.5 M Ha2SO4, pH =~ 0.3; 0.1 M HCIOy, pH =~ 1) as previous experiments on (MoSx)y nanoclusters
yielded more reproducible electrochemical results, enabling accurate elucidation of the HER
reaction kinetic parameters. Acidic electrolytes with lack of a supporting electrolyte (in our
case 0.1 M NaClQy) are reported to distort any kinetic analysis due to migration effects of the

electroactive species.|1]
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4.7.1.2 Electrochemical characterization: nickel-molybdenum disulfide hybrid

nanoclusters

The (MoSz2)300, Niz2oo and (Ni-MoS2)1000 nanocluster-modified electrodes were preconditioned
with 10 cycles between -0.045 and -1.645 V vs. SCE at a scan rate of 50 mVsl. Electrocatalytic
measurements were made at a range of voltage scan rates from 2 to 1200 mVs'. This
experimental procedure was applied to both freshly deposited and 14 h air-exposed samples.

Anodic stripping voltammetry experiments, consisting of 10 cycles in the 0 to 1.2 V voltage
range vs. SCE, were performed in both on the 14 h air-exposed electrochemically tested MoSs
and Ni-doped MoS samples to estimate their turnover frequency (TOF) and elucidate their
electrochemical features. All voltammograms were later plotted with respect to the reversible

hydrogen electrode (RHE).

4.7.1.3 Electrochemical characterization: size-selected, sulfur-enriched molybdenum

sulfide nanoclusters

Nanocluster-modified GC electrodes were preconditioned prior to HER experiments with 10
cycles from -0.045 to -1.645V (vs. SCE) at a voltage scan rate of 50 mVs™ to obtain a stabilized
performance. HER electrocatalysis measurements were then recorded at a range of voltage scan
rates from 2 to 1200 mVs, and electrochemical impedance spectroscopy measurements (EIS)
were acquired in the -0.1 to -1.4 V vs. SCE with 100 mV steps, using a frequency range of 10
! to 10° Hz (voltage amplitude = 10 mV) with the aid of the FRA32 Autolab module to apply
the iR compensation correction on all HER voltammograms. All GC samples were immediately
tested after nanocluster modification, being transported to the electrochemical cell in a No-

saturated sealed container to avoid exposure to air.

133



The experimental EIS data was fitted employing the commercial software ZView (Scribner
Associates Inc., USA). A linear transmission model commonly used for porous systems,|2,3]
recently applied to describe EIS on amorphous MoSx thin films,[4,5] was adapted for its use on
our non-porous system as the conventional Randles circuit provided a poor fit of the
experimental data. (Figure 4.4) The circuit comprises three main impedances representing the
contributions of the electrolyte, MoSx nanocluster catalysts, and catalyst-electrode interface.
Rg,; and CPE,; are the elements which describe the electrolyte resistance and the charge-
discharge of the electrical double layer, respectively. The electron transfer resistance and
inherent MoSx through-plane resistance are included in R.;, whereas the faradaic capacitance
behavior of the layered MoSx nanocluster structure is accounted for by CPE... Finally, the
electron transfer resistance and capacitance at the MoSx nanoclusters’ bottommost layer-GC

electrode contact interface are described by R, and CPE,;, respectively.
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Figure 4.4. Top: Diagram of the simplified transmission line circuit model employed for EIS
fitting. Bottom: 3D schematic of the EIS equivalent circuit overlapped at a cross-section of the

acidic electrolyte-(MoSx) nanocluster-glassy carbon system.

4.7.2 Transition metal dichalcogenide nanoarrays

4.7.2.1 Chemicals

All hydrogen evolution experiments were performed in a 2 mM HClO4 (ACS 270%, Sigma-
Aldrich), 0.1 M NaClOs (ACS 298%, Sigma-Aldrich) electrolyte. Heterogeneous electron

transfer (HET) rates were investigated in 10 mM K4Fe(CN)s/K3Fe(CN)g (BioUltra 299.5%,
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Sigma-Aldrich) electrolyte supported by a pH 7.2 phosphate buffer (50 mM potassium
phosphate monobasic/potassium phosphate dibasic trihydrate, >99%, Sigma-Aldrich). All
electrolytes were freshly prepared with ultrapure water (resistivity not less than 18.2 MQ-cm,

Millipore Milli-Q Direct 8).

4.7.2.2 Electrochemical characterization procedures

The TMD electrodes were preconditioned for HER experiments with 10 cycles between -
0.045 and -1.645 V versus SCE at a voltage scan rate of 50 mV s, and tested at a range of
voltage scan rates (2 - 1200 mV s'). Elucidation of heterogeneous electron transfer rate
constants (kgpp) was conducted by performing five cyclic voltammograms in the phosphate
buffer-supported 10 mM KsFe(CN)s/KsFe(CN)g electrolyte at scan rates ranging from 10 to
300 mV s, correlating the peak to peak separation of the K4Fe(CN)s/K3Fe(CN)g redox features
with the dimensionless parameter ¥. This was performed using two methods reported in the
literature: Nicholson and Shain,[6] and Klinger and Kochi[7] (see Section 3.2.3). A diffusion
coefficient of 7.26 x 10 cm? st for the [Fe(CN)g|*/* redox pair was used in the calculation,[§]

assuming a charge transfer coefficient (a) of 0.5. The least squares linear regression of the HER

peak current density (jp) vs. the square root of the scan rate (vslc/azn) was fitted with the

Randles-Sevéik expression for irreversible redox processes|9] using @ = 0.27 (WS2) and a = 0.3
(MoS2), both obtained after modelling the HER CVs obtained at 10, 50 and 100 mV s scan
rates with the DigiElch 7 software (Gamry Instruments Ltd., USA) according to a planar
geometry.

During the solvent-phase electrochemical sulfidation studies, additional electrochemical
capacitance (-0.2 to +0.2 V vs. RHE, voltage scan rates from 10-500 mV s') and

electrochemical impedance spectroscopy measurements (acquired from 0 to -1.645 V vs. SCE
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,100 mV steps, frequency range: 107 to 10° Hz, voltage amplitude = 10 mV) to account for
roughness factor and iR compensation corrections during the three-week electrochemical and

XPS testing period.

4.7.3 Amorphous electrodeposited molybdenum sulfide

4.7.3.1 Chemicals

Electrolytes employed for pH-controlled inherent electrochemistry and HER measurements
were prepared as follows. For pH=~0, a 0.5 M H2SO4 (95% v/v, Fisher Scientific) acid solution
was employed. pH 1-2 solutions were obtained by mixing aliquots of 0.2 M HCI (37% v/v ACS,
Sigma-Aldrich) and 0.2 M KCI (anhydrous, ACS > 99%, Sigma-Aldrich) electrolytes. pH 3-6
buffered electrolytes were obtained by mixing varying volumes of 0.1 M citric acid monohydrate
(ACS 2 99%, Sigma-Aldrich) and 0.1 M sodium citrate dihydrate (= 99% FG, Sigma-Aldrich)
solutions. The phosphate buffered saline (PBS) pH 7 electrolyte was prepared by mixing 6.15
mL of a 1 M potassium phosphate dibasic trihydrate (= 99%, for molecular biology, Sigma-
Aldrich), and 3.85 mL of a 1 M potassium phosphate monobasic (= 99%, for cell culture, Sigma-
Aldrich). Finally, pH 8-10 buffered electrolytes were prepared by mixing 0.05 M sodium
tetraborate (anhydrous, BioUltra > 99%, Sigma-Aldrich) with 0.1 M HCI (for pH 8-9) or 0.1
M NaOH (ACS = 97%, pellets, Sigma-Aldrich) (for pH 10). All electrolytes were brought to
volume in 100 mL volumetric flasks with ultrapure water (Millipore Mili-Q Direct 8, resistivity
not less than 18.2 MQ cm), testing their final pH using a 3-point calibrated Mettler-Toledo
FiveEasy FE20 pH bench meter coupled to a Mettler-Toledo LE438 pH electrode (Greifensee,

Switzerland).
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4.7.3.2 Electrochemical characterization procedures

pH-dependent inherent electrochemical activity of as-prepared electrodeposited MoSx thin films
was evaluated by acquiring one cyclic voltammogram from 0.7 to -1.2 V vs. SCE. For MoS«
activation pre-treatment studies, a 50 cyclic voltammogram protocol was employed, where both
anodic and cathodic limits were modified based on the inherent electrochemical features
observed in the voltammogram of the as-prepared sample. Three main pretreatments were
investigated: electro-oxidative (lower voltage selected close to OCP values, upper voltage
selected past the electro-oxidation features), oxidative-reductive (lower voltage selected past
the first cathodic pre-wave peak, upper voltage selected past the electro-oxidation features)
and reductive (lower voltage selected past the first cathodic pre-wave peak, upper voltage

selected close to OCP values). Linear sweep voltammograms (Egnoqic = Escg + Egy+ JH, —

0.059pH, to Ecqthodgic = —1.2V —0.059pH) and electrochemical impedance spectroscopy
measurements (voltage range: -0.1 to -1.4 V vs. SCE, 200 mV steps, frequency range: 107 to
10° Hz, voltage amplitude = 10 mV) were recorded before and after the activation pretreatment

step to account for modifications in both HER activities and iR compensation corrections.

For long-term potentiodynamic durability testing, an initial linear sweep voltammogram was
recorded from 0.7 to -1.2 V vs. SCE on as-prepared MoSx thin films under 1500 rpm exerted
by a magnetic stirring bar controlled by a stirring plate to establish the anodic and cathodic
limits. The upper voltage limit was selected close to OCP values, whereas the cathodic limit
was selected to achieve HER geometric current densities of -10 mA c¢m™?. Under these
conditions, 3000 cyclic voltammograms were recorded at 1500 rpm and positive N2 pressure for
all the electrolytes tested at a voltage scan rate of 100 mV s, For stability measurements, a

12 hour chronopotentiometry experiment was set to monitor the overpotential required to
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sustain a constant HER geometric current density of -10 mA c¢m2, with experimental conditions

equivalent to those used for potentiodynamic experiments (1500 rpm, positive N2 pressure).

All electrochemical experiments were repeated no less than three times to ensure

reproducibility.

4.7.4 Tungsten sulfide-decorated iridium electrodes

4.7.4.1 Chemicals

All oxygen evolution experiments were performed in a 0.1 M HCIO4 electrolyte (70%,
Suprapur®, Merck). All electrolytes were freshly prepared with ultrapure water (resistivity not

less than 18.2 MQ-cm, Millipore Milli-Q Direct 8).

4.7.4.2 Electrochemical characterization procedures

All Ir samples were preconditioned prior to oxygen evolution reaction (OER) electrochemical
testing by recording 20 cyclic voltammograms from 0 to 0.7 V vs. RHE at a voltage scan rate
of 50 mV s!. This electrochemical preconditioning was followed by the acquisition of 20 cyclic
voltammograms from 0.025 to 0.55 V vs. RHE at a voltage scan rate of 50 mV s*. This aims
to evaluate the electrochemical active surface area (ECSA) of the Ir electrodes, and is repeated
before/after any OER testing measurement. ECSA is estimated for the 20" cycle by integrating
the hydrogen desorption region from 0.06 V to the potential where the hydrogen desorption
concludes. Next, OER activity is evaluated by the acquisition of 10 cyclic voltammograms from
1 to 1.6 V vs. RHE at a voltage scan rate of 10 mV s'. After the corresponding repetition of
the ECSA measurements, Ir electrodes OER stability is monitored by a short term (2 hours)

or long term (12 hours) chronopotentiometry experiment set to monitor the overpotential

139



required to sustain a constant OER geometric current density of +10 mA c¢m™. For long term
stability experiments, a 1000 rpm stirring rate was employed. After all OER stability
measurements, ECSA and OER activity measurements (the latter only for 3 cycles) were
recorded to evaluate modifications in the Ir electrodes surface and electrocatalysis. iR
compensation corrections on all voltammograms were accounted for by software-assisted
subtraction (EC4 View, version 1.2.68.1) of the high-frequency EIS component of the Nyquist

plot (-Z2”= 0).

4.8. Physical Characterization

4.8.1 X-ray photoelectron spectroscopy (XPS)

XPS measurements were performed with the following instruments: Kratos Axis HSi (Mg Ko,
1253.6 eV achromatic radiation) for Ni-MoS> and TMD nanoarray samples and Kratos Axis
SUPRA for sulfur-enriched MoSx nanoclusters (EBRI, Aston University, Dr. Mark Isaacs and
Mr. James Hunns); Thermo Scientific K-Alpha system (NEXUS, Newcastle University); Kratos
AXIS ULTRA (NMRC, University of Nottingham, Dr. Emily Smith) for amorphous
electrodeposited MoSx samples; and Thermo Scientific Theta Probe (DTU, Dr. Kim Degn
Jensen) for WSs. decorated Ir samples. Unless otherwise stated, all XPS spectrometers used a
microfocused monochromatic aluminium X-ray source (Al Ko, 1486.6 eV, 12 kV), a charge
neutralizer filament to prevent surface charging, and working pressures below 5 X 10® mbar.
Three independent and non-overlapping XPS analysis positions were acquired, using spot sizes
of 100 ym (Kratos HSi), 30 ym? (Kratos SUPRA), 400 X 800 pm (Thermo Scientific) and 0.5
mm? (Kratos ULTRA) on each sample. For low resolution survey spectra, 160 eV (Kratos HSi
and SUPRA))/150 eV (Thermo Scientific) /80 eV (Kratos ULTRA)/100 eV (Thermo Scientific

DTU) pass energies and 0.4 eV (Thermo Scientific) /0.5 eV (Kratos)/1 eV (Thermo Scientific
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DTU) step sizes were employed (dwell time: 10 ms), whereas for high-resolution spectra pass
energies and step sizes of 20 eV (Kratos HSi and SUPRA)/40 eV (Thermo Scientific)/20 eV
(Kratos)/100 eV (Thermo Scientific DTU) and 0.1 eV were selected (dwell time: 100 ms). All
high-resolution spectra were energy-corrected to the adventitious C 1s peak set to 284.6 eV,

and processed using the CASA XPS software (version 2.3.18PR1.0).

For high resolution spectra peak deconvolution, Shirley backgrounds were selected and
Gaussian-Lorentzian (30) and Doniach-Sunji¢ modified Gaussian-Lorentzian lineshapes were
employed for Mo 3d/Ni 2p/S 2p and W 4f/Ir 4f, respectively. Mo 3d spectra were fitted by
applying a 3:2 area ratio constraint and 3.1 eV separation on the 3ds/2:3/2 spin-orbit doublets,
whereas S 2p spectra were fitted by applying a 2:1 area ratio constraint and 1.2 eV separation
on the 2ps/.1/2 spin-orbit doublets.[10-12] W 4f and Ir 4f spectra were deconvoluted by
applying a 2.17 eV and 3.0 eV 4f7/2.5/2 spin-orbit doublet separation, respectively, and a 4:3

area ratio constraint.[13]
4.8.2 Raman spectroscopy

Raman spectroscopy measurements were conducted on a Renishaw inVia Raman microscope
(Renishaw, UK) using a 532 nm laser (65 mW power) and an interchangeable 50 cm™ low pass
filter (Renishaw, UK) previously calibrated by the 520 em™ peak found in a Si wafer standard.
Low resolution survey spectra were recorded in the 100-2500 cm™! and 100-1200 cm™! wavelength
ranges by three cumulative acquisitions of 10s. For high-resolution Raman spectra at the
characteristic MoSy vibrational frequencies (100-800 cm™), three cumulative acquisitions of 30
s were employed. In all cases, two non-overlapping regions were investigated per MoSx thin
film sample, using a 20x objective lens and 10% laser power. Higher magnification lenses at the
selected laser power and exposure times lead to lased-induced amorphous MoSx crystallization

as reported by Nguyen et al.[14]
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4.8.3 Field emission gun scanning electron microscopy (FEG-SEM)

FEG-SEM micrographs were acquired to determine the nanopillar height /base diameter (aspect
ratio) and nanopillar base-to-base distance (interspacing) of the TMD nanoarrays, as well as
the surface modification and roughening upon electrochemical sulfidation or degradation on
TMD nanoarrays and WSs.x--modified Ir electrodes, respectively. For TMD nanoarrays imaging,
XL 30 SFEG (Phillips, the Netherlands) and JEOL 7100F FEG-SEM (JEOL Ltd., Japan)
microscopes were utilized, in both cases using electron accelerating voltages of 5 kV and tilt
angles from 45° to 85°. Micrographs were taken in conjunction with the technical staff, Dr.
Nigel Neate and Mr. Martin Roe, at the NMRC (University of Nottingham). For WS3.
modified Ir electrodes imaging, a FEI Nova NanoSEM 600 microscope (Thermo Fisher
Scientific, USA) was autonomously operated under electron accelerating voltages of 10 kV, spot
sizes of 3.5 ym and beam currents of 0.16 mA at the Center for Electron Nanoscopy (DTU,

Valby, Denmark).

4.8.4 Aberration-corrected high-angle annular dark-field scanning transmission

electron microscopy (HAADF-STEM)

Amorphous carbon-coated TEM grids (Agar Scientific, 200 Cu mesh) coated with as-deposited,
sulfur-enriched and Ni-incorporated (hybrid) MoSx nanoclusters size distribution, morphology
and crystallinity presented in this work was assessed by PhD candidate Yubiao Niu at the
NPRL using a spherical aberration-corrected 200 kV JEOL 2100F STEM in the HAADF mode.
Elemental composition of the aforementioned nanoclusters was evaluated by energy-dispersive

X-ray spectroscopy (EDX).
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Chapter 5

Ni-MoS2 hybrid nanoclusters
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5.1 Introduction

As-prepared MoS> materials present several limitations in their hydrogen evolution reaction
(HER) activity, most importantly the electroactive inertness of both basal planes and S-edge
sites. Density functional theory (DFT) calculations predicted the activation of the latter by
doping with transition metals (TMs) due to a decrease in the hydrogen adsorption free energy
(AGn) closer to thermo-neutral values, where the HER activity is optimal. For metals such as
Fe, Co or Ni, experimental studies have observed a 3-fold HER enhancement as compared with
the undoped MoS: counterparts.[1] However, reported TM-doping methodologies in the
literature comprise multi-step, solvent-assisted procedures which are complex and in some cases
prevent accurate nanoparticle size control.

This chapter devotes to the preparation of transition metal-doped molybdenum sulfide (MoSs)
nanoclusters. In particular, we evaluate the viability of using a one-step, solvent-free
methodology by employing a dual-target, magnetron-sputtering and gas condensation
deposition technique in collaboration with Teer Coatings Ltd. Physical and electrochemical
experiments aim to evaluate the viability of the physical deposition strategy proposed, as well
as the synergistic effect between the transition metal used as a dopant (in this work Ni) and

the MoS2 material in the electrochemical production of hydrogen in acidic media.
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5.2 Results and discussion

5.2.1 Physical characterization of Ni, MoS2 and Ni-MoSs hybrid

nanoclusters: HAADF-STEM imaging

Pristine MoS> and Ni nanoclusters, along with Ni-MoS2 hybrid nanoclusters were prepared
with the custom-built dual-target magnetron sputtering and gas condensation cluster source at
Teer Coatings Ltd. (for cluster source schematic and deposition parameters, see Section 4.3.1
Materials and methods).

The proprietary time-of-flight mass filter coupled to the cluster source enabled real-time
monitoring of the mass of nanoclusters before their deposition onto the selected substrates (in
this work mirror-finished glassy carbon electrodes). By modification of the sputtering power,
nanoclusters of selected size distributions were deposited. Figure 5.1 shows the mass spectra
obtained for the samples deposited to be employed in the HER measurements. During the
preparation of pure MoS2 samples, a sputtering power of 8W was applied to the MoS» target
and a peak mass of 4.8 x 10* amu, equivalent to (MoSz2)300, was found in the mass spectra (300
being the number of MoS: units contained in one MoS2 nanocluster) . The pure Ni sample was
prepared similarly, and a resulting Ni peak mass of 1.3 x 10° amu, equivalent to ~Nisog, was
found (2200 being the number of Ni atoms in one Ni nanocluster). When the sputtering power
for the Ni target was changed from 4W to 8W, the peak mass shifted from 6 x 10* amu to 1.3
x 10° amu, and the peak beam current shifted from 11 pA to 90 pA. Thus, higher sputtering
power on the Ni target generates more numerous, and larger, Ni nanoclusters. Consequently, a
lower sputtering power of only 3W on the Ni target was used in the preparation of the hybrid
Ni-MoS2 nanoclusters in order to avoid an excess of Ni nanoclusters, while 8W of sputtering
power was used on the MoSs> target. The peak mass of the hybrid Ni-MoS2 nanoclusters was
located at 1.6 x 10° amu, equivalent to a mass of (MoS2)1000 (1000 equivalent MoSs units per
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Ni-MoS2 nanocluster) or Niszi2 (2712 equivalent Ni atoms per Ni-MoS» nanocluster). In the
following sections of this chapter we will refer to the Ni, MoS2 and hybrid Ni-MoS2 nanoclusters

as Niz2oo, (Mo0S2)300 and (Ni-MoSz)1000, respectively, for convenience.
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Figure 5.1. Compilation of mass spectra obtained by the time-of-flight mass filter during
nanocluster deposition. From the spectra, MoSz, Ni (8W) and Ni-MoSz (3W) show peak masses
of around 4.8 x 10* amu ((MoS2)300), 1.3 x 10°> amu (~Nigzg) and 1.6 x 10° amu {(MoSz2)1000},
respectively. The mass spectra of Ni (4W) is also plotted to show the effect of the power applied

to this target.

The STEM images in Figure 5.2 show (top to bottom) the morphologies of MoSz nanoclusters,
Ni-MoS2 hybrid nanoclusters and Ni nanoclusters. An HAADF-STEM image is a Zatom-contrast
image, whereby the image intensity depends on the atomic number of elements,|2| and in
practice the images are dominated by Mo atoms: its Zatom is 1.63 and ca. 3 times higher than
that of Ni and S, respectively. HAADF-STEM image intensities, at a given atomic column,
were also shown to be proportional to the number of atoms contained in each column,|3,4]
consequently providing thickness contrast: in our case the number of MoS: layers. The
HAADF-STEM intensity line profile analysis across one MoS2 nanocluster, shown in Figure

5.3, indicates an incomplete multi-layer structure equivalent to 3-4 layers based on the
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theoretical interspacing for bulk MoSy (0.65 nm). This assumption, given that the amorphous
nature of the MoS»>-based nanoclusters could yield non-stacked layers, is reasonable given the
clear observation of layers on side-on deposited MoS2 nanoclusters, with layer interspacings of
0.67 nm (Figure 5.3c). Thus, we can conclude that MoS2 nanoclusters present a layered
stacking with amorphous structure within layers. Ni-MoS2 nanoclusters present a broadly
similar non-crystalline morphology to that of the pure MoS2 nanoclusters, while Ni nanoclusters
show a quite distinct crystalline structure. Fast Fourier Transform (FFT) analysis of STEM
images in Figure 5.2 and 5.3 (STEM image intensity modulus as a function of the spatial
frequency, providing information of the lattice fringe symmetry of a given material equivalent
to that obtained by selected area electron diffraction) and comparison with the crystalline
lattice parameters of MoS2 polymorphs 1T and 2H show that no clear extended crystalline
structure could be found on either MoS» or Ni-MoS» nanoclusters: their diffuse ring FF'T pattern
contrasts with that observed for Ni nanoclusters, which presents a well-defined set of diffraction
spots. This implies that Ni is atomically added to the MoS2 nanoclusters when the hybrid Ni-
MoS:2 nanoclusters are formed, as aggregation of Ni islands onto MoS» nanoclusters would result
in clear and localized crystalline regions onto an overall MoS2 amorphous matrix matching
those of pristine Ni. Insight on the local crystalline structure on both MoS2 and hybrid Ni-
MoS2 nanoclusters could be evaluated by local FFT pattern analysis or alternative techniques
such as STM or AFM, beyond the scope of this research due to their complexity. Based on the
projected surface areas of tens of nanoclusters of each kind (i.e. the nanoclusters software-
calculated, brightness contrast-based cross section at the TEM grid plane), the average
diameter distributions are shown in Figure 5.2. The peak values in the distributions for MoS»
nanoclusters, Ni-MoS> nanoclusters and Ni nanoclusters are 2.6 nm, 5.0 nm, and 4.2 nm

respectively.
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Figure 5.2. STEM images and size distribution in diameter based on the nanocluster surface
area obtained by individual nanocluster counting at a given STEM image. MoS2, Ni-MoSs, and
Ni (8W) have a peak value of 2.6 nm, 5.0 nm, and 4.2 nm respectively. Insets of STEM images

are the FFT patterns of the corresponding clusters.
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Figure 5.3. a) STEM image of hybrid Ni-MoSz hybrid nanocluster and b) example HAADF
intensity line profile corresponding to the yellow region in a). The line profile shows step
changes in nanocluster height, where layer numbers (0.65 nm theoretical interspacing) are
labelled as a guide. ¢) STEM image of a side-on (perpendicularly oriented) MoSz nanocluster

showing a layered structure.

In order to confirm the existence of Ni in the hybrid Ni-MoS> nanoclusters, EDX analysis
was conducted, and the result is shown in Figure 5.4. Mo, S, and Ni signals are found in the
same clusters, which indicate Ni-MoS»> hybrid nanoclusters were made successfully. The
characteristic energy difference between the Mo L-edge and S L-edge is only 14 eV, which is
smaller than the energy resolution of the EDX instrument (133 eV). Other characteristic Mo
X-ray emission lines which would enable independent detection of Mo and S, such as the Ku
(17.48 keV), cannot be used as the EDX detector employed can only detect X-ray emissions in

the 1keV-10 keV range. Consequently, Mo and S signals cannot be distinguished by EDX, and
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the cyan dots in Figure 5.4b are due to the signal overlap of Mo and S. Ni signals are found
both in MoS> areas and between them, which means Ni might locate on or between MoS»
nanoclusters. Figures 5.4c to 5.4e display the individual elemental maps. Nanocluster shape
mismatch between HAADF-STEM image shown in Figure 5.4a and Figures 5.4b to 5.4e is
ascribed to STEM image drift during EDX measurement and related to a mechanical drift of
the STEM piezoelectric stage. Compared with the large nanoclusters, the small nanocluster
located at the bottom of each image is much less abundant in Ni, which is found primarily at
MoS> edge sites and between nanoclusters. Besides the signals found in the nanoclusters
(marked by the yellow shapes), signals can be found outside the nanoclusters; these signals
may come from small clusters originating from the deposition process or electron beam
sputtering of the deposited nanoclusters. Since Mo and S signals are overlapped with each
other, the exact nanocluster compositions cannot be obtained from EDX analysis, which could
be resolved by use of electron energy loss spectroscopy (EELS), but our STEM instrument does
not present an EELS detector. To identify the composition of the hybrid Ni-MoS2 nanoclusters,
a method based on atom counting and STEM intensity measurement was employed (see section
C Appendix). By this method, the compositions of six nanoclusters of varying size were
calculated and are listed in Table 5.1.The outcome is that there is no fixed ratio of Ni atoms
to MoS2 units in the hybrid nanoclusters, but in general the proportion of Ni increases with
nanocluster size, which agrees with the EDX results. This atom counting assumes that the
dominant HAADF-STEM intensity is that of Mo across the MoS2-based nanoclusters, which
could be a source of error, but provides a reasonable estimation of the hybrid nanoclusters

compositions.
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Ni-MoS:2 cluster Ratio of number of Ni atoms to number of MoS2 units

Ni22(MoS2)373 0.06
Niso(MoSz2)37s 0.08
Nir20(MoS2) 461 1.56
Nigag(MoS2)s14 0.77
Nii235(MoS2) 1163 1.06
Ni2is1(MoS2) 1458 1.5

Table 5.1. Composition analysis of six hybrid Ni-MoS2 nanoclusters based on HAADF-STEM

images.

Figure 5.4. STEM image a) containing large and small nanoclusters used for EDX
measurement. b) EDX mapping shows the composition of Ni-MoS2 nanoclusters; Mo, S, and
Ni are shown in green, blue, and red respectively. Signal in cyan comes from the overlap of Mo
and S signals. Mo, S, and Ni signals are also shown separately in pannels ¢, d and e; where the

nanocluster positions are marked by the yellow shapes.
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5.2.2 Physical characterization of Ni, MoS2 and Ni-MoS2 hybrid

nanoclusters: XPS

The chemical composition and oxidation state of the untested nanoclusters deposited on
TEM grids analyzed by STEM imaging were further characterized by XPS. High-resolution
spectra in the Mo 3d and S 2p region for fresh and 14 h air-exposed (MoSz)300 and (Ni-MoSz2)1000
nanoclusters and are shown in Figure 5.5a and 5.5b. The fresh Mo 3d XPS spectrum can be
deconvoluted into four components after the inclusion of the photoemission current
characteristic of the carbon tape used to immobilize the TEM grids: one Mo 3d5,2 and Mo 3d3/2
spin-orbit doublet found at 7229.8 eV and 7232.9 eV with binding energies consistent with the
binding energies found for the (MoSz)300 nanoclusters (Figure 5.5a) and characteristic of the
Mo** oxidation state found in MoSz materials,|5] and an additional doublet at 7233.1 eV and
7236.2 eV related to the Mo®" oxidation state found in MoOs.[6] An upward shift of 0.2 eV
and ~0.4 eV in the Mo*" and Mo%" components on (Ni-MoS2)1000 and (MoS2)300 nanoclusters,
respectively, after air exposure as well as a photoemission intensity increase of the latter doublet
indicate an oxidation state increase in both MoS2 and Ni-MoS2 nanoclusters. This is supported
by analysis of the Mo*":Mo%" XPS atomic photoemission percentages (at. %), which reveal a
conversion of MoSz into MoO3 from Ni-MoS; fresh samples (Mo*'/Mo%* 78.1/21.9 at. %) to
air exposed (Mo*" /Mo®" 54.9/45.1 at. %). The fresh S 2p spectrum can be deconvoluted into
two components at ~160.7 eV and "161.9 eV corresponding to the spin-orbit S 2ps/2:2p; /2
doublet characteristic of the S* oxidation state,[7] and observing that an additional broad
signal at 167 eV related to oxidized sulfur species such as sulfites or sulfates|8] is also found
on (MoSz)300 nanoclusters (Figure 5.5a). Quantification of the Mo*":S? peak areas confirmed
the S-deficient nature of (MoSz)300 nanoclusters (1:0.90+0.02), while (Ni-MoSz)1000 nanoclusters
present a 1:1.84+0.1 ratio similar to the Mo:S ratio expected in MoSz (1:2). Such difference in
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the oxidation behavior could be ascribed to the presence of surface Ni atoms prone to oxidation
which would mitigate S* oxidation under ambient conditions. The lack of definition in the
spin-orbit S 2ps/2:2p;1/2 doublet found here had been previously ascribed in amorphous MoSs;
materials to the presence of mixed S*/S»* oxidation states,[9] but in our case it could be due
either to the low photoemission counts due to low sample loading (74 yg cm) or to the inherent
amorphous nature of the (Ni-)MoS2 nanoclusters provided the S-deficiency of the samples. An
alternative deconvolution of the high-resolution S 2p region including the possibility of mixed

S%* /So* oxidation states can be found in the appendix (Section D).
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Figure 5.5. High-resolution XPS spectra of Mo 3d (left) and S 2p (right) for fresh (top) and
14 h air exposed (bottom) for a) (MoSz)3o nanoclusters and b) (Ni-MoS2)1000 nanoclusters.
Labels: raw spectra (solid black), cumulative peak fit (solid red), Mo*" 3ds/2 (solid green), Mo**
3ds/2 (dashed green), Mo®" 3ds/2 (solid orange), Mo®" 3ds2 (dashed orange), S 2ps/2 (solid

yellow) and S 2p1/2 (dashed yellow).
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Analysis of the Ni 2p high-resolution spectra of both Ni and Ni-MoS2 nanoclusters is paramount
to evaluate the oxidation state of the Ni dopant atoms as well as to identify the presence of
nickel species such as oxides and sulfides. Deconvolution of the Ni 2ps3» component of the
untested Ni nanoclusters (Figure 5.6, fitting parameters used from Biesinger et al.[10]) shows
the predominance of oxidized species such as NiO and Ni(OH)2, with Ni:NiO:Ni(OH)» relative
composition percentages practically invariable after air exposure (12.4:36.2:51.4 fresh,

10.2:41.3:48.5 air exposed).
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Figure 5.6. High-resolution XPS spectra of Ni 2p fresh (top) and 14 h air exposed (bottom)
Ni nanoclusters. Labels: raw spectra (solid black), cumulative peak fit (solid red), Ni’ 2ps3/»
peak deconvolution (solid blue), Ni*' (NiO) 2ps/2 peak deconvolution (solid green) and Ni?!

[Ni(OH)2 | 2p3/2 peak deconvolution (solid orange).

155



As for (Ni-MoS2)1000 nanoclusters (Figure 5.7), quantitative analysis of the Ni 2p region is not
possible due to low signal-noise ratio ascribed to the low Ni content aimed during the hybrid
nanocluster formation. The peak position of the Ni 2p3/2 component for the fresh (Ni-MoS2)1000
samples at 7852.8 eV and the lack of clearly defined satellite signals seem to suggest
predominance of metallic Ni (theoretical value: 852.74+0.4 eV),[10] but air exposure leads to an
upward shift of the Ni 2p3/2 component to ~854eV, similar to the 854.6 eV characteristic of the
NiO principal XPS peak[11] as well as in increase in the Ni 2p3,2 and Ni 2p; 2 satellite intensities
(7861 and ~872.5 eV, respectively) . This would indicate that under air exposure the doping
Ni atoms spontaneously increase their oxidation state to Ni** as found in NiO species, agreeing
with the behavior observed for bare Ni nanoclusters. Presence of a nickel sulfide phase cannot
be discarded from XPS results as it is well reported that directly bonded S atoms leave the Ni
2p3/2 peak position unaltered,[12] and the S 2ps3/2:2pi1/2 doublet overlap commonly reported in
nickel sulfides|[13] is also found in the bare (MoS2)300 nanoclusters. However, the upward shift
of the Ni 2p3/2 component to binding energies similar to those of NiO species after air exposure
makes the presence of a nickel sulfide phase unlikely. Thus, the Ni oxidation state conversion
observed after 14 h air exposure will have significant repercussions in the electrocatalytic

performance of the Ni-MoS2 hybrid nanoclusters.
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Figure 5.7. High-resolution XPS spectra of Ni 2p for fresh (top, solid magenta) and 14 h air
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exposed (bottom, solid orange) (Ni-MoSz)1000 nanoclusters. Dashed vertical line indicates peak

position of metallic Ni (theoretical value: 852.7£0.4 eV).[10]

5.2.3 Electrocatalytic activity to the hydrogen evolution reaction:

influence of Ni incorporation

Figure 5.8 shows the linear sweep voltammograms acquired in the 0 to -1.2 V range
(normalized vs. RHE) at a scan rate of 25mV s! in 2mM HCIO4/0.1M NaClO4 aqueous
electrolyte for all samples tested. A diffusion decay peak profile is observed in all samples due
to the low proton concentration present in the electrolyte ([H*]= 2 x 107®molcm™3),
purposefully chosen to perform a better elucidation of the samples’ kinetic parameters and

surface coverage.
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Freshly prepared (MoSz)300 nanoclusters (Fig. 8a) exhibit an onset potential of ca. 650 mV,
reaching a peak half maximum current density (|jhaif max|) of 0.31 mA cm™ at an overpotential
(n) of ca. 770 mV. The experimental onset potential is approx. 400 mV higher than that of
2H-MoS> nanosheets reported in the literature (ca. 200 mV vs RHE):[14-16] this originates
from the MoSs preparation methodology and hence the degree of sulfur enrichment.

The main factors that hinder HER activity in MoS» materials are their intrinsic conductivity,
chalcogen-to-metal ratio, edge site abundance and catalyst loading. Previous investigations
from our research group demonstrated that magnetron-sputtered MoS2 size-selected
nanoclusters presented a 2-layer thickness in the 150-500 unit range.[17] This issue has again
been observed in this investigation, where (MoS2)300 nanoclusters exhibit an incomplete
multilayered structure ranging from 1 to 4 layers (Figure 5.3). As through-plane electron
mobility in MoSq is 2200 times slower than in-plane,[18] the absence of single-layered clusters
hampers the electrocatalytic activity. XPS analysis performed in this study have revealed that
both (MoS2)300 and (Ni-MoS2)1000 nanoclusters are S-deficient. A high correlation between
chalcogen-to-metal ratio and HER activity has been extensively reported. Eng et al. observed
a substantial increase in both HER overpotential and Tafel slope in chalcogen deficient
TMDs,[19] that can be ascribed in the case of MoS: to a deficiency of active sites and the
formation of oxide species MoO2/MoOs3 at the S-deficient sites unstable to cathodic potentials
in acidic media,|20] experimentally confirmed by XPS measurements reported here.
Sulfur-rich MoS2 nanostructures with enhanced HER activities and stability in acidic
environment have been prepared by use of gas phase[21] or liquid phase[22] methods. However,
evidence has shown that the morphology of MoS: is modified by the exposure and composition
of the sulfur gas phase[23,24] or liquid phase.|22] Additionally, this would increase the potential
formation of the HER-active nickel sulfide. Thus, ex-situ sulfidation treatments were not
performed to guarantee that the HER enhancement in the samples is unambiguously due to

the Ni-doping of the edge sites. In addition to this, reports by Vrubel et al. and Rowley-Neil
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et al. revealed that the HER activity of the molybdenum sulfide catalysts is correlated with
the catalyst loading: higher molybdenum sulfide catalyst loading lead to enhanced HER
performance.[25,26] Thus, the HER performance of our nanoclusters cannot be unambiguously
judged by the current density values obtained at the same overpotentials as those reported by
the literature. Assuming a cluster interspacing of 2.5 nm, the mass loadings for Niazn, (MoS2)300
and (Ni-MoSz)1000 are 1.28 ug cm?, 3.45 ug em? and 4.25 ug cm2, respectively. These values
are at least one order of magnitude smaller than those reported in more competitive MoS»
materials,[21,27] supporting our claims that the low catalyst loadings lead to overpotentials
higher than those reported in the literature.

Electrochemical testing of the (MoS2)300 nanoclusters after the aforementioned testing and
exposure to air for 14 hours indicates an enhancement in their electrocatalytic performance to
the HER, with a |jhaif max| Of ca. 0.40 mA cm™ at n = 749 mV. This is due to the dissolution
of the (MoS2)300 nanoclusters outermost layers due to the conversion of MoS: to MoOs,
compound soluble in acidic conditions. Yu et al. observed that electrochemical cycling of
bilayered MoS:2 nanoflakes assisted in the oxidation of Mo*" to MoSt ascribed to air exposure,
leading to the complete loss of the MoS> outermost layer after re-immersion in the acidic
electrolyte used. The loss of such layer resulted in enhanced HER performance and Tafel slope,
concluding that the loss of a full MoS»> monolayer increases the HER activity by a factor of
T4.47.128] As the (MoSz2)300 nanoclusters have been shown to consist of an incomplete
multilayered structure (1 to 4 MoS2 layers thick), any loss of the outermost layers will
consequently enhance the HER activity.

Analogous voltammograms were recorded for (Ni-MoSz)1000 hybrid nanoclusters (Figure
5.8b). It can be seen that (Ni-MoS2)1000 hybrid nanoclusters exhibit a significant improvement
in the electrocatalytic activity with respect to the undoped counterparts: the onset potential is
reduced by ca. 100 mV and the |jpgif max| (0.35 mA cm?) is reached at n = 680 mV (100 mV

less than (MoS2)300 nanoclusters). To confirm that the HER enhancement is due to the effective
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Ni-doping of the S-edge sites and not to the presence of HER-active Ni nanoclusters in the
sample, the response of a GC sample modified with Ni nanoclusters (average atomic mass
units= 2200, Figure 5.8¢c) was evaluated. Nizog nanoclusters exhibited an onset potential and
ljhatf max| similar to (MoSz)s00 nanoclusters (0.36 mA cm™?, n = 770 mV) but with faster HER
kinetics (as per Tafel analysis, vide infra). This is evidenced by the fact that Nizzo nanoclusters
achieve a peak current density (|j,|) of 0.72 mA cm? at n = 870 mV whereas (MoSz2)s00
nanoclusters only a |j,| =0.63 mA cm? at n = 905 mV. Thus, we can satisfactorily conclude
that the HER enhancement observed in (Ni-MoSz)1000 nanoclusters is due to the increase in
active edge sites density upon Ni-doping of the initially inactive S-edge sites.

Combined analysis of exchange current density (j,) and turnover frequency (TOF) values
provides insight on the predicted HER enhancement by Ni-doping as well as an indication of
the intrinsic activity per-site[29]. Freshly-prepared (MoSz2)300 and (Ni-MoSs2)1000 nanoclusters
presented similar j, values (*8x 101" A ¢cm™), but after the above electrochemical experiments
and 14-h air exposure (Ni-MoS2)1000 hybrid nanoclusters (Figure 5.8e) showed an almost 3-fold
increase with respect to their initial j, value (2.1x10" vs. 7.6x1071°). This significant HER
enhancement is in good agreement with previous reports that indicated a 3-fold increase in
active sites but a worse per-site activity due to the overall less thermo-neutral AGy values[1].
TOF values of the 14-h air exposed samples support these conclusions: (Ni-MoSz2)i000
nanoclusters exhibit a lower TOF value (60.3 Hz s) than (MoSz)300 nanoclusters (67.1 Ha s!)
at equivalent overpotentials (calculation performed at (MoSz2)s00 overpotential at |jpaif maxl)-
indicating an inferior per-site activity of the doped MoSs2 nanoclusters despite the increase in
the density of edge sites. If TOF is calculated for (Ni-MoS2)1000 nanoclusters at their |jpaif maxl
overpotential, we obtain a value of 30.9 Haz s'!. All results are summarised in Table F.1 Section

F Appendix.
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Figure 5.8. Linear sweep voltammograms recorded at 5 mm diameter glassy carbon (dashed
black) samples modified with a) fresh (MoS2)300 (solid red), b) fresh (Ni-MoS2)1000 (solid
magenta), ¢) Nixg (solid blue), d) 14-h air exposed (MoSz2)300 (solid green), and e) 14-h air
exposed (Ni-MoS2)1000 (solid orange) nanoclusters in the 0 to -1.2 V range vs. RHE. Scan rate:

25 mV sl

Tafel slope analysis was then carried out to provide insight on the HER efficiency of the
catalysts and on the HER reaction mechanism. Noble metals such as Pt follow the Volmer-
Tafel mechanism, in which the rate determining step is the chemical hydrogen desorption from
the catalyst surface, with Tafel slopes b~30 mV dec.|30| Tafel slope analysis of the 25mV s
cathodic scans (Figure 5.9) revealed that all the MoSz samples are in the 95-130 mV dec!
range, (MoSz)300 exhibiting the lowest Tafel slope (94 mV dec!) after exposure to air for 14
hours. This compares to exfoliated MoS» layers reported to display Tafel slopes, b 120 mV

dec!, in agreement with the Volmer mechanism which dictates the monoatomic hydrogen
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adsorption to be the limiting step.[31] Edge-rich nanosheets[32] and pure 1T-phase MoSz[33]
samples exhibited, respectively, b ~ 55-60 mV dec! and b » 40 mV dec.

Electrodissolution of oxygen-rich HER inactive regions or electrochemical exfoliation of MoS»
outermost layers, previously reported in the literature, might expose edge-abundant nanocluster
regions with higher through-plane conductivity that could explain (MoSz2)300 lower Tafel slope
after air exposure.|28] Nizggo samples present a Tafel slope of 106 mV dec’, similar to the b =
120 mV dec! reported in the literature for electrodeposited Ni thin films.[34] When as-prepared
Ni-doped /undoped MoS2 nanoclusters are compared, Ni-doping does not decrease the Tafel

slope value significantly, leaving the HER mechanism unchanged as reported previously.[1]

0.75 _
E Nl2000
0.70 { === (MoS,),,,
1 === (M0S,),,, 14 h ambient
. 0.65 e (Ni-MOS,.), 106
% .= = (Ni-MaS,), .., 14 h arﬂe‘n/t_
Y
2 0.554
> J
= 0.50 1
0.45
0.40 { =
0.35 T T ! T T T T T T T T
-6.5 -6.0 -5.5 -5.0 -4.5 -4.0 -3.5

10G ljgeqr, (A-CM™)]

Figure 5.9. Tafel plots (n vs. logljgeom|) of the Ni-doped/undoped MoS: nanoclusters

evaluated in figure 5.8. Scan rate: 25 mV s

The HER enhancement of (Ni-MoS2)i000 hybrid nanoclusters after 14 h air exposure is

probably related to the Ni surface: reports suggest this could comprise a spontaneously formed
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NiO-+Ni(OH)2 shell several atomic layers thick.[35] Oxygen present in the NiO-+Ni(OH)2 shell
acts a proton-acceptor site, reported both theoretically and experimentally to catalyze
HER.|[36,37] The presence of NiO after 14 h air exposure of (Ni-MoSz2)1000 hybrid nanoclusters
has been confirmed by XPS measurements (see previous analysis), which is also expected to be
found in the samples tested electrochemically. This effect would synergistically contribute to
the HER enhancement already observed for 14 h air exposed (MoSz)300 related to dissolution

of the MoS» outermost layers.

5.2.4 Electrochemical features of MoS2 and Ni-MoS2 hybrid

nanoclusters: anodic stripping voltammetry (ASV)

ASV experiments were performed on the 14 h air-exposed samples to estimate numerically
their TOF (for TOF calculation, see Section E.1 Appendix) and elucidate their electrochemical
features. The choice of ASV for TOF estimation is based on the fundamentals of the technique
and the nature of the nanoclusters. ASV, unlike other techniques reported in the literature for
estimating TOF values (probe molecules adsorption, electrochemical capacitance
measurement), allows to discriminate the contribution of the HER inactive basal sites and the
HER active edge sites according to their electrochemical stability (anodic peak potential),
avoiding active surface area overestimation that would lead to undervalued turnover
frequencies. In addition to this, electrochemical features originated by the Ni atoms/clusters
allocated in inactive sites can be effectively deconvoluted and withdrawn from the Ni-doped
active sites response to enable a rigorous analysis. This analysis does not necessarily guarantee
that all the sites electrochemically oxidised are available to the electrolyte due to geometric

constraints, but it provides a reasonable estimation of the active sites present in the sample.
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Figure 5.10a shows the anodic voltammograms obtained for (MoSz)300 nanocluster-modified
GC electrode. The two oxidation peaks at ca. 0.72 V and 0.92 V vs. RHE these peaks
correspond to the selective oxidation of the MoSz edge plane sites (Mo- edges) and basal plane
sites respectively,[15] by the irreversible oxidation of Mo metal centres from oxidation state
+4 to +6.|31] The metastable edge sites require lower overpotentials to drive their oxidation,
whereas the thermodynamically favoured basal plane sites necessitate higher overpotentials for

their electrochemical oxidation.|[38|

(MoS§,),,,. 14 h ambient
74— (Ni-M0S,), ., 14 h ambient ﬂ

— v T ' T y T ' y
0.4 0.5 0.6 0.7 0.8 0.9 1.0
E /V (baseline corr. vs. RHE)
Figure 5.10. Anodic stripping voltammograms of 14-h air exposed a) (MoSz2)300 nanoclusters

(solid green) and b) (Ni-MoSs2)1000 hybrid nanoclusters (solid orange) deposited on a 5 mm

glassy carbon stub in the 0.4 to 1 V range vs. RHE. Scan rate: 50 mV s,

Next, analogous experiments were conducted on the (Ni-MoSz2)i000 hybrid nanoclusters-
modified GC electrode, with the results given in Figure 5.10b. In contrast to the undoped MoS2
nanoclusters, the ASV presents a broad signal in the 0.4 to 0.8 V region on the first anodic
sweep, that is no longer present in further scans. Deconvolution of the voltammetric profile
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reveals that the signal consists of four oxidation peaks at ca. 0.48 V (peak I), 0.57 V (peak II),
0.65 V (peak IIT) and 0.72 V (peak IV), respectively. The peak IV potential is in agreement to

the oxidation of undoped edge plane sites experimentally observed in (MoS2)300 nanoclusters.

The absence of any other electrochemical features from bare MoSs implies that the remaining
anodic peaks are necessarily related to oxidation processes at either bare Ni or Ni-doped MoS»
sites. Thus, insight on the electro-oxidation reaction mechanism of bare Ni electrodes in acidic
electrolyte is required to allocate the unidentified electro-oxidative features to a specific redox
process.

The electrochemical features of Ni oxidation in acidic media have been reported to be dependent
on the electrolyte, pH and experimental conditions (hydrodynamic parameters, voltage range,

etc)[39-42]. The general electro-oxidation mechanism can be summarised as follows[42],

[Nili + Hy0 = [Nilp(Hy0)qq = [Nilg—yiNi(OH)gq + Hiy + 1e™ (5.1)
[Nilg—1Ni(OH) gq = [Nil—1Ni(OH")qq + 1le™ (5.2)
[Nile—1Ni(OH%) g = [Nilg—q + NiOH}, + HF, = [Nil, + H,0 + Ni** (5.3)
[Nilx—1Ni(OH")4q + H,0 - [Nilg—y + Ni(OH), + H, (5.4)
[Nilx_1[Ni(OH),] = [Nily + 20H™ + Ni?* (5.5)

[Nily_1[Ni(OH),] = [Nil,_4 [NiO] + H,0 (5.6)

where the application of sufficiently positive potentials drives the two-electron Ni electro-
oxidation in the presence of adsorbed water molecules. Formation of Ni(OH) and Ni(OH")
intermediates in redox reactions 5.1 and 5.2 is followed by either electrodissolution (reaction
5.3) or the formation and further chemical dissolution of a Ni(OH)2 anodic layer (reactions 5.4,

5.5) by protons provided from the acidic media.
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Voltammetric investigations in sulfuric acid (pH<3) revealed two oxidation peaks at ca. 0.2 V
and ca. 0.3-0.5 V vs. RHE, followed by a passivation current extending from 0.7 V vs. RHE
upwards|43]. The first peak was reported to be the result of the competition between nickel
electrodissolution and Ni(OH)2 anodic layer formation, the former having the largest
contribution, whereas the second peak was attributed to the Ni(OH)2 layer growth depicted in
5.4]|40,44]. The dissolution of this nickel hydroxide layer by 5.5 is interrupted by the reduction
of Ni(OH)2 phase water content at more positive potentials that yields a NixOy-based passive

film (5.6).

In light of these reports, we ascribe peak I to the formation of the Ni(OH)2 anodic layer
originated from Ni nanoclusters/atoms not located at MoSz active edge sites (i.e. in MoSz basal
planes or in direct contact with the GC electrode). Coverage of the basal plane sites by Ni
atoms/aggregates is suspected to mask the inherent electrochemical activity of the MoSz basal
planes, of which their electro-oxidative activity is absent in the (Ni-MoSz2)1000 ASV. Further
analysis of the integrated charge density (o) of the ASV peaks supports this claim, as the (g4)
value for peak I observed in the (Ni-MoSz)1000 hybrid nanoclusters ASV (approx. 9.7 uC cm)
is almost equivalent to that observed for the (MoSz2)s0 nanoclusters basal plane ASV ({g,)
approx. 14.4 uC em), indicating an almost entire coverage of the MoSy basal plane sites by

Ni.

Ni doping, according to recent DFT calculations of AGnu values in MoSz nanoclusters|1]
and experimental reports, could effectively dope both the already-active Mo-edge sites and the
initially inactive S-edge sites.[45,46] This results in two active sites per two MoS: units at the
S-edge and one active site per two MoS2 units at the Mo-edge with a theoretical Mo-edge:S-
edge abundance ratio of 1:2. Activation of the thermodynamically favoured basal planes would

have significant implications in the enhancement of the electrocatalytic activity of TMDs, as
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all their surface would be active to the HER. Recent reports have successfully achieved the
activation of the basal planes by incorporation of platinum in the in-plane structure[47| or the
formation of strained sulfur vacancies in 2H-MoSz.[48] However, the possibility of Ni doping of
the basal planes, although briefly mentioned by Wang et al. as one of the main challenges in
transition metal doping,[1] was not considered in this study as no theoretical or experimental
reports provide evidence of MoS2 basal planes activation after incorporation of Ni above the
basal planes surface.

Assuming a correlation between the Mo-edge:S-edge natural abundance and electro-oxidative
activity ratios we should expect, if the Ni-doped sites have distinctive electro-oxidative features
with respect to pristine active sites, that unidentified peaks II and III satisfy a 1:2 anodic peak
ratio. Peak deconvolution of the anodic stripping voltammogram, upon application of a 1:2
peak IL:peak III area ratio constraint, provides a satisfactory fit with R?~0.990 (Figure 5.11).
We therefore conclude that peaks II and III correspond to the electro-oxidation of doped Mo-
edge and S-edge sites, respectively. To the best of our knowledge, this is the first time that
site-dependent electrochemical features have been observed on TM-doped MoS2 materials.
The large difference in the undoped edge plane sites peak intensity between the (MoS2)300 and
the (Ni-MoSz2)1000 hybrid nanoclusters can be understood by analysis of the integrated charge
density of the electro-oxidative peaks found in the ASV. We would expect that, due to the fact
that Ni doping does not occur selectively on the edge sites, some Mo-edge sites remain undoped.
As a consequence, the sum of the ASV response of the Ni doped and Ni undoped Mo-edge sites
in (Ni-MoS2)1000 nanoclusters should be (assuming equivalent catalyst loading and surface
coverage) equivalent to the ASV response of the undoped Mo-edge sites present in (MoSz)300

nanoclusters.

The integrated charge density of the ASV peak at 0.72 V vs. RHE observed in (MoS2)300

ascribed to the Mo-edge sites ({o4) approx. 32.7 uC cm™) is approximately equivalent to the
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sum of the integrated charge densities of the ASV peaks IT and IV in (Ni-MoS2)1000 nanoclusters,
ascribed to the Ni-doped and Ni-undoped Mo-edge sites respectively (Ni-doped Mo-edge sites
peak II: (o,) approx. 13.4 uC cm, undoped Mo-edge sites peak IV: (g,) approx. 14.3 uyC cm?,
total charge density originated by Mo-edge sites: (g,) approx. 27.7 uC cm?). Differences

observed are correlated with variations in the nanoclusters loading as well as peak integration.

Peak IIT in (Ni-MoS2)1000 nanoclusters, ascribed in this manuscript as the electro-oxidative
feature of the Ni-doped S-edge sites, was initially electrocatalytically inert and thus contributed
to the ASV basal plane peak acquired for the (MoSz2)300 nanoclusters.

The possibility of one of the peaks being due to the oxidation of a nickel sulfide species
formed by interaction of Ni and MoS> nanoclusters can be easily discarded by the peak
positions: this process occurs at potentials ca. -0.05 V, out of our electrochemical window.[49]

This peak identification also provides some insight on the thermodynamic stability of Ni-
doped Mo-edge and S-edge sites. Analogous to non-doped MoS» nanoclusters, the lower
oxidation potential of peak II with respect to peak III would imply that the Ni-doped Mo-edge
sites are more thermodynamically unstable than the Ni-doped S-edge sites. Kibsgaard et al.
observed that M (M= Fe, Co, Ni, Cu) doped-MoS: nanoparticles prepared by physical vapour
deposition exhibited, in terms of (1010) S-edge and (1010) Mo-edge relative free energies,
stabilized S-edge sites in MoSs2 with respect to Mo-edge sites, in agreement with the peak

position order experimentally observed in the ASV.[50]
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Figure 5.11. Peak deconvolution of the anodic stripping voltammogram (ASV) first scan of
14-h air exposed (Ni-MoS2)1000 hybrid nanoclusters deposited on a 5 mm glassy carbon stub in
the 0.4 to 0.8 V range vs. RHE. Raw ASV (e) is deconvoluted in peaks I (solid blue), II (solid

magenta), IIT (solid orange) and IV (solid green). Cumulative peak fit labelled in solid red.

As a final remark, we can now extract conclusions on the nature of the Ni incorporation onto
MoS:2 nanoclusters. The magnetron sputtering technique employed here implicitly results in Ni
non-selectively added onto the MoS2 nanoclusters: this justifies the lack of a specific Ni to MoS»
ratio within the Ni-MoS2 nanoclusters across the size distributions obtained. Selective edge site
decoration would imply a chemical interaction between Ni and the Mo (Mo-edge) or S (S-edge)
sites, whereas Ni addition solely by physical interaction would yield distinguishable Ni and
MoS2 phases with no synergistic HER enhancement. In our case we believe we have a
contribution of both, as the synergistic HER enhancement is still accompanied by the

identification of the pristine Ni electrochemistry.

169



5.3 Conclusions

In this chapter we have evaluated a new methodology to obtain transition metal-doped MoS»
nanoclusters. Indeed, the dual target magnetron sputtering and gas condensation deposition
technique proposed allowed the successful deposition of Ni-MoS> hybrid nanoclusters in one
step, obtaining a unimodal size distribution with an average cluster size of 1000 equivalent
MoS2 sub-units. Elemental mapping of the nanoclusters by EDX on the HAADF-STEM images
demonstrated that the nanoclusters obtained by simultaneous sputtering of Ni and MoS»
independent targets are a hybrid of both materials rather than their segregated components,
with a Ni-MoS» ratio dependent on the nanocluster sizes due to the non-selective Ni
incorporation onto MoSs.

The activity of Ni-MoS2 hybrid nanoclusters is on par with previous reports of
electrocatalytic enhancement to HER after Ni doping: a significant shift in the onset potential
(approx. 100 mV) followed by an almost 3-fold increase in exchange current densities as well
as a practically unvaried Tafel slope (» 120 mV dec!). This activity is only achieved when
nanoclusters are exposed to atmospheric environment, suggesting that only when Ni dopant
atoms/aggregates oxidise the Ni-doped edge sites become fully HER active, this supported by

XPS measurements.

Anodic stripping voltammetry experiments revealed that HER active undoped and doped
edge sites are electrochemically distinguishable according to their thermodynamic stability,
following the order Ni-doped Mo-edge< Ni-doped S-edge< pristine Mo-edge. The successful
electrochemical identification of S-edge doping and its subsequent correlation with the HER
enhancement confirm the capability of dual target magnetron sputtering and gas condensation
deposition technique for the preparation of TM-doped TMDs. Furthermore, anodic stripping

voltammetry is identified as a powerful technique for probing TM-doped TMDs to tailor doping
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parameters such as the degree of doping and the identification of the doped sites. The
aforementioned results suggest that the origin of the Ni interaction with MoSs presents both
chemical (dopant) and physical characteristics (unambiguous elucidation still pending),

conforming to the non-selective doping nature of dual target magnetron sputtering.
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Chapter 6

Size-selected, sulfur-enriched molybdenum

sulfide nanoclusters
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6.1 Introduction

In the previous chapter the hydrogen evolution enhancement of Ni-MoSs hybrid nanoclusters
was demonstrated by activating the initially HER-inert S-edge sites present in the MoSs
nanoclusters. However, all magnetron-sputtered MoS: clusters were found to be S-deficient: in
contact with atmospheric conditions, this results in the formation of molybdenum oxides which
electrodissolve in acidic electrolytes. This ultimately hampers the MoS> nanocluster stability,
key for their potential implementation in PEM electrolyser technologies. Although previous
works in the literature have maximized the chalcogen-to-metal ratio by post-synthesis
treatments (e.g. HaS flow under elevated temperatures in quart tube furnace), these are not
applicable to size-selected magnetron-sputtered deposited nanoclusters as their size distribution

control would be irreversibly altered.

This chapter focuses on the incorporation of sulfur into S-deficient, size-selected molybdenum
sulfide (MoSx) nanoclusters obtained by magnetron sputtering, by use of a sulfur evaporation
and annealing treatment under ultra-high vacuum conditions. Influence of the sulfur treatment
and its implications in the MoSx nanoclusters morphology and HER activity is monitored by
physical and electrochemical techniques. A correlation between sulfide contents and degree of

crystallinity with the observed HER electrocatalysis is discussed.
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6.2 Results and discussion

6.2.1 Physical characterization of size-selected (MoSx)1000

nanoclusters: HAADF-STEM imaging and XPS

Figure 6.1 shows the aberration-corrected HAADF-STEM images of (MoSx)1000 nanoclusters
obtained from the single target magnetron sputtering and gas condensation cluster source after
time-of-flight mass selection (selected mass at cluster source, 160000 amu, equivalent to 1000
MoS: units per cluster) at 5% projected surface area coverage after deposition on amorphous
carbon covered TEM grids. Figure 6.1a and 6.1b are acquired at low magnification before and
after sulfur evaporation and annealing, respectively. It can be seen in both cases that
nanoclusters diffused and aggregated after deposition onto the amorphous carbon TEM grid
substrates: this effect will be disregarded for size distribution evaluation, as it would conceal
the effect of sulfur evaporation and annealing in MoSx size distributions.

The as-deposited MoSx clusters are rather irregular with poorly ordered structures, and a
peak diameter of 5.5 nm is given based on the projected surface area from our previous study
where size distributions of more than 150 non-overlapped nanoclusters were evaluated (Figure
6.1e).[1] The size distributions of 3.8 and 7.8 nm correspond to fragmented (MoSx)ioo0 and
clusters with a doubled mass, i.e. (MoSx)2000. The STEM image of as-deposited MoSx cluster at
a higher magnification (Figure 6.1c), together with its FFT pattern (inset), show the
amorphous feature of the cluster and confirm the absence of extended crystalline order. The
clusters have an uneven layered structure revealed by the HAADF intensity line profile, which
agrees with previous first-principle simulation studies[2] and our previous observations for
magnetron-sputtered MoS2 nanoclusters.|3] Compared with the as-deposited clusters, the

sulfurised clusters become larger with a mean diameter of 6.0 nm (see Figure 6.1f for size
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distribution). This is due to the morphological reconstruction of MoSx clusters with the added

sulfur.
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Figure 6.1. Low magnification STEM images of size-selected (MoSx)1000 nanoclusters a) as-
deposited and b) after sulfur evaporation and annealing. High magnification images for ¢) as-
deposited and d) sulfur-evaporated and annealed (MoSx)1000 nanoclusters shown to compare
modifications in crystallinity (FFT patterns of corresponding clusters shown in inset). Size
distribution of non-overlapped independent nanocluster counting on e) as-deposited and f)

sulfur-evaporated and annealed (MoSx)1000 nanoclusters included for ease of comparison.

In contrast to the as-deposited clusters, the sulfurised clusters shown in Figure 6.1b and 6.1d
present rather crystalline structures, which can also be confirmed by their FFT patterns (inset).
The sulfurised clusters retain the layered structure of 3 to 4 layers-thick (Figures 6.2a and
6.2c), with layer-to-layer interspacings of 0.642 nm found on side-on nanoclusters (Figures 6.2
b and 6.2d), indicating that the sulfur treatment does not alter the nanoclusters layer
arrangement. The Moiré pattern shown in Figure 6.2a indicates a misorientation between

layers, which can be commonly found in the sulfurised clusters with 3 or more layers.[4] Given

179



that sulfur is long known to sublime at temperatures well below 100 °C,[5,6] we can conclude
that the crystalline structures come from the chemical bond between the added sulfur and the
clusters, and that the structural modification into crystalline clusters mainly takes place within

the 2D layers.
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Figure 6.2. High magnification STEM images of size-selected (MoSx)i000 nanoclusters after
sulfur evaporation and annealing showing a) Moiré patterns due to layer misorientation and b)
layered structure when depositing in a side-on arrangement. ¢,d) HAADF intensity profile

analysis of a,b) showing the 3-4 layered structure and corresponding interlayer spacing.

XPS measurements were acquired from molybdenum sulfide clusters deposited onto
amorphous carbon TEM grids to investigate the degree of sulfur incorporation and potential
modifications in the oxidation state of the clusters. The high-resolution Mo 3d and S 2p spectra
of the as-deposited molybdenum sulfide nanoclusters reveal a complex surface composition (see
Figure 6.3a). The Mo spectra (Figure 6.3, top row) could not be solely deconvoluted into the

Mo** 3ds/2:3/2 spin-orbit doublet characteristic of MoS> materials (binding energies of ~229.8
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and 7232.9 eV, respectively). Two additional doublets were needed, ascribed to Mo*OpSe
(7231.5 and 7234.6 eV, where the superscript * represents the Mo oxidation state whereas the
subscripts 1, and . the stoichiometry of O and S in the specific oxysulfide) and Mo®" (7233.1
and 7236.2 eV) oxidation states reported in molybdenum compounds such as molybdenum
oxysulfides|7|] and MoO3.[8] Analysis of the Mo*": Mo*Op,S.: Mob" relative percentages (at. %)
from the XPS photoemission intensities yields a relative ratio of 53.8:25.2:21.0 at. %,
corroborating the significant proportion of oxidized molybdenum species at the nanoclusters.
The S spectra (Figure 6.3, bottom row) were deconvoluted using two 2ps/2:1/2 spin-orbit
doublets related to the S* (7161.3 and ~162.5 eV) and S2* (7162.6 and ~163.8 eV) oxidation
states consistently reported for amorphous MoSy thin films and nanoparticles,[9,10] yielding a
S/ So* relative ratio of 20:80. The broad S signal centered at ca. 170 eV is ascribed to oxidized
sulfur species such as sulfites or sulfates (referred here as SO, for ease of convenience).[11]
The XPS intensity ratio between the S-containing Mo species (Mo*'/Mo*OpS.) and the S*/
S2? species yields a close-to-stoichiometric but still S-deficient ratio (1:1.940.1), similar to that
found in our previous investigations.|3,12]

Likewise, high-resolution XPS spectra on the sulfur-evaporated and annealed (MoSx)1000
nanoclusters (Figure 6.3¢) reveal an almost total conversion of oxidized Mo species to Mo*!
(Mo**: Mo*OpSe: Mo®" at. % ratio of 88.9:8.0:3.1), as well as an effective S-enrichment,
obtaining a Mo** /Mo*OSc: S*/ S2* ratio of 1: 4.940.1. As for the S*/ So? XPS intensity ratio,
this is now 75:25. Further analysis of the sulfurised but non-annealed (MoSx)1000 nanoclusters
sample (Fig. 6.3b) reveals that S incorporation onto the nanoclusters occurs at this stage to a
certain extent (Mo*" /Mo*OpSc: S*/ So* ratio of 1: 3.340.1), but it leads neither to an effective
depletion of oxygen-containing Mo species (Mo**: Mo?*OpS.: MoS+ at. % ratio of 62.2:21.4:16.4),
nor to full crystallization of the nanocluster structures.[1] Hence, it is concluded that the best
methodology to produce S-enriched MoSx nanoclusters with enhanced crystalline order is by

the adoption of sequential sulfur evaporation and thermal annealing.
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Figure 6.3. High-resolution Mo 3d (top) and S 2p (bottom) XPS spectra of a) as-deposited

(MoSx)1000 nanoclusters, b) sulfurised, non-annealed (MoSx)1000 nanoclusters and ¢) sulfurised,

annealed (MoSx)1000 nanoclusters. Labels: raw spectra (black), cumulative peak fit (red), Mo*"

3ds/2:3/2 (green), Mo*OnSe 3d5/2:3/2 (blue), Mot 3d5/2.3/2 (orange), S 2ps/2.1,2 (S%, yellow) and S

2ps3/2:1/2 (S2%, magenta). The faint peak at ca. 160 eV in the S 2p spectra corresponds to a

background subtraction artifact.

6.2.2 Electrocatalytic activity to the hydrogen evolution reaction:

influence of sulfur enrichment

The hydrogen evolution activity of the as-prepared and sulfur-enriched (MoSx)io00
nanoclusters was evaluated in a 3-electrode electrochemical setup, by recording linear sweep
voltammograms between 0 to -1.2 V (scan rate= 50 mV s!) in a 2mM HC1O4/0.1 M NaClOy4

aqueous electrolyte (normalized vs. RHE and iR compensated, for further details, see 4.7.1.3
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Materials and methods). The low proton concentration in the electrolyte used ([H] 2 x 10
mol cm™, pH~ 2.7) is responsible for the diffusion decay peak profile in Figures. 6.4a and 6.4b,
analogous to that found with the Ni-MoS2 magnetron-sputtered nanoclusters reported in the
previous chapter.[12,13] The as-prepared samples present onset potentials, nonse; for current
densities of [j|=0.05 mA cm?2, of ca. 690 mV, which are “60 mV positively shifted compared to
the recorded monset for bare glassy carbon. This confirms that even at ultra-low loadings MoS2
effectively catalyzes the HER. The peak half-maximum overpotentials (fnaif max) and current
densities (|jnalf max|) metrics used in the previous chapter to describe the HER catalysis of our
magnetron-sputtered nanoclusters[12| are found to be ca. 810 mV and 0.31 mA cm?,
respectively (see Table E.2 Section E.2 Appendix).

These are in good agreement with the results obtained for (MoSp.9)300 nanoclusters, which
presented a higher cluster loading (ca. 3.5 ug cm) but equivalent surface coverage given the
smaller cluster sizes (720%).[12] Interestingly, such ultra-low loadings of size-selected MoSx
nanoclusters used in the present work (5% coverage: ~84 ng cm2, 10% coverage: ~168 ng cm-
2, 20% coverage: ~335 ng cm?) already present HER activities comparable to those of
(MoSo.9)300 nanoclusters with loadings higher by 1 order of magnitude. Despite both smaller
dimensions (2.6 nm) and higher loadings, the S-deficient Mo:S ratio and cluster overlapping
upon random surface landing can then explain the (MoSpg)30 nanoclusters’ reported
performance. After sulfur incorporation, all (MoSx)i0 nanoclusters exhibit remarkable

improvements in their HER performance. A consistent 200 mV shift in the HER nuaif max was

found independently of the sample loading (see Figures 6.4a-b).
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Figure 6.4. a,b) Linear sweep voltammograms recorded at 5 mm diameter mirror-polished
glassy carbon samples (black) modified with as-deposited (MoSx)1000 nanoclusters (blue) and
sulfurised, annealed (MoSx)1000 nanoclusters (gold) at surface coverages of 5% (a) and 20% (b).

Red arrows denote overpotential shift due to sulfurisation at |juaif max|. Scan rate: 50 mV s

To gather further insight about the HER kinetics and electron transfer properties, Tafel slope
analysis and electrochemical impedance spectroscopy (EIS) experiments were carried out before
and after sulfur enrichment of (MoSx)1000 nanoclusters. Tafel plots of the cathodic linear sweep

jecom|, Figure 6.5a) show Tafel slopes in the 143-154 mV dec™ range

voltammograms (1 vs. log
for all (MoSx)1000 nanocluster samples irrespective of both loading and sulfur modification,
similar values to the one found for bare GC (154 mV dec -!). This indicates that the
sulfurisation treatment does not modify the mechanism under which the HER operates: for
slopes close to b~ 120 mV dec! this is the Volmer mechanism, its rate-limiting step being the
electroadsorption of monoatomic hydrogen.[14] Previous reports on amorphous MoSy catalysts
have reported Tafel slopes of b~40 mV dec ! (Volmer-Heyrovsky rate-limiting step),
significantly lower than the ones obtained for the as-deposited amorphous (MoSx)io00

nanoclusters.
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Two main factors are responsible for this: the electrolyte pH and the inherent morphology
or the clusters. Recent investigations by Dubouis et al. on electrodeposited, amorphous MoSx
materials have shown that the HER mechanism (and consequently the Tafel slope) is pH-
dependent[15]: for pH<1, the hydronium cation electroreduction governs the proton reduction
with pH-independent Tafel slopes of b~40 mV dec -'; at higher pH values the lower proton
concentration leads to mass transport limitations which ultimately result in the proton
electroadsorption (i.e. Volmer rate-limiting HER step, b~120 mV dec ') dominating the HER.
Alternatively, the 40 mV dec! Tafel slopes reported on amorphous MoSx are well known to
arise from the [MosS13]* cluster-based structure and the different sulfur moieties entailed.[16,17]
The pH=>1 used for our electrolyte along with the trigonal prismatic coordination as found in
2H-MoS: for our size-selected MoSy nanoclusters|3] support the ca. 143-154 mV dec! Tafel

slopes obtained.

Electrochemical impedance spectroscopy (EIS) Nyquist plots were fitted with a simplified
equivalent circuit model based on the recently-used linear transmission model[18,19] for
amorphous/porous MoSyx structures (see Section 4.7.1.3 Materials and methods for further
details).[20,21] Unlike the Randles circuit conventionally used to physically describe the HER
on TMD materials, this circuit not only accounts for the charge transfer resistance (R.;), but
also for the contact resistance between the nanoclusters and the glassy carbon electrode
interface (R.). Such information is of physical relevance given the layer-dependent HER
catalysis of TMDs and their inherently high through-plane resistance.[22-26] At -1.1 V vs. SCE
(7 -0.7 V vs. RHE), a significant decrease in all EIS resistance components was found after the
combined treatment of sulfur evaporation plus annealing on the (MoSx)1000 nanoclusters (Figure
6.5b, Table G.1 Section G Appendix): R. (71240 vs. ~1180 Q, 5% coverage; ~6060 vs. ~840
Q, 20% coverage), and R, (74640 vs. 73250 €, 5% coverage; ~12420 vs. ~6820 €, 20%

coverage). We postulate the extended crystalline order of the sulfur-enriched nanocluster
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structure to be the governing factor. The asymmetric nature of the EIS regarding the
magnitude of the real and the imaginary axis components can be justified by the multifaceted
nature of the nanoclusters: different crystalline orientations present different electron transfer
properties, yielding an overlap of different total impedance contributions, accounted for in the

linear transmission model employed.
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Figure 6.5. a) Tafel plots (n vs. log|jgeom|) of the different (MoSx)1000 nanoclusters plotted in
Figure 6.4. Scan rate: 50 mV s'. b) Electrochemical impedance spectroscopy Nyquist spectra
of samples in Figure 6.4 recorded at n~ 700 mV vs. RHE. Labels in c,d): mirror-polished glassy
carbon (black), as-deposited (MoSx)i000 nanoclusters at 5% (red) and 20% (purple) coverage,
and sulfurised and annealed (MoSy)1000 nanoclusters at 5% (green) and 20% (blue) coverage.

Asymmetric plotting of EIS spectra done for ease of interpretation of results.

This can be supported by both the FFT analysis of the nanoclusters imaged by HAADF-
STEM and the high-resolution S 2p XPS results. The former shows, after sulfur incorporation,
that the (MoSx)1000 nanocluster FFT pattern changes from a diffuse ring characteristic of highly
amorphous materials to a well-defined set of diffraction spots ranging from single sets ascribed
to aligned MoS: layers along the (100) plane (intralayer spacing: 0.25 nm) to dual sets related
to misoriented stacking layer arrangements.[1] The high-resolution S 2p XPS data monitoring

the S%/ So* intensity ratio, which serves as a descriptor of the degree of MoSx crystallinity,
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reveals an increased S* relative content after the sulfur evaporation treatment: 75:25 vs. the
20:80 found in pristine nanoclusters. Thus, the sulfur evaporation and annealing not only
incorporates sulfur into the nanocluster structures but also converts the characteristic
amorphous MoSyx/MoS3 S»*> moieties[10,27-29] to S* as found in crystalline MoSz.[30| From
these findings we can conclude that the sulfur evaporation and subsequent annealing of
(MoSx)1000 nanoclusters results in an overall improvement in their charge transfer properties.
A previous report on polymorphic MoS: (a system which resembles the non-crystalline nature
of our as-deposited nanoclusters) revealed that electron hopping only occurs between metallic
1T domains bounded by semiconducting 2H regions, and therefore is limited .[31]

On a separate note, it is also noteworthy to explore which are the potential HER active sites
in our MoSx nanoclusters. For amorphous MoSx, terminal S»*,[32] bridging S»*([33] or
unsaturated MotV centers (i.e. S vacancies)|[34] have been proposed as moieties responsible for
hydrogen evolution, reaching no unambiguous consensus to date. For the as-prepared
(MoSx)1000 nanoclusters, the presence of terminal/ bridging S»* as found in our S 2p XPS
spectra seems to indicate they might participate in the HER along with the well-established
TMD unsaturated S? active sites.[35,36] In the case of our S-enriched (MoSx)1000 nanoclusters,
the almost total conversion of the partially-oxidized Mo*OpS. and Se* species to Mo*" and S*
as found in crystalline MoS> and subsequent HER enhancement lead us to believe that the

main HER actives are the unsaturated S* moieties.

6.2.3 Evaluation of figures of merit and catalyst benchmarking

Further catalyst benchmarking by turnover frequency (TOF) and exchange current density
(jo) analysis also demonstrates the HER enhancement observed. For 5% surface coverage, as-
deposited (MoSx)1000 nanoclusters present TOF = 3.0 Ha st and jo» 8.8 x 10" A em™? at nuar

max— 825 mV, whereas for an equivalent fuair max the sulfur-modified (MoSx)1000 nanoclusters
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sample exhibits TOF ~ 6.1 Hz s! and jo~ 2.8 x 10® A ecm™. At 20% surface coverage, similar
enhancements can be found (TOF ~ 1.4 vs. 0.8 Hz s at Muatf max— 814 mV; jox 5.2 x 107 vs.
7.9 x 1019 A em2). The two-fold increase in TOF and more than 30-fold increase in jo indicates
improved per-site activities and active site densities: positive shifts in onset potential values
under given HER kinetics (i.e. same Tafel slope values) have been related to higher densities
of active sites.[37] This, along with the onset potential shift, significantly surpasses the HER
enhancement (ca. 70 mV at |jualf max|, see Figure 6.6a), found after S-edge site doping with Ni
in (Ni-MoSz2)1000 nanoclusters (3-fold increase in jo but lower TOF after doping),[12| indicating
that the synergistic effect of sulfur enrichment and improved crystallinity prevails over a S-

edge activation strategy on as-deposited MoSx nanoclusters.
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Figure 6.6. a) Linear sweep voltammograms recorded at 5 mm diameter mirror-polished glassy
carbon samples modified with 20% projected surface coverage as-deposited (MoSx)i000
nanoclusters (black), (Ni-MoS2)1000 hybrid nanoclusters (green) and sulfurised, annealed
(MoSx)1000 nanoclusters (red). Blue arrow denotes overpotential shift at |jualf max|. b) Linear
sweep voltammograms recorded at 5 mm diameter mirror-polished glassy carbon samples
modified with sulfurised, annealed (MoSx)i000 nanoclusters at different projected surface area

coverages: 5% (black), 10% (red) and 20% (blue). Scan rate: 50 mV s..
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We finally proceeded to benchmark the performance of our (MoSx)i00 nanoclusters with
recently-reported MoS2-based catalysts from the literature. However, the ultra-low loadings
utilized in this report preclude quantitative comparisons based on the HER metrics commonly
cited (n at -10 mA cm? and |jgeom| at 200 mV). It is well known that these metrics are heavily
affected by the catalyst loading (for loading-dependent HER see Figure 6.6b),[9,38—-41] catalyst
layer thickness|22,42,43] and TMD morphologies.|29,44,45] Instead, we normalized all previous
ljccom| reported values by mass activity (mA mg!), a metric widely accepted in the noble metal
electrocatalysis community (see Table H.1 Appendix).[46,47] The mass activities found for
(MoSx) 1000 nanoclusters at n values as low as 400 mV (close to the HER onset) are, after sulfur
evaporation and annealing, comparable with the best reported MoS» catalysts at 200 mV tested
using a high proton concentration electrolyte. The values obtained are ca. 110 mA mg! at 5%
coverage and ca. 70 mA mg! at 20% coverage (see Table F.2 Section F.2 Appendix). For nuai
max, Nass activities are in the 1000 mA mg! range: for 5% coverage, ca. 3620 mA mg™! (pristine)
and ca. 4010 mA mg! (sulfurised); for 20% coverage, ca. 980 mA mg™! (pristine) and ca. 1040
mA mg! (sulfurised). This highlights the remarkable activities of the sulfurised (MoSx)1i000

nanoclusters obtained at very low loadings.
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Figure 6.7. Evaluation of short-term stability of (MoSx)1000 nanoclusters by comparison of the
first (light blue) and eleventh (gold, as in Fig. 6.4) linear sweep voltammograms recorded at 5
mm diameter mirror-polished glassy carbon samples modified with a) as-deposited and b)
sulfurised, annealed (MoSy)i000 nanoclusters with 20% projected surface coverage. Red arrow

denotes overpotential shift at |jhaifmax|. Scan rate: 50 mV s,

The electrochemical stability of MoSx electrocatalyts is also an important feature for evaluating
prospective long-term HER performance. A preliminary comparison of the very first cathodic
HER cycle recorded during our preconditioning step with the final pseudo-stationary LSV
reported (11*" real HER cycle, as shown in Figures 6.4a and 6.4b) reveals clear differences in
stability before and after sulfur evaporation and enrichment (Figure 6.7). For 20% surface
coverage, as-deposited and S-defficient (MoSx)1000 nanoclusters present an extraordinarily high
activity on their first cathodic polarization scan (Nuaif max® 380 mV) which dramatically decays
shown by a 415 mV overpotential shift at the 11*" scan (Figure 6.7a). This indicates that,
despite of their high activity, the edge/defect-abundant nature of amorphous MoSx nanoclusters
also confers them a high electrochemical instability. Remarkably, the S-enriched crystalline
(MoSx)1000 nanoclusters present a dramatically enhanced stability (Figure 6.7b): although their

initial activity is not as high as the amorphous nanocluster counterparts, Nuaif max is modified
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less than 30 mV. We believe that the improved crystallinity and subsequent minor presence of
dissolution-prone undercoordinated Mo sites after S-enrichment mitigates electrochemically-

induced MoSx leaching yielding higher stabilities.
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6.3 Conclusions

In this chapter, the initially sulfur-deficient (MoSi1.9)1000 size-selected nanoclusters obtained
by magnetron sputtering and gas condensation have been successfully sulfur-enriched under
vacuum, by sequential use of sulfur evaporation and annealing treatments after their immediate
deposition.

This treatment has been shown to induce extended crystalline order, compared with the
initially amorphous nanocluster morphology, plus the incorporation of S* moieties at the
(MoSy) 1000 nanocluster surface to yield Mo*t /Mo*OpSe: S%/ So* ratios of 1: 4.940.1 instead of
1:1.940.1. The annealing step is found key to reducing fully the oxygen-containing Mo species
to Mo*" and maximizing sulfur incorporation at the nanoclusters surface. A consistent 200
mV positive shift in the HER onset overpotential was found irrespective of sample loading of
S-enrichened (MoSx)1000 nanoclusters, whilst the Tafel slope remained unaffected by the sulfur
treatment (ca. 145mV dec!). The 2-fold and more than 30-fold increases in TOF and jo values,
respectively, surpass the HER enhancements previously reported after S-edge site activation
by Ni in (Ni-MoS2)1000 hybrid nanoclusters from our previous chapter.

The results illuminate the critical role played by S-enrichment and crystallinity in MoSx
nanocluster hydrogen electrocatalysis: creating higher densities of proton-acceptor S sites and
lower charge transfer resistances, as well as conferring higher electrochemical stabilities.
Nanocluster benchmarking by mass activity emphasizes the remarkable performance of S-rich
(MoSx)1000 size-selected nanoclusters at the ultra-low loading level (83.78 ng cm2, 5% surface
coverage): 110.5 mA mg! at 400 mV overpotential, and 4010.5 mA mg! at Mnaif max= 652 mV.

These results are comparable to the state-of-the-art MoS»2-based catalysts, reflecting the
significant activities of size-selected MoSx nanoclusters obtained at ultra-low loadings,

resembling previous enhancements reported for noble metals[48-50.
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Chapter 7

Plasma-etched MoS2 and WS2 crystals:
implications of nanocone array profile in the
mass transport and hydrogen evolution

properties
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7.1 Introduction

Maximization of the edge exposure is paramount in transition metal dichalcogenides (TMDs)
to obtain improved HER activities. Among the plethora of strategies employed, physical
techniques such as plasma etching have provided successful results.[1-3] Previous investigations
at the NPRL have optimized the formation of reproducible nanopillar arrays assisted by
nanosphere lithography masking and plasma etching treatments,[4-6] this being used in MoSz
crystals.|7] By comparison with edge-abundant planar TMDs, the preparation of 3D nanoarrays
not only promotes the exposure of TMD edge sites by defect formation, but also confers these

surfaces amplified mass transport properties arising from their nanometric profile.

In this chapter we evaluate the formation of nanoarray structures by nanosphere lithography
and plasma etching on two different TMD crystal surfaces: MoS2 and WS». The influence of
plasma etching parameters in the resulting TMD surface nanopattern and the subsequent effect
in the surface composition, mass transport and HER electrocatalysis are discussed.
Additionally, the effect of electrochemical testing in the TMD nanostructures topography and

HER activity is investigated.
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7.2 Results and discussion

7.2.1 Fabrication and characterization of nanopillar arrays

SEM micrographs of MoS: (Figure 7.1a) and WS> (Figure 7.1b) nanosheets after 220 nm
nanospheres (NSs) deposition show the formation of monolayers with a very high degree of
coverage and compactness. The long-established protocol used for the preparation of
hexagonally close-packed 220 nm NSs monolayers over substrates with different
physicochemical properties such as gold[8] and silicon[9] explains the successful few-to-single
monolayer formation on the TMD surfaces studied. Point defects are present on the NS layers,
arising from TMD surface defects and their lack of atomic planarity, and estimation of the NS

layer number is limited by the resolution of the FE-SEM microscope.

5um=

AccV Spot Magn Det WD Exp F— 2um
500kV 20 15453x TLD 51 0

Figure 7.1. FE-SEM micrographs of 200 nm polystyrene-latex NS deposition on a) MoSy and

b) WSs crystals

The effects of plasma etching parameters on the NS-modified TMD crystals were then
investigated. The initial isotropic oxygen plasma etching step was equivalent for all samples
(40 s, 100 W RF power), whilst the duration of the subsequent anisotropic SFs/CsFs plasma

etching step was varied to explore the influence of the plasma exposure time on the final surface
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nanopattern. Table 7.1 lists the etching parameters used and nanopillar dimensions obtained
for MoSz and WS crystals measured from SEM micrographs (representative SEM micrographs

of the nanopillars are shown in Figure 7.2).

Material SFs/CaFs Angle- Nanopillar Nanopillar Aspect ratio Radial Normal Figure
plasma corrected diameter interspacing coordinate, R coordinate, Z
ctching time nanopillar / nm / nm
/s height/ nm

MoS2 15+1 270 + 20 200 + 30 23+ 1 1.3+0.3 1.3 2.7 7.2a
32+1 380 £ 40 200 £ 10 17+£5 19£03 1.2 3.8 7.2b
38+£1 360 £ 20 190 £+ 10 42+ 3 19£02 1.4 3.8 -
45+ 1 250 + 20 110 £+ 10 23 +1 24+ 0.2 14 4.5 7.2¢c
60 + 1 580 + 20 230 + 40 9+1 2.5 +0.5 1.2 5.0 7.2d

WS2 16 £1 300 + 20 110 £ 10 110 £+ 10 2.8 £0.3 2.3 5.5 7.2¢
31+1 350 + 30 110 £+ 10 81+ 4 3.1+0.3 2 6.4 7.2f
31+1 380 + 30 150 £ 20 34+4 2.5 +0.3 14 5.1 -
46 + 1 180 + 20 140 + 20 5T+ 7 1.3+ 0.3 1.6 2.6 7.2g
61 +1 - - - - 7.2h

Table 7.1. Compilation of height (Rpgnoc), diameter and interspacing of the nanopillars
obtained after plasma etching of MoS2 and WSz crystals as a function of the SFs/C4Fy plasma
etching time. Etching time inaccuracy is related to the one second high ICP power and flow

rate “strike step” required for the formation of the SFs/C4Fy plasma.

Significant variations in morphology were found on varying the etching time. For MoS», short
etching times (Figure 7.2a) created closely-spaced arrays of cylindrical pillars, whereas longer
times resulted in arrays of cones with negligible interspacing. In addition, a nanopillar height
maximum was achieved at approx. 30 s (Figure 7.2b), indicating that the SFs/C4Fg etching
could be subdivided into two regimes.

The first regime (< 30 s etching time) involved both the MoSz etching as well as the etching
of the remaining shrunken NSs monolayer. The transition from a nanocylinder array to a

nanocone array, observed between 15 and 30 s etching, was driven by the survival of partially

200




etched NSs. In this regime, the slower NS erosion rate compared with MoS2 appears to cause
SF/C4Fs plasma etching of MoSz material to occur by a ‘side-on’ mechanism, leading to conical
structures with increased aspect ratios; higher etching times lead to higher nanopillar heights.

The second regime (> 30 s etching time) occurs when the NSs have been fully etched away,
leaving the conical array structures uncovered. This resulted in a preferential etching of the
more reactive top section of the nanocones leading to a truncated nanocone array (see Figure
7.2c). As a consequence, in this regime higher etching times led to lower nanopillar heights
with increased aspect ratios. Depletion of highly-reactive nanocone tips at very long etching
times (Figure 7.2d) ultimately resulted in a top-down governed etching, obtaining very large
nanopillars (>500 nm tall) with high aspect ratios.

For WS» crystals, all etching times led to nanocone array morphologies with a clear
interspacing. Theoretical hardness values (based on Vickers’ indentation method) would seem
to indicate that bulk WSz is a harder material than bulk MoS2 (HVuax values of 10391 and
9703 MPa respectively).[10] However, the shorter and further interspaced nanocones present in
plasma-etched WSy compared to those found in MoS: at equivalent low etching times (Figures
7.2e and 7.2f), suggest a higher chemical reactivity (i.e. dissolution rate) of WSz to the SFg/C4Fy
plasma. This higher horizontal etching rate compared to MoS2 then justifies the narrower
nanocone diameters found at short etching times: 110 + 10 nm (WS2) vs. 200 + 30 nm (MoSz)
for 15 + 1 s SF/C4Fg plasma etching. An increase in etching time generated taller nanocones
with shorter interspacings: this reflects a shift from a ‘side-on’ to a top-down etching profile.
At long etching times (>45 s), the faster WS etching rate results in the deformation of the
array structure (Figure 7.2g) to form ultimately an amorphous structure (Figure 7.2h),

preventing the formation of truncated nanocone array structures.
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Figure 7.2. FE-SEM micrographs of SFs/C4Fs plasma-etched MoS; crystals for a) 15 + 1's
(45° tilt angle), b) 32 &+ 1 s (80° tilt angle), ¢) 45 + 1 s (85° tilt angle) and d) 60 + 1 s (45° tilt
angle) and SF;/C4Fg plasma-etched WSy crystals for e) 16 +£ 1s,f) 31 = 18, g) 46 = 1 s and
h) 61 £ 1 s (all imaged at 45° tilt angle). Image distortion in e) and f) is attributed to SEM

distortions: such areas are not considered during nanopattern characterization.
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XPS measurements were acquired to evaluate changes in the WS samples’ surface
composition after plasma etching (Figure 7.3, see Table 7.2 for detailed analysis), in order to
compare our previous results obtained on equivalent plasma-etched MoSz.[7] The high-
resolution W 4f spectra of the as-received WSz crystal presents the characteristic W 4f7/2:4f5 /2
spin-orbit doublet of the semiconducting 2H phase (Figure 7.3a, binding energies of ~32.65 and
734.8 eV, respectively),[11] with no observable contribution from any other WS phases (1T)
or W compounds (WOx), whereas the S 2p spectra exhibits the S 2p3/2:2p1,2 spin orbit doublet
(Figure 7.3b, 162.3 and 165.1 eV, respectively) from the S? oxidation state,[12] giving a W:S

ratio of 1:2.0£0.1 expected for crystalline WS» [13]

Relative XPS photoemission percentage / %

Sample WS 2H phase WS 1T phase WO:2 S* SO«
As-received 100 0 0 100 0
16 £ 1s 98.1 1.9 0 95.7 4.3
31+1s 97.0 0.9 2.1 89.2 10.8
(R 2, Z— 6.4)
31+1s 94.8 4.4 0.8 81.1 18.9

(R~ 14, Z 5.1)

61+1s 98.3 1.7 0 80.1 19.9

Table 7.2. Relative XPS photoemission percentages for as-received and CiFg/SFs plasma-

etched WS> crystals.

The XPS spectra for the freshly plasma-etched samples present, on the other hand, additional
surface components. In the case of the W 4f region (Figures 7.3c, 7.3e, 7.3g and 7.3i), spin-
orbit doublets arising from the 1T phase (731.65 and ~33.8 e€V) and from WO (733.0 and
735.2 eV)[14] can be detected. For the S 2p region (Figures 7.3d, 7.3f, 7.3h and 7.3j), an

additional broad signal centered at ~168 eV is found, related to S high oxidation states widely
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ascribed to SO species.[15,16] Thus, plasma-etching promotes the exposure of metallic 1T
sites, presumably located at the nanopillars’ surface, but also a conversion of a small fraction
of WS2 to WOa. The latter is supported by an increase in the relative content of oxidized SO
species vs. S* species as the plasma-etching time increases (from 0% at t = 0 to 19.9% at t =
61 + 1s, see Table 7.2). Compared to WSy, however, previously reported freshly-fabricated
plasma etched MoS2 nanocone arrays present significantly higher MoOy surface contents, with
MoS2/MoO2/MoO3 relative XPS molar percentages of 56.1/35.8/8.1.{7] This can be understood
by the well-reported MoSz high reactivity with RF-oxygen [1] and ICP SFs-based plasmas [2]:
these treatments generate structural damage within the MoS: crystallite (e.g. broadening of
the Aj, and E's, Raman vibration modes)[17] and formation of oxygen-containing MoOxSy
species.[18] Such oxygen incorporation can be understood by the low energies required to form
sulfur vacancies (2.12 e€V)[19] which can be surpassed, for electrons generated by SFs-based
plasmas, with power densities as low as = 1.5mW cm™ [2]. Thus, despite of exhibiting a slight
broadening of the W 4f7/2:4f5,» FWHM values (0.8 eV pristine vs. 0.9 eV plasma-etched),
WS2 seems to present a minor structural damage and consequently a lower oxygen

incorporation after plasma-etching.
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Figure 7.3. High-resolution XPS spectra of W 4f (left) and S 2p (right) regions for SFs/CsFg
plasma-etched WSy crystals: as-received (first row), 16 £ 1 s (second row), 31 £ 1 s (R= 2,
Z= 6.4, third row), 31 + 1 s (R= 1.4, Z= 5.1, fourth row) and 61 £+ 1 s (fifth row). Labels:
W4 4f7 /252 WS2 2H phase (green), W4 4f7/2:52 WS2 1T phase (magenta), W4 4f7/2.5» from
WO (light blue), W 5p (orange), S 2ps/2.1/2 from S*(yellow) and S 2p from SO (dark blue).
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The relatively low 1T phase contents for plasma-etched WSs samples (< 4%, Table 7.2) can
be explained by the intrinsic surface-sensitive nature of XPS. As the average XPS maximum
photoelectron space depth is of ca. 10 nm, XPS can only probe the outermost surface of the
hundreds of nanometers-thick WSz nanocone arrays (i. e. the nanocone tip surface). Thus, XPS
cannot quantify the 17T sites present at the nanocones’ lower regions, which should be main
contributors for both surface area and HER catalysis. Further evidence can be drawn from the
actual 1T phase percentages obtained: highest 1T contents were found in the sample with lower
aspect ratio (ca. 4.4% for 31 £ 1 s, aspect ratio=3.1 + 0.3) and vice versa (ca. 0.9% for 31 +
1 s, aspect ratio=2.5 £ 0.3), which contradicts the expected behavior of higher 1T site contents
at higher aspect ratio structures. This can be understood by the wider nanocone tip surfaces
found in structures with lower aspect ratios; these imply larger exposed areas at the sub-10 nm
region than the sharp structures found in high aspect ratio nanocones, justifying the higher

XPS 1T contents found in lower aspect ratio structures.

7.2.2 Electrocatalytic activity for the hydrogen evolution reaction

(HER)

Plasma-etched MoSz and WS; crystals were electrochemically tested in a 2 mM HC1O4/ 0.1M
NaClO4 aqueous electrolyte to investigate the electrocatalytic enhancement of the hydrogen
evolution reaction. Two main voltammetric features can be observed in the cathodic region
with this electrolyte: a diffusional reduction wave at ca. -0.3 to -0.7 V (vs. RHE) due to the
2mM proton concentration followed by bulk solvent breakdown at ca. 300-400 mV higher
overpotentials. Experiments reported in the literature generally utilize more concentrated
electrolytes (0.1 M HCIO4 or 0.5 M H2SO4) to obtain current densities of -10 mA em2ycom. This

figure of merit represents the current density obtained from a 12.3% efficient solar to hydrogen
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cost competitive energy conversion device.[20] The characteristic proton diffusion decay profile
observed in this electrolyte, despite of not enabling to achieve the typical -10 mA cm™
benchmarking current densities reported for TMDs, will enable to discern mass transport
properties arising from the nanoarray geometries under study. These effects are vital in
understanding the interplay between pure catalytic effects and mass transport, which would
be masked at higher proton concentrations.

Figure 7.4 shows the linear sweep voltammograms (LSVs) obtained for as-received (unetched)
as well as plasma-etched MoS2 and WS for different etching times at 50 mV s scan rate. In
both materials a shift in the HER onset potential is observed compared with the unetched
samples, ~ 200 mV for MoS: (-0.56 to -0.36 V) and ~100 mV for WS (-0.44 to -0.34 V), where
the onset is measured at a HER current density of 0.05 mA c¢m™ (see dashed line in Figure
7.4). The maximum HER shift is observed for the 15 s etched MoS2 sample, ~320 mV from -
0.56 to -0.24 V. This indicates that the plasma etching treatment successfully exposes an
increased number of active sites by generation of an edge-abundant nanopillar array, being

more effective for MoS»> than for WSa.

0.0 0.0
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§ 081 :
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Figure 7.4. Linear sweep voltammograms of SFs/C4Fg plasma-etched a) MoSz and b) WS»
crystals in the 0 to -1.2 V voltage range vs. RHE. Dashed line (orange) indicates |jgeom| = 0.05

mA cm? (see text). Voltage scan rate: 50 mV s
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For equivalent etching times, the WS2 samples exhibit higher steady-state current density
values than MoSy at a given scan rate (Figure 7.5). In order to discern if the origin of the
enhanced HER currents in WSz samples is due to kinetic or mass transport effects derived from
the high-aspect ratio nanoarrayed structures, we analysed the HER peak current variation with
voltage scan rate (Randles—éevéik equation) for the tested samples. Previous investigations on
cylindrical micropillar[21,22] and microdisc[23,24] electrode arrays concluded that four different
diffusional mass transport regimes could be distinguished, depending upon microelectrode
height, radius and interelectrode distances.[24] All samples tested here, based on both
nanopillar dimensions and experimental timescales, should satisfy case 4 where the diffusion
layer thickness (0) is larger than both the size and interspacing of the microelectrodes, resulting
in a complete overlap of the microelectrode diffusion layers towards a semi-infinite planar

diffusion regime, characteristic of macroelectrodes.
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Figure 7.5. Comparison of HER performance of a) 15 + 1s,b) 30 £ 1 sandc) 60 £ 1 s
SFs/C4Fs plasma-etched MoSz (solid black) and WS> (solid red) crystals in the 0 to -1.2 V
voltage range vs. RHE. Scan rate: 50 mV s,

The experimental peak current (plotted here as geometric current densities | jp| = |Ip|/Ageom

1/2

for normalization purposes) vs. square root of the scan rate (vy/y,) plots of plasma-etched MoSsz

crystals (Figure 7.6) are in excellent agreement with those predicted by the irreversible

Randles-Sevéik expression for a planar electrode of equivalent geometrical area, irrespective of

the scan rate studied.
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Figure 7.6. Geometric peak current density |jp| vs. square root of the scan rate vslc/jn plots for
HER experimental (black) and theoretical values predicted by the irreversible Randles-Sevéik
equation (blue) for a) 15+ 1's,¢) 32 £ 1 s and e) 38 £ 1 s plasma-etched MoS> crystals; HER
experimental (red=Ep + 50 mV; green= Ep + 100 mV) and theoretical irreversible Randles-
Sevéik Case 4 (black) log-log plots of transient dimensionless current densities j/Agomain VS-

dimensionless time 7 for b) 15 £ 1 s and d) 32 £ 1 s plasma-etched MoS: crystal.
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This would indicate that neither the contribution of the nanopillars to the overall HER
current with respect to the MoSs crystal geometrical area, nor possible pseudo-thin layer mass
transport effects are significant. The radial diffusion profiles formed at individual nanocone
overlap due to the narrow nanocone interspacing (< 40 nm), resulting in an overall semi-infinite
planar diffusion regime (case 4 behaviour, see Section 3.2.4). Therefore, any HER enhancement
observed for these samples is due to the exposure of active edge sites rather than to a mass
transport enhancement.

The experimental |jp| vs. vslc/fn plots for plasma-etched WS» crystals show increased current
densities with respect to the theoretical irreversible Randles-Sevéik HER peak current densities
of an equivalent planar electrode (Figure 7.7). These effects are more noticeable for samples

with higher aspect ratios and at faster scan rates (Vseqn > 50mV s!), in apparent contradiction

of the expected case 4 behaviour deriving from the microelectrode array model.|25]

Parameter Expression
Diffusion domain area, Ag4omain d?
Diffusion domain radius, gomain [d2 /n
Radial coordinate, R Taomain/ Tnanoc
Normal coordinate, Z hnanoc/ Tnanoc
Dimensionless time, T Dy+t/Tianoc
Dimensionless current, j 1/(2nFCy+ puik D+ Tanoc)

Table 7.3. Definition of dimensionless parameters used for transient chronoamperometry

experiments.

In the downsizing from the microelectrode to the nanoelectrode scale, however, the
equivalency and diffusional independence of each nanoelectrode in the array might no longer
be satisfied. Investigations by Godino et al. on the concentration profiles of recessed

nanoelectrode arrays with radius r= 50 nm and diameter d= 1000 nm at a scan rate vgeqn= 1
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V st revealed that complete overlapping of the individual nanoelectrode diffusion layers led to
a hemispherical diffusion layer characteristic of a microelectrode, contrary to the case 4 scenario
predicted for an equivalent microelectrode array.[26] This indicated that, despite being
diffusionally independent, the nanoelectrodes in the array are no longer equivalent, and that
radial diffusion can be more important in nanoelectrode arrays than in microelectrode arrays.

A computational model accounting for the diffusional field overlapping of adjacent
nanoelectrodes in an array was recently proposed, with improved prediction capability.|27]
Further experimental investigations of scan rate, nanoelectrode interspacing and population
effects confirmed the discrepancies with the microelectrode array behaviour. These are
summarized as follows: i) slow scan rates (Ugcan< 1 V s7') enhanced the degree of nanoelectrode
diffusion field overlap and inequality, favouring an overall microelectrode response, ii) larger
interspacings promoted the diffusionally independent behaviour of each nanoelectrode in the
array at a given scan rate, and iii) very densely populated arrays promoted, at slow scan rates,
an unequal performance between nanoelectrodes in the inner positions and those in the
nanoarray perimeter, where the inner nanoelectrodes resembled the behaviour predicted by the

diffusion domain approximation.|26]

Accordingly, this indicates that the overall macroelectrode response obtained for the plasma-
etched MoS: crystals is mainly due to the densely-packed nanopilllar array geometries obtained,
irrespective of the etching time and aspect ratio. The highly overlapped diffusional layers
generated by each nanopillar induced by the short interspacings (< 40 nm) along with the large
dimensions of the MoSz crystal (i. e. high density of inner nanopillars) would counterbalance
the radial diffusion contribution of the perimetric nanopillars in the overall HER current. Thus,
it is hypothesized that only at very fast scan rates will the nanopillars exhibit diffusionally

independent layers resembling the behaviour of cases 1 and 2 for microelectrode arrays.|26]
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Figure 7.7. Plasma-etched WS> crystals geometric peak current density |jp| vs. square root of
the scan rate vslc/;n plots for HER experimental (black) and theoretical values predicted by the

irreversible Randles-Sevéik equation (blue). Etching conditions: a) 16 & 1 s, b) 31 £ 1s (R=

2, 7=6.4),¢)31 +1s (R=14, Z=5.1) and d) 61 + 1 s,

For the plasma-etched WS2 samples, the clear correlation between increased HER peak
current densities and higher aspect ratios at the investigated scan rates rules out an explanation
solely based on the nanoarray population density. The WS> samples etched for 16s (R= 2.3,
Z= 5.5) and 31s (R= 2.0, Z= 6.4) exhibit higher HER peak currents, the latter being the
highest despite a smaller nanocone interspacing. This indicates that, apart from the smaller
degree of overlap of the nanocone diffusion layers with respect to the MoSs2 samples, WS»

nanocones with higher aspect ratios could present a larger contribution of radial diffusion as
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well as a higher abundance of active edge sites, leading to higher HER currents. These findings
would be consistent with effects i) and ii) mentioned previously, as well as with the smaller

diffusional overlap predicted for higher aspect ratio nanocone arrays at a given scan rate.|2§]

However, for the other 31s-etched WS2 sample (R= 1.4, Z= 5.1), the densely packed
nanocone arrays obtained (interspacing~ 35 nm) lead to |jp| values similar to those predicted
by the irreversible Randles-Sevéik expression, leading to an overall quasi-planar electrode
performance similar to the MoS2 etched samples. This suggests that the nanopillar interspacing
is the governing factor for obtaining nanocone array diffusion regimes different from case 4, as
the MoS2 etched samples exhibit similar nanopillar heights but smaller aspect ratios than the
plasma-etched WS2 counterparts. The effect of the maximized radial diffusion flux to the
nanocone apex for low a values (o < 10°, where o is defined as the angle between the nanocone
surface and its vertical axis) and its contribution to the overall HER current should be minimal
compared with that of the nanocones’ surface, as current is radius-dependent, and at the apex

r~0, supporting the key role of the nanocone interspacing in the overall diffusion regimes.|28]

Transient chronoamperometry experiments at potentials beyond that of the HER peak
current (+50-100 mV) were performed to gain further insight on the mass transport regimes
present at short timescales (t< 5 s). Dimensionless log-log plots of experimental current density
vs. time are shown in Figures 7.6b, 7.6d and 7.8, along with the theoretical current plots for
microelectrode arrays cases 1 and 4 (see Section 1.1 Appendix): definitions of the dimensionless
parameters used in the diffusion domain approximation are compiled in Table 7.3. The zero
gradient regions observed at short timescales (t< 10 ms for MoS2 and t< 300 ms for WSs) are

ascribed to non-Faradaic capacitive currents.|29]
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Figure 7.8. a) 31 £ 1 s (R=2,Z=6.4),b) 16 =+ 1 s and ¢) 31 £ 1 s (R= 1.4, Z= 5.1) plasma-
etched WSy crystal HER experimental (red=Ep + 50 mV; green= Ep + 100 mV) and
theoretical (black, irreversible Randles-Sevitk Case 4; red, irreversible Randles-Seveik Case 1)

log-log plots of transient dimensionless current densities j/Agomain VS- dimensionless time T.

The response of the MoS: etched samples (Figs. 7.6b and 7.6d) seems to converge with the
currents predicted by case 4, departing from a Cottrellian regime (characterized by a log-log
slope of -1/2) at short timescales through a transitional mass transport regime. The slope and
extent of the transitional regime are reported to be intimately linked to nanopillar density and
dimensions (radius and height), and thus are difficult to explain experimentally based on

dimensionless parameters.[22] Experimental discrepancies with respect to case 4 could be
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ascribed to the modification of the geometric area and nanocone geometry by electrochemically-

induced restructuring under HER experiments.

Analogous experiments on the WSa2 samples revealed, beyond the capacitive charging current,
an absence of Cottrellian behaviour at short timescales followed by a transitional mass
transport regime as observed in the MoS> samples. For the 31s (R= 2.0, Z= 6.4) etched WS2
sample (Figure 7.8a), the experimental current converges to the calculated current with a slope
of ca. -1/2, indicating that macroscopically the sample behaves with an overall planar diffusion
to the nanocones and intercone surfaces and therefore has an electroactive area equivalent to

the real surface area.

The 16s (R= 2.3, Z= 5.5) sample (Figure 7.8b) exhibits experimental currents significantly
higher than those predicted for planar diffusion, confirming the additional current contribution
from radial diffusion. This suggests that the enhanced HER current of the 31s etched sample
vs. the 16s etched sample is due to their nanocone larger aspect ratio which exposes more HER

active sites rather than to a synergistic contribution from enhanced mass transport.

Finally, for the other 31s etched WSy sample (R= 1.4, Z= 5.1), the experimental current
divergence from cases 1 and 4, having a log-log slope of approx. -1/4, which suggests a complex
mass transport behaviour at short timescales (Figure 7.8c). We hypothesize that at longer
timescales this would ultimately converge to a quasi-case 4 behaviour, based on the

experimental irreversible Randles-Sevéik plots forced by the narrow nanocone interspacing.

216



Tafel slope analysis was performed to elucidate the HER efficiency of the catalysts and the
HER reaction mechanism. Naturally occurring MoS2 and WS> layers present Tafel slopes (b)
of » 120 mV dec?, characteristic of the Volmer mechanism in which the atomic hydrogen
adsorption is the HER limiting step.[30] Pure 1T-phase MoS»,[31] 1T-phase WSz and edge-rich
nanosheet samples[32,33| were reported to exhibit slopes of ~ 40 mV dec! , » 55 mV dec! and

~ 55-60 mV dec’!, respectively .

By contrast, noble metals such as Pt display Tafel slopes of ~ 30 mV dec’!, following the
Volmer-Tafel mechanism under which the desorption of molecular hydrogen is the reaction
limiting step.|34] Tafel slope analysis (Figure 7.9) of the 50 mV s' LSVs reveal that SFs/C4Fsg
plasma-etched WS» samples, with the exception of the 31 £ 1 s etched sample, show Tafel
slope values lower than their MoS2 counterparts. Thus, the HER mechanism and efficiency of
the geometrically accessible active edge sites is closer to the best performing HER catalysts in

WSy than in MoS..

For WS, values range between 80 and 125 mV dec’!, indicating that the Volmer adsorption
mechanism is the HER rate limiting step. Tafel plot values for MoS2 are in some cases
(unetched, 15 + 1 s etched, 60 £ 1 s etched) higher than the b ~ 120 mV dec™! value expected,
indicating a high TMD through-plane resistance that hinders electron transfer kinetics. The
high Tafel slope for unetched MoSz (~ 220 mV dec!) in comparison with unetched WSz (» 130
mV dec?) confirms that the significant HER shift obtained after plasma etching is due to the

initially low MoS2 activity.
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Figure 7.9. Tafel plots (7 vs. log|jgeom|) of a) MoSz and b) WSy SFs/CaFs freshly plasma-

etched crystals. Voltage scan rate: 50 mV s

7.2.3 Electron transfer properties of plasma-etched TMDs

The experimental elucidation of electron transfer properties is essential to benchmark the
inherent electrochemical properties of a material. Kinetic parameters have not been widely
studied for TMDs|35-39] and are generally assessed by calculation of the (apparent)
heterogeneous electron transfer (HET) constant kgpp based on electrochemical experiments
using redox mediators such as Fe(CN)s*/Fe(CN)¢™.[40] Thus, the k2,, calculation should
enable the intrinsic electron transfer properties of SFg/CsFs plasma-etched TMDs to be
correlated with their experimental HER performance. Calculation of kgpp was carried out using
the Nicholson and Shain method (for AEp < 220 mV)[41] and the Klinger and Kochi analysis
(for AEp > 220 mV)[42]; for further details see section 3.2.3 Theoretical Background.
Experimental AEp values were obtained by performing cyclic voltammograms in an electrolyte
containing the Fe(CN)¢*/Fe(CN)g* quasi-reversible redox mediator within scan rates of

Uscan—0.01-0.3 Vs, This voltage window was selected to avoid overlapping with the inherent
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electro-oxidative TMD features at E > +1.10 V vs SCE and the HER onset at E < -0.60 V vs
SCE. Experimentally recorded AEp values at Useqn= 100mV s and calculated kgpp values

TZFDVgscan

1/2
p )] plot are summarized in Figures 7.10a and 7.10b (see

obtained from the ¥ vs. [(

Table 7.4 for kgpp values, and Figure 7.10c for Klinger and Kochi plot).
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Two conclusions can be extracted from the results. First, the plasma-etched WSz samples
present faster electron transfer kinetics (kgpp > 2.2 x 10° em s1) than the MoS2 samples,
irrespective of nanopillar dimensions and etching conditions. This supports the HER
experimental evidence which suggested that plasma-etched WS> is an inherently more
electrochemically active material. Secondly, there is a positive correlation between kg,,,, values
and the nanopillar height (Figure 7.11). This seems to indicate that a higher abundance of
active edge sites in taller nanopillars improves the electron transfer properties of TMDs
(reported kgpp values of bulk MoS2 and WSs are, respectively, 2.1x 10° cm s and <6.3 x 10
6 cm s1),[35,37,43] consistent with previous findings in the literature which correlated a higher

exposure of the metallic 1T phase edge sites with enhanced electrical conductivities.[12,31]
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Figure 7.11. Calculated values of k3, for the [Fe(CN)g|*/[Fe(CN)s|* redox probe of fresh

-1/2
plasma-etched a) MoSz and b) WSs crystals (¥ vs. [(%)] plot, Ugean= 100 mV s!),

vs. the experimental nanopillar height obtained from tilt-angle corrected SEM micrographs.

The enhanced performance of plasma-etched WSa vs. MoSs crystals lies on their relative
stability towards the oxygen plasma employed in the nanosphere shrinking process. Previous
XPS studies confirmed the incorporation of oxygen into 2H-MoS: single crystals upon RF-

oxygen plasma exposure, converting the S* and Mo?" initial states to S, Mo’" and Mof*
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characteristic of molybdenum sulfates (Mo(SO4)2), molybdenum oxysulfides (MoSxOy) and
molybdenum oxides (MoxOy), respectively.|18] Recent investigations in our group revealed that
air exposed (>20 days) plasma-etched MoSy crystals presented an increased MoOs content to
the detriment of MoSz, achieving MoO2/MoSz molar percentages of 51.97/45.52.|7] In the case
of WS2, XPS studies on the electrochemically tested, atmosphere-exposed samples revealed a
very low WO: content (<2 %),[44] confirming their higher stability against oxygen

incorporation from the RF-oxygen plasma step.

Material SFs/CiFs plasma R Z k&, kS,
etching time / s

Klinger and Kochi nzFDv -1/2
s Y VS[(%)] / cm s

(@ 100mV s1) / cm st

15+1 1.3 2.7 5.27 x 106 3.80 x 106
MoS2 32+£1 1.2 3.8 - -

38 £1 1.4 3.8 1.15 x 107 1.03 x 107

60 £1 1.2 5.0 7.07 x 10 2.15 x 10°

16+1 2.3 5.5 3.74 x 10° 2.44 x 10°
WS 31+1 2 6.4 - -

31+1 1.4 5.1 8.19 x 10 8.23 x 10

61 £1 - - 1.63 x 106 2.21 x 10°

Table 7.4. Compilation of heterogeneous electron transfer constants (kgpp) for plasma-etched

MoS2 and WS2 crystals.

With regards to the effect of oxygen incorporation on the HER activity of MoSs, Latiff et al.
reported that incremental MoOs2 contents in physical mixtures with bulk MoS2 worsened the
HER performance,[45] contrary to previous results obtained with oxygen-incorporated, few-
layered MoSz.[46] Thus, despite observing an HER enhancement after plasma-etching arising
from a higher abundance of edge sites, MoS> nanopillar arrays present slower electron transfer
properties due to their oxygen impurities compared with the plasma-etched WS2 samples,

following the same behaviour observed for bulk MoS».[45]
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7.2.4 Analysis of 5-month atmospherically aged samples

An investigation of the influence of air exposure and electrochemically-induced restructuring
on the electrocatalytic activity was carried out by testing the SFs/CiFs plasma-etched WSs
crystals after 5 months’ preservation in a desiccator (Figure 7.12a). WSy etched samples still
present a shift in the HER onset potential compared with the unetched sample (» 60 mV, from
-0.47 to -0.41 V), but lower than the one observed for the fresh samples (» 100 mV). This
suggests a loss in the number of active edge sites due to electrochemical degradation, due for
example to sample oxidation, as reported previously.[36,47] Comparison of LSVs obtained from
fresh and aged etched WS» samples reveals a significant increase in current density values for
samples subject to short etching times (Figure 7.13a and 7.13b), whereas samples etched for
long times present a similar current density plateau but shifted to higher overpotentials (Figure
7.13c and 7.13d). Tafel plot analysis (Figure 7.12b) supports these results, as short etching
time samples exhibit a lower Tafel slope after ageing (20 mV dec! lower for 31 + 1 s (R= 2,
Z= 6.4) etched sample), in contrast to the almost invariant Tafel slopes obtained for long
etching time, aged samples (variations less than 5 mV dec). The 16 & 1 s etched WS, sample
presents a higher current density plateau despite exhibiting a higher Tafel slope (100 mV dec

Lvs. 81 mV dec).
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Figure 7.12. a) Linear sweep voltammograms in the 0 to -1.2 V voltage range vs. RHE and b)
Tafel plots (n vs. log|jgeom|) for WSz atmospherically-aged SF¢/CsFs plasma-etched crystals.

Dashed line (orange) indicates |jgeom| = 0.05 mA cm™ (see text).Voltage scan rate: 50 mV s,

We postulate that the electrochemical cycling cannot fully penetrate or restructure the tall,
short interspaced nanocone arrays and amorphous morphologies obtained at long etching times
but removes some active edge sites. This results in a minimal modification of morphology and
active edge sites HER kinetics leading to a similar LSV profile shifted to higher overpotentials.
On the other hand, both short and widely interspaced nanocone arrays are more prone to
electrochemically-induced restructuring, leading to higher surface areas with lower active edge

site densities.
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Figure 7.13. Comparison of HER performance of a) 16 £ 1 s, b) 31 + 1 s (R= 2, Z= 6.4), ¢)

31 £ 1s (R= 1.4, Z= 5.1) and d) 61 £+ 1 s SFs/C4Fs plasma-etched fresh (solid black) and 5-

month aged (solid red) WSs crystals in the 0 to -1.2 V voltage range vs. RHE in 2 mM

HC104/0.1M NaClO4. Voltage scan rate: 50 mV s
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Figure 7.14. FE-SEM micrographs of a) 16 & 1 s, b) 31 £ 1s (R= 2, Z= 6.4),¢) 31 £ 1 s
(R= 14, Z= 5.1) and d) 61 £ 1 s SFs/CysFs plasma-etched WSy crystals after 5 month

atmospherical ageing and electrochemical testing. Tilt angle: 45°.

SEM micrograph analysis (Figure 7.14) of the samples after electrochemical testing (Table
7.5) supports this: briefly etched samples exhibited significant modifications in the nanocone
aspect ratio (for 16 £+ 1 s, an increase from 2.8 £+ 0.3 to 3.9 £+ 0.4; for 31 + 1 s with R= 2.0,
Z= 6.4, a decrease from 3.1 £ 0.3 to 1.9 £ 0.2), while long-etched samples show almost
invariant nanocone dimensions and morphologies. The evident modification in HER activity
observed after short duty electrochemical tests suggests, then, that the plasma-etched TMD
nanocone array nanostructures are indeed prone to surface modification under HER operating
conditions due to electrochemical restructuring, this foreseeable to worsen at long operating

times. Long term electrochemical testing of these samples are, consequently, out of the scope
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of this chapter, as our focus is drawn to the nanocone array morphology role in the inherent

mass transport and HER voltammetric profile, which is irreversibly altered if successive cycling

experiments are performed.[44]

Material SFe/CaFs plasma Angle-corrected Nanopillar Nanopillar Aspect R V4
ctehing time / s nanopillar height/ nm  diameter / nm interspacing / nm ratio
Aged WS2 16+1 420 + 30 100 £ 10 7™+ 8 39+ 2 8.4
0.4
31 +1, 240 + 30 125 + 10 87+ 9 1.9 + 1.9 3.8
0.2
31+1 320 £+ 20 120 + 10 62 + 8 2.7+ 1.7 5.3
0.3
61 +1 -

Table 7.5. Compilation of height, diameter and interspacing of the nanopillars obtained after

plasma etching and 5-month atmosphere exposure of WSs crystals as a function of the SF¢/CyFy

plasma etching time.
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7.3 Conclusions

In this chapter we have studied the fabrication of edge-abundant MoS> and WS2 nanopillar
arrays by nanosphere lithography and plasma etching treatments, and compared the resulting
nanostructures and hydrogen evolution performances. Plasma-etching parameters are
demonstrated to control the resulting nanopillar array morphologies. For MoS», these shifted
from closely spaced nanocylinders to truncated nanocones, whereas for WS> a nanocone profile
was always present. A maximum nanopillar height was achieved after complete depletion of
the nanosphere masks (approx. 30 s SFs/CsFy etching): longer etching times led to truncated
(MoS2) or amorphous (WS2) nanostructures. XPS measurements demonstrate that plasma-
etching leads to the exposure of 1T metallic sites on WS», concurring with previous results
obtained for MoSz [7].

Electrochemical experiments on freshly-etched samples showed a significant shift in the HER
onset potential (¥200 mV for MoS2 and ~100 mV for WS2). WSz enhanced HER activity with
respect to MoS:2 at equivalent etching conditions was elucidated by Randles-Sevétk and
transient chronoamperometry experiments: narrow interspaced nanopillar/truncated nanocone
arrays obtained for MoSy (interspacing < 40 nm) did not promote mass transport regimes
different from microelectrode array Case 4 (i.e. planar macroelectrode). Thus, the HER
enhancement observed solely stemmed from the higher exposure of active edge sites. However,
the shorter but highly-interspaced WS nanocone arrays presented in some cases significantly
higher current densities than those expected for microelectrode array Case 4: here the
diffusionally independent but inequivalent behaviour of individual naconones in a nanoelectrode
array present a high contribution of hemispherical diffusion, neglected in the microelectrode
array case. However, the correlation of enhanced HER and electron transfer properties with
the aspect ratio of the MoS2/WS> nanocone arrays suggests that the higher exposure of

conductive 1T metallic edge sites dictates the HER performance.
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Finally, morphology stability studies on electrochemically-tested, atmosphere exposed
plasma-etched WSy crystals were performed. SEM imaging analysis indicates that surface
restructuring upon electrochemical testing is only minimal on high aspect-ratio, closely-
interspaced nanocone array structures obtained at long etching times. This translates onto
HER experiments by the observation of equivalent LSV profiles shifted to higher overpotentials

due to the loss of active WS, edge sites.
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Chapter 8

Atmospherically aged WS2 nanocone arrays:

study of electrochemical incorporation of sulfur
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8.1 Introduction

In the previous chapter we successfully prepared MoS> and WSz nanocone arrays, where the
latter presented mass transport properties different from planar electrodes, arising from the
wider nanocone interspacing. Electron microscopy imaging and electrochemical testing,
however, showed the reconstruction of the TMD nanoarrayed structures and worsened HER
performances, respectively, upon repeated use after environment exposure. Our research group
successfully adapted an electrochemical sulfidation method to reinstate the HER activity of
atmosphere-exposed,  electrochemically — tested MoS2 nanoarrays.[l] However, its

implementation onto other TMD surfaces was not investigated.

In this chapter we investigate the possibility of sulfur-enriching electrochemically-aged WS»
nanoarrays with a room temperature solution-phase sulfidation method. Chalcogen-to-metal
ratio, HER electrocatalysis and electron transfer modifications are assessed over a three-week
period. The viability of the sulfide incorporation onto TMDs, as well as insights on the

sulfidation mechanism in itself are discussed.
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8.2 Results and discussion

8.2.1 Electrochemical sulfidation bath on WSa: voltammetric study

In order to assess the viability of the electrochemical incorporation of sulfur onto the
atmospherically aged and electrochemically restructured WSs nanoarray samples, we performed

preliminary voltammetric studies on as-received WS» crystals.

The electrochemical sufidation bath, consisting of a solution containing 10 mM Na2S203 and
0.1 M NagSOy, is acidified in-situ with HoSO4 to achieve a pH 3, which drives the spontaneous

decomposition of the S203* anion to form colloidal sulfur (Eq. 8.1).|2]
S,057 (aq) + H* (aq) = S (s) + HSO3 (aq.) (8.1)

The on-site generated colloidal sulfur can be further reduced to surface sulfide by applying a

cathodic current (Eq. 8.2)
S(s) +2e” = +5% (aq) (8.2)

Thus, the overall electrochemical incorporation of sulfide onto the selected working electrode

surface proceeds by Eq. 8.3
5,03 (aq) + H* (aq) + 2e~ = 5?7 (aq) + HSO3 (aq.) (8.3)

A previous study from our group on electrochemically aged MoS2 nanoarrays demonstrated
that surface sulfide incorporation into the MoS2 structure was maximized if the cathodic
reduction of colloidal sulfur was preceded by an anodic sweep to fully oxidize the MoS»
surface.|1] For MoSz, electrochemically-induced surface oxidation (at E > +1 V vs Ag/AgCl)
yields the acid-soluble MoO4* species.|3] Consequently, the enhanced sulfur incorporation after
surface oxidation suggests that the redeposition of MoO4* species might assist in the overall

sulfidation mechanism.
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For WSs, the cyclic voltammogram obtained during the solvent-phase sulfidation treatment,
acquired in the voltage range from 1.25 V to -1.25 V vs Ag/AgCl (Figure 8.1), presents a redox
profile analogous to that of MoSs [1]. The redox features observed are ascribed as follows. The
anodic peak (I) at ca. 0.7 V vs Ag/AgCl corresponds to the conversion of W in WS; from 4+
to a 6+ oxidation state.[3] This proceeds by a complex electro-oxidative mechanism which
generates WOy moieties, mostly being the acid insoluble WOs3.[4] The first cathodic peak (II)
at ca. 0.25 V vs Ag/AgCl, also found on the MoS: sulfidation process, can be related to the
sulphur electroreduction,[1] whereas the second cathodic process (III) starting at ca. -0.5 V vs
Ag/AgCl involves both the reduction of the tungsten oxide compounds WOy formed in (I),
expected to start at ca. -0.55V vs Ag/AgCl (Nernstian corrected to pH= 3)[4] and the bulk

hydrogen evolution.

0.4

0.2 -

0.1+

/A

0.0 4
-0.1
oy Il I
-0.3

v 4 T T T T T v Y
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
E /V (vs. Ag/AgCI)
Figure 8.1. Representative I-E curve obtained from the solvent-phase sulfidation method in a
plasma-etched WSs crystal. Electrolyte: 10 mM Na2S203, 0.1 M Na2SO4 and 1 mM H2SO4. The

electrochemical window was selected based on the optimized conditions stated in ref.[1]. Scan

rate: 25 mV s, scanning direction indicated by arrow.
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Thus, we can preliminary conclude that the electrochemical sulfidation method previously

employed on MoS> is susceptible to be used in WSs.

8.2.2 Electrochemical and physical monitoring of electrocatalytic and

surface properties of sulfidated WS2 nanoarrays

The successful incorporation of sulfide moieties onto WS by the solvent-phase sulfidation
method was evaluated by monitoring the HER performance, oxidation state, and electron
transfer properties over a one month period following the sulfidation treatment on
atmospherically aged WS2 samples previously tested in Chapter 7. Monitoring of the HER
performance (Figures 8.2 and 8.3) provided the following observations. Firstly, freshly
sulfidated samples did not necessarily present enhanced HER, performances compared with pre-
sulfidated samples. Secondly, the samples’ HER peak current, after roughness factor correction
to discard enhanced currents derived from surface area modifications (electrochemical
capacitance measurements, see section 1.2 Appendix), was inferior after a 3-week environmental
exposure compared to the pre-sulfidated, atmospherically-exposed state (Figures 8.3a and

8.3b).

The cathodic feature appearing at E ca. -0.4 V vs RHE in the HER experiments (Figures 8.2a
and 8.2b) is ascribed to the diffusion decay peak profile of proton reduction catalysed by the
WSs active sites, characteristic of the fully-supported, low proton concentration electrolyte
used (2 mM HCIO4, 0.1 M NaClOy),[5] whilst the exponential cathodic current at higher
overpotentials (onset at. ca. -0.7 V vs RHE) is ascribed to the water reduction reaction (i.e.
solvent breakdown).[6] Indeed, the resolution of the diffusion decay proton reduction peak also

seems correlated with the S>:W** ratio, and consequently to the active sites present.
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Figure 8.2. Left column: Linear sweep voltammograms in the 0 to -1.2V voltage range of a)

31+1 s (R= 2, Z=6.4) and b) 61+1 s atmospherically aged, sulfidation treated plasma-etched

WS, samples over a three week ambient exposure period. Right column: Tafel plots (n vs.

log |jgeoml) of ¢) 31£1s (R= 2, Z=6.4) and d) 61%1 s atmospherically aged, sulfidation treated

plasma-etched WSs samples over a three week ambient exposure period. Labels: pre-sulfidated

(black), post-sulfidated (red), 8-day atmosphere exposed (green), 15-day atmosphere exposed

(blue) and 22-day atmosphere exposed (magenta). Scan rate: 25 mV s,

Both phenomena can be understood by changes in the surface oxidation state revealed by XPS

measurements. For the 31+1 s (R=2, Z=6.4) plasma-etched WSy sample, the peak current

decays to half of its initial value following sulfidation (Figure 8.3a). This is correlated to a

decrease in the total S:W ratio (1.5:1, see Figure 8.4e), and the appearance of WOz at the
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crystal surface up to ca. 24% (W 4f7/2:4f;2 spin-orbit doublet at binding energies of ~33 and
735.2 eV, respectively; Figures 8.3c and 8.4a).[7] This is in stark contrast with the high-
resolution W 4f spectra of the pre-sulfidated plasma-etched WS- crystals, which present a
stoichiometric total S:W ratio and can be deconvoluted by the semiconducting 2H phase W
Af7/2:4f5/2 spin-orbit doublet (binding energies of ~32.65 and ~34.8 eV, respectively), with an
additional contribution from the metallic 1T phase (W 4f7/2:4f5/2 spin-orbit doublet binding
energies: ~31.65 and ~33.8 eV). Previous reports on bulk and chemically-exfoliated WS2
crystals suggest that incorporation of WOz is detrimental for the HER.[4,8] In the case of the
31+1 s sample, this is supported by the changed HER kinetics (Tafel slope increase from 100
to 185 mV dect, Figure 8.2¢c) and higher onset potentials (ronset from 173 to 207 mV, see Table

8.1).
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Figure 8.3. Comparison of: a-b) roughness-factor corrected HER peak current densities at
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column) and 61£1 s (right column), after weekly electrochemical testing over a three-week

ambient exposure period.
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HER onset potential (n at |j| = 0.05 m4 cm™2) / mV
WSe SFs/CaFy Pre-sulfidated Day 1 Day 8 Day 15 Day 22
plasma etching
time / s
31+1 173 207 166 232 131
61 +1 48 122 176 219 177

Table 8.1. Compilation of HER onset potentials (n at |j| = 0.05mA cm™2) for 31+1 s (R=
2, Z= 6.4) and 61+1 s atmospherically aged, sulfidation treated, plasma-etched WSy samples

after weekly electrochemical testing over a three week ambient period.

Conversely, the 61+1 s plasma-etched WS2 sample presented higher peak currents (Figure
8.3b) and kinetics (Tafel slope 130 vs. initial 210 mV dec™!, Figure 8.2d) following sulfidation,
despite the decay in the total S:W ratio (from ca. 2:1 to 1.88:1, see Figure 8.4f) and the 14%

increase in surface WOz content (Figures 8.3d and 8.4c).

This initially non-linear trend is found to be linked to the S:W ratio, if calculated solely using
the W** XPS components characteristic of WS, (semiconducting 2H phase and metallic 1T
phase). Sulfur-rich S:W ratios promote enhanced HER performance and vice versa, as it is
widely agreed that sulfur is the proton-accepting site on the edge sites of crystalline TMDs.
Maximum peak currents indeed coincide with the highest sulfur-to-metal ratios for both 31+£1
s (S:W= 2.08:1, jp~ 9 mA cm?, day 8) and 61+1 s samples (S:W= 2.18:1, j~ 1.6 mA cm?,
freshly sulfidated). After these peak values, both post-sulfidated 31+£1 s and 61+£1 s etched
samples exhibited an HER current decrease in subsequent electrochemical testing to values
lower or comparable with the freshly sulfidated state, due to lower S:W ratios. This accords
with previous investigations which correlated higher sulfur content in TMDs with improved
hydrogen turnover frequencies,[9,10] and sulfur-depleted W-edge sites of electro-oxidized WSa
with poor catalytic activity.[4] We hypothesize that the electrochemically-induced restructuring
gradually depletes the WO2 phase, initially exposing underlying WSs with high active site
densities which are later reconstructed during atmospheric and experimental conditions to a

more homogeneous nanostructure (Figure 8.5).
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Figure 8.4. Stacked high-resolution XPS spectra of W 4f and S 2p for a-b) 31 £ 1 s (R= 2,
Z=6.4) and c-d) 61 £ 1 s atmospherically aged, sulfidation treated, plasma-etched WSz samples
over a three-week ambient exposure period. e-f) Comparison of total S:W XPS atomic

photoemission ratios.
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With regard to the electron transfer kinetics, both samples exhibit higher kgpp values (~ 4x10°
° cmst) after undergoing the sulfidation treatment (Figures 8.3e and 8.3f, see Table 8.2 for
values). This agrees with literature reports which found enhanced electrical conductivities of
WOy species vs. WSz [11] beneficial for mediating in the redox chemistry of surface sensitive
species such as Fe(CN)s*/Fe(CN)s*. A gradual decrease in kJ,, values after two weeks of
testing correlates with reduced WO2 content at the crystal surface, whereas restored kg,,,,

values after three weeks can be attributed to the higher WS> metallic 1T polymorph contents

(ca. 10-15%), see Table 8.3).

Sample WS3l+1s(R=2,Z=064) WS261 +1s
kapp; kapp: kpp; kapp:
Klinger and Kochi P Klinger and Kochi P
Q = -1/2 Q -1 -1/2
O ) R
' / cm sl ' / cm sl
Pre-sulfidated 6.14 x 10 3.10 x 10 2.83 x 107 5.04 x 106
Day 1 1.06 x 10 3.87 x 107 3.41 x 10 4.29 x 10
Day 8 4.16 x 10 2.22 x 107 5.31 x 106 2.05 x 10®
Day 15 4.17 x 109 1.01 x 108 8.73 x 108 1.98 x 107
Day 22 2.30 x 107 4.26 x 107 2.01 x 106 2.10 x 10®

Table 8.2. Compilation of heterogeneous electron transfer constants (kgy,) for atmospherically

aged, sulfidation treated, plasma-etched WS> samples over a three week environment exposure

period after elucidating the peak-to-peak separation of the [Fe(CN)g|*/[Fe(CN)g|* redox probe.

XPS photoemission percentage / %
WS» SFs/CaFy WS» Pre-sulfidated Day 1 Day 8 Day 15 Day 22
plasma polymorph
etching time /
s

31£1 2H 97 73.4 89.3 92.2 89.9
1T 0.9 2.8 3.5 7.7 10.1
61 £1 2H 98.3 83.9 92 95.5 85.3
1T 1.7 2.5 4.2 4.5 14.7

Table 8.3. Compilation of relative percentages of WSz polymorphs (metallic 1T and
semiconducting 2H) obtained from XPS spectra for 31 & 1 s (R= 2, Z= 6.4) and 61 + 1 s
atmospherically aged, sulfidation treated, plasma-etched WS> samples after weekly

electrochemical testing over a three week ambient exposure period.
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Figure 8.5. FE-SEM micrographs of a,c) 31 + 1 s (R= 2, Z= 6.4) and b,d) 61 £ 1 s SFs/C4Fs
plasma-etched WSy crystals atmospherically aged plasma-etched WS, samples before (first row)

and after solution-phase sulfidation (second row). Tilt angle: 45°.

These results suggest that this sulfidation method does not incorporate sulfur into the
atmospherically aged WS samples. Instead, it promotes the appearance of WOx moieties at
the WSy surface which are reduced in the cathodic sweep. We hypothesize that in general, the
sulfur incorporation is only effective when the electro-oxidative step of TMDs forms acid-soluble
species, as sulfur incorporation into atmospherically-aged MoS2 crystals was optimal when the
cathodic voltage vertex surpassed the reduction potential of the TMD oxidised species (MoO4>
)-[1] In the case of WSa, the oxidised WOy species generated during the electro-oxidative step

are insoluble at pH<3,[12] coinciding with the optimized pH value for the sulfidation electrolyte
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(pH 3). Consequently, the electroreduced sulfur cannot be incorporated into the WOy structure,
and would dissolve under acidic conditions.[13] Hence, we predict that the electrochemical

solvent-phase sulfidation method is only suited for MoXs (X = S, Se) rather than for WX» (X

=S, Se).
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8.3. Conclusions

In contrast to MoS», the application of the solution-phase, room-temperature electrochemical
sulfidation method used in this chapter to obtain S-rich structures did not lead to S-rich WSy
but to S-deficient WSk structures with high WO2 surface content. The inferior HER
performances but improved electron transfer properties are in agreement with the detrimental
effect reported after WO» incorporation into WS» for the HER catalysis. The unsuccessful
incorporation of electroreduced sulfide in the WSk structure is suspected to arise from the
nature of the sulfidation mechanism: redeposition of acid-soluble MoO4* species for MoXs
improves S? incorporation onto the surface, which is not possible in the case of WXz as the
WOy compounds formed are acid insoluble. This demonstrates the key role of the nature of the
TMDs in the successful electrochemical incorporation of sulfur in their structure, and reveals
that an electrochemistry-based sulfidation method universally applicable for any TMDs

remains to be developed.
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Chapter 9

pH-dependent activity, stability and inherent
electrochemistry of amorphous molybdenum

sulfide for the hydrogen evolution
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9.1 Introduction

Aside from the most commonly studied 2H or 1T crystalline phases for MoSz, [Mo3S13]* cluster-
based amorphous molybdenum sulfide polymorphs present intriguing properties for the HER.
The high sulfur-to-molybdenum ratios with structures resembling the crystalline MoSs edges
imply a high number of potential active sites, being reported as one of the best-performing
HER molecular catalysts.[1] A one-step electrochemical deposition method yielded amorphous
molybdenum sulfide (MoSy) by anodic or cathodic decomposition of a [MoS4|* precursor,|2,3]
presenting a [MosSi3|> polymeric-based structure. Despite of the promising HER activities
reported, the intrinsic structural complexity of the electrodeposited MoSx conceals the
unambiguous role of the sulfur moieties in the HER activity across different electrolyte

environments.

In this chapter we present a comprehensive study which aims to elucidate the electrochemical
activity, stability and inherent electrochemistry of electrodeposited MoSx thin films across the
0-10 pH range. Extensive use of electrochemical and ex-situ characterization techniques
(Raman spectroscopy, XPS) is employed for such purpose. An initial study of the pH-dependent
MoSx inherent redox features followed by electrochemical conditioning strategies is evaluated
to correlate specific modifications in surface morphologies and species with the resulting HER
electrocatalysis. Finally, the knowledge gathered from these studies is incorporated in the

understanding of the long-term HER performances and subsequent stabilities.
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9.2 Results and discussion

9.2.1 Electrochemical growth of amorphous molybdenum sulfide

Preliminary electrochemical deposition studies were performed on Si/Ti/Au electrodes to
evaluate the influence of experimental conditions (electrochemical setup, deposition
parameters) in the amorphous molybdenum sulfide (MoSy) thin film growth. Figure 9.1a shows
a set of representative voltammograms obtained after continuous cycling from 0.1 V to -1 V
vs. Ag/AgCl using an electrolytic bath containing 2mM (NHi)2[MoS4| as the MoSx source,|2]
and 0.1 M NaClOy as supporting electrolyte. In agreement with previous reports, the first scans
exhibit small current density values lacking defined electrochemical features. However,
subsequent scans show broad oxidation features in the reverse scan: one shoulder with peak at
ca. -0.5 V and an oxidation feature between -0.2 and 0.1 V. A cathodic process is also observed

between -0.2 and -1 V in the forward scan.

Analogous cycling in a 0.1 M NaClO4 aqueous electrolyte shows negligible currents at the
investigated voltage window (Figure 9.1b), confirming that the redox features found in the
(NH4)2|[MoS4] containing bath correspond to the electroactivity of the [MoS4|* anion.[3] The
aforementioned first oxidation shoulder, more pronounced upon cycling, has been ascribed by
EQCM measurements to non-faradaic capacitance currents of the increasingly thicker porous
MoSx deposited film.[4] Analogously, the remaining second oxidation and reduction features

were ascribed to oxidative and reductive deposition mechanisms related to the [MoS4|* anion.
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Figure 9.1. a) Representative voltammograms obtained during the electrochemical deposition
of MoSx onto 0.25 cm? Si/Ti/Au electrodes by continuous voltage cycling from +0.1 V to -1 V
vs. Ag/AgCl in 2mM (NHy)2[MoSs4|, 0.1 M NaClO4. b) Representative first (black) and 25%
(magenta) voltammograms obtained by continuous cycling within the +0.1 V to -1 V vs.
Ag/AgCl electrochemical window for Si/Ti/Au electrodes in 0.1 M NaClOy4 (dashed lines) and

2mM (NHy)2[MoSs], 0.1 M NaClOy4 (solid lines) electrolytes. Scan rate: 50 mV s

These electrochemical features described resemble those subsequently found in FTO,[5] glassy
carbon[6] and Au[7] electrodes: this supports the previously suggested substrate-insensitive
deposition mechanism of MoSx, which was elucidated to operate by instantaneous nucleation

and 3D-growth.[3] The suggested electrodeposition mechanisms are the following[4,5]:
[M0S,]>~ - MoS; + 1/8Sg+ 2e~ (anodic) (9.1)
[M0S,]?>~ + 2H,0 + 2e™ — MoS, + 2HS™ + 20H~ (cathodic) (9.2)

Further testing was performed to evaluate the deposition rate efficiency of both anodic
electrodeposition (AE) and cathodic electrodeposition (CE) processes. This was done by
preparing MoSx thin films of different thicknesses (i. e. electrodeposition charge density < g, >)

using potentiostatic deposition for varying durations enabled to investigate the deposition rate
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efficiency. For AE-MoSx the voltage was held at +0.1 V vs. Ag/AgCl, whereas for CE-MoSx it
was held at -1 V vs. Ag/AgCl. MoSx thin film thickness vs. < g, > plots of AE-MoSx and CE-
MoSx (Figures 9.2a and 9.2b) clearly demonstrate the lower faradaic efficiency of the cathodic
deposition mechanism: a 10-fold higher < g, > is required on CE than AE to achieve 100 nm-
thick MoSx thin films (338.07 mC cm vs. 33.70 mC c¢m™), in agreement with previous studies.
For AE-MoSx, assuming a faradaic efficiency of 100%, this corresponds to 1.7 X 1077 mol Mo
cm2. We conclude that AE-MoSx is the preferred material due to its higher deposition efficiency

and reportedly improved HER properties as compared to CE-MoSx.[4]

B Anodic electrodeposition (@0.1V vs Ag/AgCl) 350/ M Cathodic electrodeposition (@-1V vs Ag/AgCl)
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Figure 9.2. Plotting of the experimental thickness of a) anodically electrodeposited
molybdenum sulfide (AE-MoSy, E= +0.1 V vs. Ag/AgCl) and b) cathodically electrodeposited
molybdenum sulfide (CE-MoSx, E= -1 V vs. Ag/AgCl) thin films grown Si/Ti/Au electrodes
by potentiostatic electrodeposition as a function of the total charge density < g, > passed.
Error bars account for no less than three independent thickness measurements by surface

profilometry. Electrolyte: 2mM (NHi)2[MoS4|, 0.1 M NaClO4.
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9.2.2 Anodically electrodeposited molybdenum sulfide (AE-MoSy)

inherent electrochemical activity: HER pre-catalytic peaks

The AE-MoSx enhanced activity vs. CE-MoSx has been systematically related to the higher
content of proton-accepting S sites and the multiple S moieties found in the [MosS13|* cluster-

based polymeric structure of the electrodeposit (representative schematic in Figure 9.3).[8]

Figure 9.3. Schematic of the coordination polymer structure of AE-MoSx based on the
[Mo3S13]* cluster unit. Sulfur ligand types labelled as follows: apical S* (S*apical), blue; bridging
S9% (So®bridging), black; terminal So> (So®terminal), red; unsaturated S* (S%unsat), green. S-deficient

Mo-sites (AE-MoSx structural defects, referred as Mo OxSy) represented by Mo®t=0 groups.
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In order to shed light on the electrochemical activity of AE-MoSx comprehensive studies at
different pHs were conducted by use of buffered electrolytes to minimise any local pH changes
under HER operating conditions that may affect the AE-MoSx inherent electrochemistry,
morphology and/or surface species. Figure 9.4a shows a compilation of the hydrogen evolution
linear sweep voltammograms (LSVs) recorded for 100 nm-thick AE-MoSyx films at a voltage
scan rate of 50 mV s using different buffered electrolytes in the 0-10 pH range after iR

compensation.

In acidic media (pH < 5), one HER pre-wave peak can be observed, centred at Epeak,1 = -0.37
V vs. SCE in 0.5 M H2SO4 (pH ~ 0.3). From mildly acidic to alkaline conditions (5 < pH <
10), two more additional pre-catalytic events are identified at more cathodic potentials. For
the pH 7 phosphate buffered electrolyte, their peaks are located at Epear2  -0.91 V and Epear3
~ -1.14 V vs. SCE, respectively. These peaks, as previously reported, only appear on the first
HER cathodic scan, being absent in subsequent HER voltammograms (Figure 9.5 and Figure
9.15b).]8,9] This would initially indicate that, within the evaluated voltage window, the nature
of the redox processes is irreversible. These are involved in the so-called irreversible “activation”
step which converts the S-rich AE-MoS3 to the HER~active MoS2,x phase which presents a

structure/stoichiometry closer to that of CE-MoSx.[4,9]

To gather further understanding on the nature of the pre-catalytic reduction features, Figure
9.4b shows plots of their peak potential as a function of the pH. It is well known that pH-
dependent gradients on the peak potential position can be related to the Nernst equation which
describes proton-coupled electron transfer (PCET) mechanisms.[10-15] From it, information
can be drawn on the number of protons and electrons involved in the electrochemically-
triggered redox processes. For the first reduction process, Epeak,1 the slope gradient vs. the pH
presents a -54 mV dec! dependence. This gradient is very close to the theoretical -59 mV dec

I expected for redox processes involving an equivalent number of protons and electrons being
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consumed. On the other hand, Epeak2 and Epears, found only in mildly acidic to alkaline pH
conditions, present a ca. 0 mV dec! and +21 mV dec’ dependence, respectively. Thus, Epeak,2
involves a reduction event in which no protons are involved, whereas Epeak3 is related to a

PCET mechanism involving a two-electron : one proton ratio.
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Figure 9.4. a) Linear sweep voltammograms recorded for pristine AE-MoSy films (100 nm
thick, catalyst loading 1.7 x 107 mol Mo e¢m™ assuming 100% faradaic efficiency) across the
0-10 pH range by use of different buffered electrolyte solutions. b) Plotting of peak potential
of the observed pre-catalytic redox features as a function of the buffered electrolyte pH. Scan

rate: 50 mV st
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Figure 9.5. Cathodic linear sweep voltammograms recorded after continuous cycling from 0.15
t0 -0.425 V vs. SCE of pristine AE-MoSx films in 0.5 M H>SOy4. Inset: zoom of the LSVs at the

HER pre-catalytic peak region. Scan rate: 50 mV s

Equivalent studies on unmodified Si/Ti/Au electrodes within the studied pH range confirm
that the aforementioned peaks are not related to the inherent electrochemistry of the species
present in the buffered electrolytes (Figure 9.6). In addition, the sharp nature of Epeak3 would
seem to indicate that the redox process involves a surface-bound species not influenced by
diffusion of electroactive species: the release of protons proposed after pH gradient analysis

would support the surface-confined nature of the process.
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Figure 9.6. Representative linear sweep voltammograms recorded for pristine AE-MoSx films
(deep red) and bare Si/Ti/Au electrodes (dark yellow) across the 0-10 pH range by use of

different buffered electrolyte solutions. Scan rate: 50 mV s

Having this in mind, we have proposed several potential candidates for the redox processes
involved in each pre-catalytic feature. The in-situ proof of S-S bond cleaving from Sa*ridging

and So*terminal at potentials equivalent to that of Ejeak,1 leads us to ascribe the redox process
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occurring at Epeak,1 to this process.[16] This involves a 2 H': 2e- PCET reduction process (see
reaction 9.3a), which would satisfy the approximate -59 mV dec! gradient experimentally

observed.
Mo" (S = S)py/eMo" +2H* + 2 e~ = 2 Mo'" — SH (9.3a)

However, the additional evidence of the removal of So*terminal ligands under HER operating
conditions also suggests an alternative 2 H': 20 PCET reduction mechanism,[8| this time

leading to formation of unsaturated Mo*" centers (see reaction 9.3b)
MoV [(S—S)* + 2H* +2e~ —» Mo — m +2 HS™ (9.3b)

Whilst (9.3b) is an irreversible process, (9.3a) is an electrochemically reversible redox reaction.
The degree of electrochemical reversibility/coexistence of these mechanisms and their

implications in HER catalysis will be further investigated in sections 9.2.5 and 9.2.6

respectively.
Mo 3d (IV) a) S 2p (%) b)
Mo 3d (Mo"O,S,) —3S 2p (S,%)
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Figure 9.7. High-resolution a) Mo 3d and b) S 2p XPS spectra of pristine AE-MoSx thin films.
Labels: raw spectra (black), cumulative peak fit (red), Mo*t 3d5/2:3/2 (green), Mo*OnS. 3ds,2:3/2
(blue), MoS* 3d5/2:3/2 (orange), S 2ps/2:1/2 (S*, yellow), S 2ps/2.1/2 (S2*, magenta) and S 2ps/2.1/2

(SO, light blue).
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As for Epeak,2 and Epeak 3, their sole appearance at pH>5 might indicate that either (i) the species
responsible are only formed at these pH values after (9.3a, 9.3b) occur, or (ii) the species are
unstable at pH<5 and consequently not present at the AE-MoSx surface until pH=5 values are
achieved. Surface composition analysis of pristine AE-MoSx by XPS (Figure 9.7) suggests that
the prepared films predominantly contain Mo*" species, but Mo®" oxysulfides and to a lesser
extent MoQOjz are also present (Mo*": Mo>tOxSy: Mo%" XPS relative ratios 75.4: 18.6: 6.0, Figure
9.7a), giving Mo: S ratios of 1: 2.4+0.2. Previous evidence suggests that the AE-MoS undergoes
a slow Mo*'— Mo — Mo’" transformation under atmospheric conditions[17] similar to that
found in the (NHj)2[MoS4] precursor:[18] this could have partially occurred between MoSx thin
film preparation and XPS acquisition. The presence of Mo OxSy and MoO3 at the outermost
AE-MoSx pristine surface is key as their stability is pH-dependent: MoOs is well known to be
unstable in acidic media,[19] whereas Mo®"OSy compounds are mostly soluble in acid unless
structure-based properties confer enhanced stabilities.[20] Thus, the thermodynamically-
favoured dissolution in acidic media eliminates their electrochemical contribution in electrolytes
presenting pH < 5,[21] leading us to hypothesis (ii). We propose, analogously to a previous
report,[8] Epeak2 to be due to the electrochemically-assisted reduction of Mo OxSy to Mo*

species by reaction (9.4)
Mo¥ 0,5, +1e~ - Mo'v 0,5, (9.4)

For Epek3, the proton-generating nature of the redox reaction involved limits the potential
events occurring as Mo or S reduction events are normally proton-depleting. We herein
tentatively propose that Mo*"OxSy could further reduce at more cathodic potentials to form

MoOs2 (reaction 9.5)

MoV 0S + MoV 0S, + 2H,0 + 2e~ > 2Mo0O, + 3HS™ +1H* (9.5)
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9.2.3 AE-MoSx inherent electrochemical activity: HER kinetics

It is also of particular relevance to monitor modifications in the HER kinetics as a function of
the pH, as this might ultimately provide insights into the hydrogen evolution mechanism which
ultimately dictates the electrocatalytic activity. Although previous reports describe almost
unaltered Tafel slope values upon incremental MoS: loadings,[22] layer stacking,[19] and
amorphous MoSx S:Mo stoichiometry,[9,23] the influence of the electrolyte pH is rarely

documented.

We investigated this by analysing the linear region of the n vs. log|jgeom| plot (i.e. Tafel plot,
b) of iR-compensated LSVs acquired towards hydrogen evolving potentials, over a set of
independent repeated measurements at the different buffered electrolytes studied. Figure 9.8a
compiles the Tafel plots of bare Si/Ti/Au substrates and AE-MoSx thin films, the latter under
the presence and absence of 1500 rpm stirring, to identify potential contributions of both

substrate and mass transport in the obtained values.
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Figure 9.8. a) Tafel plots (n vs. logljgecom|) for Si/Ti/Au (yellow), pristine AE-MoSx (red) and
AE-MoSy under 1500 rpm stirring (green) across the 0-10 pH range. b) iR and Nersnstian-
corrected HER linear sweep voltammograms recorded for AE-MoSx under 1500 rpm electrolyte

stirring. Scan rate: 50 mV s
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A plateau in the 0 < pH < 3 range, followed by an overall upward increase in the Tafel slope
(b) values, was found when both Si/Ti/Au substrates and AE-MoSx films were tested in more
alkaline electrolytes. While b seems independent on the presence of AE-MoSx up to pH 5,
Si/Ti/Au substrates exhibit slightly higher values in neutral to alkaline environments.
Although the exact HER pathway on bare Au is still under debate,[24] recent investigations in
acidic electrolytes have found two characteristic Tafel slope values at low (b~68 + 5 mV dec
1) and high current densities (b~120 £ 2 mV dec!) due to hydrogen surface diffusion
effects,[25,26] converging to a Tafel slope of b~120 dec? in alkaline environments.[27] The
averaged experimental b~84 4+ 4 mV dec! across the 0 < pH < 3 pH range, which ascends up

to b~230 £+ 10 mV dec! at pH 10 deviate from the expected values.

Overall, AE-MoSx films tested under stirring present Tafel slopes with lower dispersion and
more reliable physical meaning compared to their quiescent counterparts (b~65+10 mV dec

in the 0 < pH < 3 range closer to theoretical Volmer-Heyrovsky b~40 mV dec! as reported for

AE-MoSx in acid).

We believe that the observed differences arise due to: (i) the irreversible transformation of AE-
MoSx to CE-MoSx that occurs only after the first LSV scan (as plotted for the unstirred case)
which modifies the intrinsic kinetics of the HER active sites, (ii) charge transfer differences
across the working electrode material, (iii) mass transport effects due to measurements being
recorded under quiescent conditions instead of under stirring and (iv) the nature of the working
electrode. All of these, amongst others, have been suggested as potential sources of error to
unambiguously compare Tafel slopes, specifically for ascribing them to reaction

mechanisms.|[28,29]

The Si/Ti/Au substrate, particularly in acidic conditions, indeed seems to govern the
experimental Tafel slopes obtained after MoSx modification across the 0-10 pH range. A similar

conclusion was obtained in previous reports in acidic electrolytes upon use of supporting
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working electrodes of different nature[30,31] and morphology.[32] Thus, the anomalous Tafel
slopes found for the Si/Ti/Au with respect to Au might stem from the inherent morphology of

the working electrode.

As for the Tafel slope trend with pH, it has been very recently studied on AE-MoSx by Dubouis
et al. by use of variable concentrations sulfuric acid in the 0 < pH < 4 range.[33] It was suggested
that whilst at very acidic pHs (pH < 2) the HER mechanism on AE-MoSx operated by the
electroreduction of the hydronium ion (H;0*+ 1e~ - 1/2 H, + H,0), at pH > 3 the HER
occurred via the water reduction/splitting mechanism (H,0 + 1e~ - 1/2H, + OH™). This
implies that b should be pH-insensitive for pH < 2, whereas b should increase at pH > 3 due
to increasingly lower proton concentrations yielding the proton electroadsorption rate-limiting
step (i.e. Volmer step, b~ 120mV dec) to govern the HER performance. This pH-dependent
HER mechanism was previously reported for noble metal surfaces.[34-37| Despite of using
electrolytes with different spectator species and ionic strengths, this trend is also found for our
AE-MoSx results under stirring: within the 0 < pH < 2 range, Tafel slopes are almost constant
b~65+10 mV dec!, whilst at pH > 2 they increase approximately linearly yielding b~120 mV

dec! at pH 5.

For neutral to alkaline pHs, however, b exceeds 120mV dec™!: as electron transfer coefficients
in mildly acidic to alkaline conditions are reported to be almost pH independent,[38] mass
transport limitations (i.e. proton concentration depletion at the electrode interface) and
electrode surface species will necessarily play a role on the HER kinetics. Particularly, the low
thermodynamic stability of AE-MoSx and the presence of the previously unstable MoOx and
related species at the electrode surface will certainly modify both hydrogen active
sites/coverages and charge transfer properties. Indeed, molybdenum oxides such as MoO3 and
MoOQOa, stable in neutral to alkaline environments, exhibited Tafel slopes as high as b ~ 160 mV

dec!and b ~ 200 mV dec’!, respectively in 0.5 M H2SO4.[39] Thus, we believe that the presence
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of MoxOy surface species in neutral to alkaline environments with different HER active site
kinetics, and the partial exposure of the underlying Au substrate due to AE-MoSx instability,

could explain the Tafel slopes observed.

This pH-dependence on the Tafel slope, HER mechanism, and surface species consequently
supports the AE-MoSx LSVs found under stirring after iR and Nernstian compensation (Figure
9.8b). As found by Dubouis et al., LSVs in the 0 < pH < 2 range fully overlap due to invariable
Tafel slope and HER kinetics, whereas for pH =2 3 the HER mechanism and Tafel slope
modification results in non-overlapping, negatively shifted LSVs towards higher pH values.
Although the HER curves in neutral to alkaline should converge to the water reduction
mechanism, the modification of the Mo species responsible for the HER and their coverage

upon pH-dependent AE-MoSx dissolution alter this trend.

9.2.4 AE-MoSx inherent electrochemical activity: electro-oxidation

Next, we investigated the electro-oxidative processes of the 100 nm-thick AE-MoSx films. For
pristine AE-MoSx, a LSV from ca. 0 V to 1.2 V vs. SCE reveals a broad anodic feature, in the
0.2 - 1.1 V voltage range, with its peak at ca. 0.7 V vs. SCE when tested in a 0.5 M H2SOu4
electrolyte (Figure 9.9a). Plotting of the electro-oxidation band peak potential as a function of
the pH gives an experimental gradient of -27 mV dec™, which closely matches the -29.5 mV
dec! theoretical Nernstian slope characteristic of a 1 H': 2e0 PCET electro-oxidation
mechanism (Figure 9.9b). Previous reports in the literature performed with crystalline MoSs
materials under different pHs concur with our obtained results: a single broad electro-oxidative
feature was reported, which satisfied a 1 H': 2¢- PCET ascribed to the oxidation of the Mo*"
moieties to Mo%" by a complex redox mechanism.[40,41] To the best of our knowledge, our
investigation is the first one to experimentally support the 1 H": 2¢- PCET electro-oxidation

mechanism for pristine AE-MoSx.
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Figure 9.9. a) Anodic stripping voltammogram of freshly-deposited AE-MoSx films recorded
from 0 to 1.2 V vs. SCE in 0.5 M H2SOy4, b) Plot of AE-MoSx electro-oxidation peak potential

versus buffered electrolyte pH showing a gradient of -27 mV dec’!. Scan rate: 50 mV s,

The oxidative shoulder found in the 1-1.2 V region is ascribed to the electro-oxidation of the
underlying Au substrate: additional voltammograms recorded at higher anodic limits after their
initial electro-oxidation (0 to 1.5 V vs. SCE, Figure 9.10) for both AE-MoSx modified and
pristine Si/Ti/Au electrodes corroborated its correspondence with the Au inherent

electrochemical features.

Interestingly, AE-MoSx samples that have been anodically stripped in the 3-6 pH range present
an additional sharp electro-oxidative feature past the broad oxidation band peak maximum,
best resolved at pH 4 and gradually faded at increased pH values (Figure 9.11). We hypothesize
that the citric-citrate electrolyte used is responsible for this feature, by formation of a redox-
active complex with the soluble MoS" species at the electrode-electrolyte interface. As the most
abundant citric acid species at pH 4 corresponds to AHs™ (monovalent anion), this is most likely
to be the responsible Mot complexing agent. Unambiguous identification of this feature along
with that allocated to Au electro-oxidation are pending: control experiments on alternative
substrates (e.g. glassy carbon) would prove their origin, this being beyond the scope of this

thesis.
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Figure 9.11. Anodic stripping voltammograms recorded for pristine AE-MoSx films (deep red)
and bare Si/Ti/Au electrodes (dark yellow) betweem the 3-5 pH range. Voltage range: 0 to 1.5

V vs. SCE. Scan rate: 50 mV st.

To gain further insight on the implications of the complex electro-oxidation mechanism, ex-
situ Raman spectra of the electro-oxidized AE-MoSx films were recorded (Figure 9.12, see
Section 4.8.2 for experimental details and Table J.1 Appendix for values), providing interesting
results particularly for samples tested at pH = 5. Under these conditions, several Raman
vibration features arise and/or are severely altered: 1) the v(Mo-Mo) band at ca. 201 cm™
sharpens and increases its relative intensity, 2) the v(Mo-S) band at ca. 358 cm™ sharpens to
the detriment of the remaining v(Mo-S) bands, and undergoes a red-shift to ca. 354.8 cm!, 3)
the out-of-plane Ai, mode appears at ca. 404 cm™, with relative intensities higher than those

found for the in-plane E%*, mode at ca. 380 cm™ and 4) additional Raman modes appear at ca.
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341 (faint), 490 (strong) and 730 (strong) cm!, respectively. This unambiguously proves that
electro-oxidation irreversibly changes the morphology of the cluster-based AE-MoSx structure:
the Raman signal intensity sharpening in features 1-3) inform that the resulting structure
comprises morphologies with predominance of those vibration modes. As for 4), we believe that
the weakening and disappearance of v(Mo-S) and v(S-S)terminal Vibration modes, respectively,
are responsible for the 341 and 490 cm™ bands. Additionally, the 730 e¢m™ band should
correspond to the partial oxidation of Mo*" sites, as this vibration is not far away from the one
expected for Mo=0 (ca. 880 cm™). Thus, we can conclude that the 1 H*: 2¢- PCET electro-
oxidation mechanism for pristine AE-MoSx primarily involves the disappearance of S2*terminal

and the formation of partially-oxidized molybdenum sites.
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Figure 9.12. Stacked Raman spectra (532 nm laser excitation, 100-800 ¢cm™ range, intensity-
normalized) of pristine (black) and electro-oxidized AE-MoSx thin films across the 0-10 pH
range. Dashed vertical lines refer to characteristic AE-MoSx vibration modes, whilst asterisk

labelling (*) identifies Raman modes ascribed to underlying Si substrate.

Alternatively, we investigated the electro-oxidative features after one LSV towards HER
potentials (from 0.7 V to -1.2 V vs. SCE, scan rate 50 mV s!) by recording the reverse scan
towards positive potentials (from -1.2 V to 0.7 V vs. SCE, scan rate 50 mV s, referred in the

discussion as post-LSV). Figure 9.13 shows a representative anodic voltammogram obtained in
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a pH 7 phosphate buffered electrolyte: two well-resolved peaks can be identified, the first
(Epea) at ca. -0.16 V and the second (Epearmr) at ca. 0.29 V. Surprisingly, Epeak1 and Epeai
partially overlap for the remaining pH electrolytes investigated. These are equivalent to those
previously found for AE-MoSx being oxidatively stripped after applying a cathodic scan to HER
potentials,[9,42] in stark contrast with the electro-oxidative behaviour found for pristine AE-
MoSx. This suggests that the AE-MoSx electrochemical conditioning to hydrogen evolving

potentials alters the electro-oxidation mechanism.
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Figure 9.13. Cyclic voltammogram recorded for pristine AE-MoSx films from 0.7 V to -1.2 V

vs. SCE in a phosphate buffered electrolyte (pH~7). Scan rate: 50 mV s

It was previously hypothesized that partial stripping to potentials past Epeax1 selectively
oxidized weakly Mo-bound low XPS binding energy unsaturated S* (S*uusat) and So>terminal t0
MoQOy, whereas stripping past Epeaknn lead to full conversion of AE-MoSx to HER-inactive
MoOx.[9] A more recent study attributed these features to the irreversible oxidation of So*
terminal aNd So%hridging, respectively.[42] However, neither the pH-dependence of these reactions
nor the electrochemical reversibility of reaction (9.3a) triggered by the initial LSV scan towards
HER potentials were taken into consideration when proposing these reactions. To gather insight
on these redox processes, we elucidated the pH-dependence of the post-LSV AE-MoSx electro-

oxidative features (Figure 9.14a) by plotting the electro-oxidation peak potentials versus the
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electrolyte pH for both Epea1 (Figure 9.14b) and Epeacnr (Figure 9.14c) after Gaussian peak
deconvolution. For Epeak1, a -56 £ 4 mV dec! dependence was observed between pH 2 and pH
8. This is in excellent agreement with a 1 H': le (or subsequent multiples) PCET electro-
oxidation mechanism. However, this does not satisfy the widely established 1 H*: 2e- PCET
mechanism under which the irreversible electro-oxidation of MoSz materials to Mo is reported
to proceed, as this would give a theoretical Nernstian slope of -29.5 mV dec. [40,41,43|
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Figure 9.14. a) Compilation of reverse scans obtained for post-LSV AE-MoS; films (from -1.2
V t0 0.7 V vs. SCE) across the 0-10 pH range Scan rate: 50 mV s. Peak potential dependence
of post-LSV AE-MoSy electro-oxidative features labelled as b) Epear1 (blue) and ¢) Epeakn
(magenta) as a function of the buffered electrolyte pH. Overlapped linear fits and experimental

E-pH slopes displayed for ease of comparison.
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Thus, an alternative electro-oxidation event precedes the complete electrochemical oxidation
of the AE-MoSx thin film. Analysis of the voltammetric features found after cycling the post-
LSV AE-MoSx at variable voltage windows indicates that the electro-oxidation event
responsible for Epeax1 can only be found when AE-MoSx has undergone cathodic cycling past
the pre-catalytic peak Epear1 (Figure 9.15 section 9.2.5). Given the electrochemical reversibility
of reaction (9.3a), we preliminarily suggest the electro-oxidation event Ejek1 to be the
reinstatement of the previously cleaved S-S bond in S2*bridging and /or Se¥ierminal (2 H': 2¢ PCET

mechanism).
2Mo" — SH = Mo" (S — $)pr/eMo" + 2 H + 2 e~ (9.6a)

However, the partial corrosion of the previously cleaved So*iridging and/or So*erminal Sites giving
MoO2 also satisfies a close-to 1 H": 1le- PCET electro-oxidation mechanism, and thus cannot

be discarded.
Mo" —SH + 6 H,0 - MoO, + HSO; + 12H* + 11e™ (9.6b, acidic pH)
Mo" — SH + 6 H,0 » Mo0O, + S0?~ + 13H* + 11e™ (9.6b, neutral pH)

As for Epeamr, a clear -117+17 mV dec! gradient is found at neutral to alkaline pHs (7 < pH <
10). This satisfies a 2 H': 1lee PCET mechanism: based on the thermodynamic instability seen
for Mo species at positive potentials in alkaline environments,[21] we suggest the electro-

oxidation of MoO2 to the soluble MoQO4> anion to be the reaction taking place.
M00, +2 Hy0 - S MoOZ™ + 4 H* + 2™ (9.7)

In acidic pH, Epeakm presents a slightly positive gradient of +144+5 mV dec?. This clearly
deviates from the 1 H": 2e- PCET mechanism generally ascribed to MoS: electrodissolution,
and would theoretically imply a 1 proton-depleting, 3 electron-generating PCET mechanism.

This informs of a complex electro-oxidation mechanism which cannot be unambiguously
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described by one specific redox process. The most likely final electro-oxidation products are,
according to thermodynamic stability, the acid-unstable MoOs (pH < 1) and the solution-

soluble HMoOy (1 < pH < 7).[21,44]

9.2.5 AE-MoSx inherent -electrochemical activity: electrochemical

conditioning

Having in mind the inherent electrochemical features found for AE-MoSx, we proceeded to
evaluate the impact of several voltammetric pre-treatments on pristine thin films. These not
only intend to identify an optimal activation step to maximize the AE-MoSx thin film HER
activities, but also to corroborate the redox mechanisms proposed previously. For such purpose,
a combined use of electrochemical techniques, ex-situ Raman and ex-situ X-ray photoelectron
spectroscopies were employed to correlate positive/negative electrocatalytic effects with
modifications in surface morphology and/or species. Multiple activation pre-treatments can be
chosen by tuning the electrochemical parameters: in our study cyclic voltammetry is chosen
over potentiostatic preconditioning procedures because of the need to monitor any
electrochemical modifications of the redox features during preconditioning. Given the
irreversible nature and close proximity to HER-evolving potentials of the events responsible
for Epear2 and Epeaks (peaks absent after first cathodic scan), only voltammetric cycling within
the voltage range comprising Epeak,1, Epeak1 and Epeaknn will be evaluated. For acidic/alkaline
pHs, the overlap found for Epcac1 and Epearr implies that only three CV pretreatments can be
evaluated: electro-oxidative, oxidative-reductive and reductive (for definitions, see
experimental section). For pH 7, the absence of overlap between Epcak1 and Epeakm will enable
two different oxidative-reductive CV pre-treatments upon modification of the anodic potential

vertex (past Epeak1 or Epeak 11, respectively).
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Figure 9.15 shows representative cyclic voltammograms obtained for the four electrochemical
conditioning methods evaluated in a pH 7 phosphate buffered electrolyte (50 CVs at 50 mV s
1), selected after identifying the voltage window of each redox feature by recording an initial

voltammogram from 0.7 to -1.2 V (as depicted in Figure 9.13).
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Figure 9.15. Representative voltammograms obtained for post-LSV AE-MoSx films during the
evaluation of the electrochemical conditioning treatments: a) electro-oxidative, b) reductive, c)
oxidative-reductive (anodic potential vertex past Epeaxu) and d) oxidative-reductive (anodic

potential vertex past Epeak1). Electrolyte: pH 7 phosphate buffer saline. Scan rate: 50 mV s

For the electro-oxidation treatment (Figure 9.15a), it can be clearly seen that no electro-

oxidative peaks can be found but an increasing anodic current instead. On the other hand,
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these peaks can be found for both oxidative-reductive treatments (Figs. 9.15¢ and 9.15d). This
suggests that the electro-oxidation features responsible for Epea1 and Epeam only arise after
the AE-MoSx thin films have been previously cycled to cathodic potentials past the first pre-
catalytic event Epeak,1 (Figure 9.15b), and/or that the voltage window under which the AE-
MoSx thin films are cycled alters their peak position. The oxidative-reductive cycling shown in
Figure 9.15d clearly shows a co-dependence between the pre-catalytic event Epear1 and the
electro-oxidative feature Epca1. Thus, we believe that Epeax 1 is indispensable for Epeak1 to occur
and vice-versa: this would initially support our claims that Epek1 corresponds to the
electrochemically reversible S-S bond cleaving from S2*bridging and S2*terminal given by reactions

(9.3a, 9.3b), and Epear1 to the reverse reaction (9.6a).

9.2.5.1 AE-MoSx electrochemical conditioning by oxidative-reductive and

reductive cycling: EC, Raman and XPS analysis

To further corroborate this, we analysed the voltammetric profiles of both oxidative-reductive
(Figure 9.16) and reductive (Figure 9.17) cyclic pretreatments along with their respective XPS

spectra.

For the oxidative-reductive voltammograms, it was observed that Epeax,1 split into two peaks
after continuous cycling irrespective of the electrolyte pH (Figure 9.18a). For AE-MoSx cycled
in a pH 6 electrolyte (Figure 9.18b), the initially broad precatalytic peak found at Epeaki~ -
0.68 V for the first scan decomposed into Epcaxm~ -0.53 V and Epeakive -0.64 V. Peak III
current density decreased, and peak position shifted positively upon cycling, whereas peak IV
emerged as cycling progressed. Plotting of the pH-dependent Epeax 1 and Epeax v position in the
0-10 pH range for the 50" oxidative-reductive cathodic scan (Figure 9.18¢) showed that both
peaks presented a Nernstian gradient close to -59 mV dec! (Epeakmr * -52+1 mV dec™ | Epeakiv

~ -49+1 mV dec!), consequently leading to an almost constant peak separation. This satisfies
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the 2 H': 2e- PCET reduction mechanism under which the S-S bond cleaving/dissolution is

suggested to occur.

0.4
.1pH 0
0.0
§ -02-
<
E 04
£
- -0.6
-0.8
-1.04
Scan 50
-1.2 T T T T T T T T
-0.4 0.2 0.0 0.2 0.4
E/V (vs. SCE)
0.2
0.1+ p
".'E 0.04
o
<
E o4 = Scan 1
g Scan 2
2 Scan 5
-0.21 Scan 10
Scan 20
034 Scan 30
Scan 40
Scan 50
-0.4 T T T T T T
-0.6 0.4 -0.2 0.0 0.2 0.4
E/V (vs. SCE)
0.1+
0.0+
e
o
<é -0.1
g s Scan 2
25 ] s Scan 5
e Scan 10
Scan 20
0.3 == Scan 30
Scan 40
e Scan 50

T T T
-0.8 -0.6 -0.4 -0.2 0.0

E/V (vs. SCE)

0.2 0.4 0.6

/ mA cm?

Jgeom

/ mA cm?

Jgaom

/ mA cm?

Jgeom

0.4

0.2 4

0.0 1

-0.2 1

0.4

-0.6

-0.8 4

-1.0 1

-0.4 ' -0.2 ofo 0?2 0.4 0.6
E/V (vs. SCE)

e Scan 50

T ]
.8 -0.6 -0.4 -0.2 0.0 0.2 0.4

E/V (vs. SCE)

0.1

0.0

-0.14

-0.2 4

-0.3

pH 10

— Scan 1
e Scan 2
e Scan 5
e Scan 10
Scan 20
s Scan 30
Scan 40
s Scan 50

% T ¥ T ) T 4 T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

E/V (vs. SCE)

Figure 9.16. Representative voltammograms obtained for post-LSV AE-MoSx films during the

oxidative-reductive electrochemical conditioning treatments (anodic potential vertex past

Epeak11). Scan rate: 50 mV s
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Figure 9.17. Representative voltammograms obtained for post-LSV AE-MoSx films during the

reductive electrochemical conditioning treatments (cathodic potential vertex past Epeak,1). Scan

rate: 50 mV st
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Figure 9.18. a) Compilation of the 50" cathodic scans recorded during the oxidative-reductive
electrochemical conditioning on pristine AE-MoSx films across the 0-10 pH range, b)
Representative voltammograms obtained for AE-MoSx films during oxidative-reductive
electrochemical conditioning in a pH 6 buffered electrolyte, ¢) Peak potential dependence of
post-LSV AE-MoSx HER pre-catalytic features Epcaxmm (@, * in Fig. 9.18a) and Epear1v (A, #

in Fig. 9.18a) as a function of the buffered electrolyte pH. Scan rate: 50 mV s

Finally, we compared the relative peak current intensities of Epeak 1 and Epeak v to the relative
abundance of the Sy~ components found in XPS after electrochemical testing. Amorphous MoSx
materials are deconvoluted with two S 2p3/2.1/2spin-orbit doublets (see Figure 9.7b): for pristine
AE-MoSy these correspond to a “low binding energy” doublet ascribed to both So*terminal and

S msat With 2ps/2and 2pi/2 binding energies of 161.7 = 0.1 eV and 162.9 £ 0.1 eV, and a “high
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binding energy” doublet ascribed to both So*iridging and apical S* (S*upical) with 2ps/2 and 2p; /2
binding energies of 163.0 & 0.1 eV and 164.2 £ 0.1 eV.[45,46] An excellent correlation between
relative atomic abundance of the S»*terminal/S*unsat and So¥hridging/S%apical cOmponents after
electrochemical conditioning and the relative Epeakmr /Epeak,iv current intensity at the 50™ scan
was found, respectively, in the 0-7 pH range (see Table 9.1). For alkaline pHs, the
electrochemical oxidation of the MoSx film by (9.6b) along with the thermodynamic instability
of its reaction products driven by reaction (9.7) results in overall thin film dissolution and
oxidation of Sy~ components to SO~ which prevents any quantitative XPS analysis. This led
us to ascribe Epeakm and Epeak v to the electrochemical cleaving of the S-S bond from S2*terminal
and S2¥hridging, respectively. This is in good agreement with the inherent bonding strengths of
So% terminal and So®hridging: the Raman vibration of So*terminal, V(S-S)termina® 516 cm™; appears at
lower wavenumbers (i.e. softer binding energy) than that of So?hridging, V(S-S)bridging * 555 cm™,
which indicates that So¥ierminal iS more prone to undergo electrochemical cleaving at lower

overpotentials than So* bridging.

The higher content of the “high binding energy” So*bridging/ SZapical cOmponent vs. the “low
binding energy” Sa*terminal/S*usat after oxidative-reductive cycling (averaged So*terminal/S>
unsat: 52 bridging/ S¥apical Tatio of 35:65 vs. 46:54 as found in pristine AE-MoSy) along with the
Epeak 11 current intensity decay upon continuous cycling suggests that S-S cleaving in So* terminal
proceeds by the cathodic dissolution mechanism (9.3b) along with electro-oxidative dissolution
(9.6b), the former favoured by successive cycling due to the increasingly more positive Epeak
position. For Epeak v, the conversion of So*pridging 10 S*usat appears to be partially reversible as
in both oxidative-reductive and reductive cycling, the Epeak1v current intensity decreases
steadily but the peak is still well resolved. In stark contrast, at the reductive cycling voltage
region the HER pre-catalytic feature is almost irreversible: after the first scan, Epeak,1 current

decreases substantially or is almost negligible (see Figures 9.15b and 9.17).
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pH ( Ipeak,il ) /% ( Ipeakv ) A So* terminal/ S*unsat XPS / % So* bridging/ S%apical XPS / %
Ipeak 111+ peak,1v Ipeak 111+ Ipeak,1v.
0 39.7 60.3 39.4 £ 0.8 60.6 £ 0.8
1 n.a. n.a. 59.1 £ 1.3 409 £ 1.3
2 27.6 72.4 39.3 £ 0.7 60.7 £ 0.7
3 36.6 63.4 35.2 £ 0.2 64.8 £ 0.2
4 35.0 65.0 34.2 £ 0.8 65.8 £ 0.8
5 37.0 63.0 372 +0.5 62.8 £ 0.5
6 40.7 59.3 38.7 £ 0.5 61.3 £ 0.5
7 40.7 59.3 47.8 £ 3.9 52.2 £ 3.9
8 27.0 73.0 40.5 £ 5.1 59.5 £ 5.1
9 24.6 75.4 43.4 £ 0.5 56.6 £ 0.5
10 23.6 76.4 33.0 £0.1 67.0 £0.1

Table 9.1. Compilation of the 50" cathodic relative peak current intensities for Epeakmr

Ipeak,i11 Ipeak,iv . . .
(L and Epeaxrv (—2="——] as well as the ex-situ XPS relative ratio of the
Ipeak 111t peak,1v Ipeak 111 peak, v

“low blndlng energy” (SZZ_tt‘,rminnl/Sz_unsnt) and “hlgh blndlng enefgy” (822_1)1'idging/Sz_zll)i(tnl) S 2p3/2:1/2
components obtained after oxidative-reductive electrochemical conditioning on pristine AE-

MoSx films across the 0-10 pH range.

Interestingly, the relative Soterminal/S*unsat @ S2%brideing/ SZapical XPS ratio is almost unchanged
with respect to pristine AE-MoSx after reductive cycling across the 0-10 pH range (averaged
49:51 over 0-10 pH results vs. initial 46:54, Table 9.2). This can be well understood if Sa*ridging
and So¥ierminal cleaving selectively undergo mechanisms (9.3a) and (9.3b), respectively. The
freshly formed S*unsat moieties after So%pridging cleaving compensate the loss of Sa*terminal in the

XPS S 2ps/2.1/2 components, keeping their relative ratio balanced.
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Relative XPS photoemission percentage/ %

pH Mo+ Mo”FOxSy Mof+ S2% terminal / S% unsat S2%bridging/ SZapical

a.r. 75.4 + 0.7 18.6 4+ 0.2 6.0 £ 0.6 46.2 £ 0.7 53.8 £ 0.7
0 51.8 +£ 0.9 4.9+ 0.1 433 £ 0.8 46.4 + 1.4 53.6 + 1.4
1 384+1.4 12.8 + 0.7 488 £ 1.5 48.2 +£ 0.6 51.8 + 0.6
2 38.1 + 2.3 8.1+0.1 53.8 £ 2.2 65.4 + 0.8 34.6 £ 0.8
3 44.9 + 0.6 134+ 15 46.7 + 2.0 44.9 + 0.2 55.1 + 0.2
4 45.8 £ 0.5 12.2 +£ 0.3 42.0 £ 0.8 55.5 + 1.5 44.5 + 1.5
H 36.3 +£ 1.3 12.4 + 0.6 51.3 £ 1.5 61.1 + 1.2 38.9 + 1.2
6 454 + 3.7 9.6 + 1.7 428 £ 2.1 53.1 + 12 46.9 + 12
7 14.7 £ 0.6 9.0+ 1.0 76.3 + 1.4 51.5 + 3.3 48.5 + 3.3
8 39.7 + 3.8 6.4 + 3.6 53.9 + 0.2 43.9 + 1.3 56.1 + 1.3
9 55.8 + 1.7 0 44.2 + 1.7 45.8 +£ 0.7 54.2 + 0.7
10 36.7 + 1.0 8.0+ 04 55.3 £ 1.3 36.4 + 6.1 63.6 + 6.1

Table 9.2. Relative XPS photoemission percentages of deconvoluted Mo 3d and S 2p
components of AE-MoSy thin films: pristine (a.r.) and after undergoing reductive conditioning

across the 0-10 pH range.

Investigation of the Raman spectra recorded for samples after having undergone oxidative-
reductive (Figure 9.19a, Table J.2 Appendix) and reductive (Figure 9.19b, Table J.3 Appendix)
electrochemical conditionings present multiple similarities. The gradual decrease towards
higher pH values of both v(S-S)terminal and v(S-S)mridging Raman modes as compared to v(Sapical-
Mo), which ultimately disappear in neutral to alkaline pHs, corroborates the electrochemical
cleaving of So*terminal and So*hrideing moieties at hydrogen pre-catalytic potentials. It is also
observed that both v(Mo-Mo) and v(Mo-S) vibration bands in the 150-225 cm™ and 285-360
cm™! wavenumber range, respectively, become increasingly unresolved towards higher pH values
to ultimately become a broad band: this indicates the loss of the cluster-like structure as found

in pristine AE-MoSx. The lack of any v(Mo-Mo) and v(Mo-S) band sharpening, contrary to
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that found for pristine films’ electro-oxidation, suggests that morphological restructuring under

these electrochemical conditioning protocols is less severe.

@ )
= =8 T oex5
g QO o QO
v(Mo-Mo)  v(Mo-S) é; g @; v(Mo-Mo)  v(Mo-S) = 23
LIl I I
1 |

a)

I (I I B
L [ N I
(A [ L ST 1 TN pH 7
=t Tt M
L [ [T T O I 0TI WL A
R N NPT pH 6 bt bt =MV ) 1 pH 6
(R [ TR O O R
(A [ CL ) LUJIAA Y 0
o bt B2 T 1 pH 5
1 [ [ R T O O B A
[ 0

Intensity (a. u.)
[
N
Intensity (a. u.)

I B | 11 LI R | | }
I I | [ | | (| [ | | | (|

| R pH 0 Mw
[ Il I | | I I B | } L S S [ I R | LI B | I

| S I ..
MM Tr d i Pristine M Pristine
Y A N P N Y I b 11 Y I I TP N O Y I I | L 111
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800

Raman shift / cm” Raman shift / cm
Figure 9.19. Stacked Raman spectra (532 nm laser excitation, 100-800 ¢cm™ range, intensity-
normalized) of pristine (black), and AE-MoSy thin films electrochemically conditioned by a)
oxidative-reductive cycling and b) reductive cycling across the 0-10 pH range. Dashed vertical

lines refer to characteristic AE-MoSk vibration modes.

Interestingly, the v(SapicarMo) vibrational band seems to split into two additional peaks: one
red-shifted (ca. 437 cm™, sharp and intense) and another one blue-shifted (ca. 483 cm!), the
latter poorly defined towards higher pHs. Tran and co-workers suggested that S2*terminal
dissolution under hydrogen evolving conditions modified the Mos cluster geometry ultimately

red-shifting the v(Sapica-Mo) vibration.|8] Indeed, the fact that these bands selectively arise
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upon reductive cycling within the pre-catalytic peak Epeax1 voltage region informs us that this
redox process is indeed directly responsible for the emerging Raman modes. The initial v(Sapica-
Mo) vibration is greatly diminished, but still present at pH 0, which clearly indicates that the
band at ca. 437 cm™ is indeed a new Raman vibration arising from a weaker Supica-Mo bond.
Accordingly, we believe that the band at ca. 437 em™ corresponds to a Mo-S-Mo vibration
arising after So*hridging/S%apical Cleavage, similar to the v(Mo-S-Mo) stretching mode found for
CE-MoSx (ca. 425 cm).[47] This would support previous reports which suggested a
morphological conversion of AE-MoSx to CE-MoSy under HER potentials due to S loss and S-
S bond cleavage. In the case of the band at ca. 483 cm™, as already discussed for the pristine
electro-oxidation Raman scenario, it is hypothesized to be originated by partially-cleaved S»*

terminal MoOieties: ultimately this band disappears after full dissolution of S2*terminal moieties.

As for the Mo*': Mo”"OxSy: Mo%t XPS relative photoemission ratios, no clear trend can be
found neither for the oxidative-reductive nor for the reductive CV conditioning treatments as

a function of the pH.

9.2.5.2 AE-MoSx electrochemical conditioning by electro-oxidative cycling: EC,

Raman and XPS analysis

As mentioned previously, the electro-oxidative voltammograms present no oxidation peaks but
a rising anodic current. We believe, in this case, that the rising anodic current observed is in
good agreement with the onset of the electro-oxidation broad band obtained for pristine AE-
MoSx. The absence of electro-oxidative features Epeaxr and Epeakn, after performing a
preliminary CV from 0.7 to -1.2 V vs. SCE to establish the electro-oxidation cycling window,
corroborate that these peaks only appear if immediately preceded by conditioning at HER
potentials. Thus, electrochemical conditioning drastically modifies the electro-oxidation
features of AE-MoSx. However, this does not necessarily mean that the electro-oxidation events

responsible for Epea1 and Epeaxm do not occur.
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Combined analysis of XPS and Raman measurements acquired after 50 CVs of electro-oxidative
conditioning corroborate this. An increased XPS photoemission contribution from MoS* species
along with a decay in the Mo*" 3ds,2:3/2 spin-orbit doublet from pH 0 to pH 6 reveals and
effective conversion of Mo*" characteristic of Mo!'VSx to Mo®" as found in molybdenum oxide

compounds (MoxOy*) (For compiled relative XPS percentages see Table 9.3).[48|

Relative XPS photoemission percentage/ %

pH Mot Mo” " OxSy Mob+ S22 terminal/ SZunsat S22 bridging/ SZapical

a.r. 75.4 £ 0.7 18.6 + 0.2 6.0 + 0.6 46.2 £ 0.7 53.8 £ 0.7
0 38.1+24 6.9+ 1.3 55.0 £ 1.1 39.4 +£ 0.8 60.6 £ 0.8
1 46.8 £ 1.1 154+ 1.1 37.8 £22 50.4 +£ 0.2 49.6 £ 0.2
2 35.7 £ 1.7 10.1 + 0.7 54.2 £ 1.0 45 + 0.7 55 + 0.7
3 43.1 £ 2.7 10.4 + 0.3 46.5 £+ 2.6 36.3 £ 0.5 63.7 £ 0.5
4 321+ 1.5 8.4+ 0.9 59.5 £+ 2.0 321+1 679+ 1
b 322+ 14 9.8 + 0.7 58.0 £ 2.1 419 £ 0.8 58.1 £ 0.8
6 189 + 7.5 6.0 £ 1.0 77.6 £ 7.8 57.3 £ 5.3 427 £ 5.3
7 35.8 £ 3.7 11.3 4+ 1.5 52.9 + 5.3 404 + 4.5 59.6 +£ 4.5
8 412+ 14 78 £0.1 51.0 £ 1.3 38.9 £ 0.7 61.1 + 0.7
9 49.5 £+ 2.5 11.6 &+ 0.6 389+ 4.2 40.7 £ 1 59.3 +1
10 31.6 £ 2.1 8.0 £ 0.8 60.0 + 2.9 345 + 1.5 65.5 £ 1.5

Table 9.3. Relative XPS photoemission percentages of deconvoluted Mo 3d and S 2p
components of AE-MoSx thin films: pristine (a.r.) and after undergoing electro-oxidative

conditioning across the 0-10 pH range.

The steady increase of the Mo=0 (ca. 800-850 ¢cm™) and Mo(=0)2 (ca. 900-950 cm™) Raman
vibration modes characteristic of MoOx species within the same pH range corroborates this Mo
electro-oxidation. These are also accompanied by a significant intensity decrease of the v(Mo-
Mo) bands in the 150-225 cm! range along with the v(Mo-S) vibration mode at 286 cm, which
further support structural modifications in the AE-MoSx cluster-like structure induced by

electro-oxidative cycling (see Figure 9.20).
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Figure 9.20. Stacked Raman spectra (532 nm laser excitation, 100-800 ¢cm™ range, intensity-
normalized) of pristine (black), and AE-MoSy thin films electrochemically conditioned by

electro-oxidative cycling across the 0-10 pH range. Dashed vertical lines refer to characteristic

AE-MoSx vibration modes.

In the case of the S components, two electro-oxidation mechanisms seem to co-exist. In the
acidic pH range (pH< 4), the electro-dissolution of the low binding energy So*terminal/S*umsat S
components as suggested in (9.6b) for Epeak1 seems the overall S electro-oxidation: lower binding

energy electrons are more readily removed than high binding electrons found in the So*
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bridging/ S%apical XPS components. This conclusion is also qualitatively supported by the relative
intensities of the V(SapicarMo0)~ 447 eml, V(S-S)terminal® 516 em™ and v(S-S)pridging® 555 cm!
vibrations: both Vv(S-S)terminal and v(S-S)iridging modes present relative intensities lower or
equivalent to those initially obtained for the v(Sapica-Mo) vibration. This would indicate that
the So®hridging/ S2¥terminal dissolution but minimal variation in S*.pica content would lead to

higher relative surface ratios of the “high binding energy” So*hridging/S>apical S components.

However, in the mildly acidic pH range (4 < pH < 6) the increasingly higher So*terminal/S* unsat
S 2ps3/2:1/2 relative XPS ratio to the detriment of the Sa*pidging/ S*apical cOmponent indicates that
the unidentified complex electro-oxidation mechanism responsible for Epcakm governs the S
component ratio, most likely by electro-dissolution of the more weakly bound S*apical moieties.
The increasingly less-resolved v(SapicarMo) Raman mode, particularly for pH 6, is in good

agreement with these findings.

At pH > 6, both Mo*" and So*huidging/S%apical XPS components again present higher relative
percentages. These somewhat surprising results can be explained again by the thermodynamic
instability of MoSx in neutral to alkaline media. The favored electro-oxidation of MoO2 to
MoO4* suggested in (9.7) towards more alkaline pH values implies that more Mo*! is converted
to the soluble MoOs* which depletes from the electrodeposit surface and in turn does not
contribute to neither XPS nor Raman spectra (Mo=0 and Mo(=0)2 vibration modes gradually
fade towards alkaline pHs). The same occurs for the S components: towards alkaline
environments the overall MoSx electrodeposit dissolution again seems to promote the electro-
oxidation of the lower binding energy (more readily oxidizable) SQQ'r,(‘,l-mml/ S% msat components.
The upward trend of the S*/S»* : Mo?" ratio towards alkaline pH values, yet the practically
invariable total S:Mo ratio irrespective of pH suggests that both Mo and S electro-
oxidize/dissolve at similar rates, but Mo moieties present at the outermost surface are primarily

found at higher oxidation states as compared to S species in alkaline medium.
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Thus, we conclude that in acidic pH values the overall MoSx electro-oxidation is governed by
the  So¥terminal/S%unsar  electro-dissolution (9.6b) accompanied by a steady Mo*'/ MoS*
conversion, whereas in mildly acidic to alkaline pHs the MoSx electro-oxidation mostly proceeds

by the prominent MoxOy* electro-dissolution.

9.2.6 AE-MoSx activity after electrochemical conditioning: descriptors

for enhanced HER electrocatalysis

After gathering understanding regarding the implications of the electrochemical cycling pre-
treatments on the inherent morphology and oxidation state on AE-MoSx samples, we proceeded
to evaluate their impact on the HER electrocatalysis. Figure 9.21 shows representative LSVs
(iR compensated) of AE-MoSy samples before/after undergoing reductive electrochemically
conditioned treatments at pH 0, 3, 6 and 9, respectively. It can be clearly concluded, by
comparing the overpotentials required to achieve HER current densities of -2.5 mA cm™
(Muer@ |2.5 mA cm™2| = Niiriar — Nfina1), @ figure of merit attainable at the HER overpotential
window monitored for all pH values in this study, that the electrochemical conditioning
treatments performed do have an effect on the HER electrocatalysis. Samples conditioned at
very acidic pHs (pH 0) present the faintest modification in their performance; at mildly acidic
conditions (pH 3) their overall effect is negative, whilst in quasi-neutral conditions (pH 6) there
is a substantial enhancement in the HER electrocatalysis. Finally, for alkaline conditions (pH
9), the electrochemical conditionings studied are again detrimental for the HER

electrocatalysis.

In an attempt to correlate any modification in HER electrocatalysis with physical properties
of the AE-MoSy samples, we plotted 7ygr @ |2.5 mA cm™2| as a function of the most commonly
used HER descriptors in the amorphous MoSy literature across the studied pH range according

to their XPS relative abundance: “high binding energy” So%pridging/S% apical, Mo**, S*/S2% : Mo**
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ratio (only including unoxidized Mo and S surface species), and total S : Mo ratio (accounting

for oxidized Mo and S surface species).
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Figure 9.21. Representative voltammograms obtained for AE-MoSy films before (red) and after

(green) undergoing reductive electrochemical conditioning at in a) pH 0 (0.5 M H2SO4), b)

pH=3 (82/18 v/v mixture of 0.1 M citric acid/0.1 M sodium citrate), ¢) pH=6 (11.5/88.5 v/v

mixture of 0.1 M citric acid/0.1 M sodium citrate) and d) pH=9 (14.4/85.6 v/v mixture of 0.1

M HCI /0.05 M sodium tetraborate). Scan rate: 50 mV s,

For samples undergoing the “electro-oxidation” cycling (Figure 9.22), there is a clear correlation

between the HER electrocatalysis and the relative surface content of So*hridging/S>apical and

Mo** species. Surprisingly, the samples which presented enhanced HER electrocatalysis were

the ones which presented lower Mo*" and So*bridging/S%apical Species contents, and vice versa.

This contradicts previous reports which correlated higher hydrogen turnover frequencies with
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incremental S2*ridging/S% apical Species and Mo*t contents.[9] This leads us to believe that
partially-oxidized, under-coordinated Mo moieties generated during electro-oxidation present
promoted HER activities compared to the untreated AE-MoSx cluster-like structure, somehow

involving the generation of more active So*terminal/S* unsat moieties.
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Figure 9.22. Summary of nygr@ |2.5 mA cm™?%|as a function several AE-MoSx descriptors
across the 0-10 pH range after electro-oxidative AE-MoSx conditioning: a) “high binding energy”
So% bridging/ S%apical content, b) Mo*t content, ¢) S*/S2% : Mo ratio, and d) total S : Mo ratio.

At. % units correspond to relative XPS percentages within the Mo 3d and S 2p deconvoluted

components.

For samples treated by the “oxidation-reduction” cycling (Figure 9.23), no clear trend can be
found for the 822_])1'idging/ SZapical and Mo*" species relative surface content, but it seems to be

present in the S*/Sy* : Mo*! ratio instead: higher sulfide contents lead to improved HER
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activity and viceversa. The well-established proton-accepting role of sulfur sites in MoSs
electrocatalysis supports this experimental trend.[49,50] Finally, the AE-MoSy samples
electrochemically conditioned by “reductive” cycling (Figure 9.24) present HER electrocatalytic
properties correlating with “high binding energy” So*hridging/S>apical and S%/Se* : Mo** ratio (the
latter to a minor extent): higher sulfide contents and lower Sa*hridging/S%apical promoted HER
on AE-MoSx. This trend is very valuable as it informs that not only sulfur is the main HER
active site triggered under selective cathodic preconditioning, but also that the simultaneously
electrochemically-induced So*irideing cleaving and So*terminal dissolution leads to unsaturated S*

unsat Moieties which are ultimately the proton-accepting sites.

It is also noteworthy to compare the maximum positive/negative electrocatalytic effects
obtained as a function of the electrochemical preconditioning employed, giving an order as
follows: reductive (from -350 mV to +250 mV) > electro-oxidative (from -290 mV to + 210
mV) > oxidative-reductive (from -220 mV to + 150 mV). Hence, selective electrochemical
cycling within the pre-catalytic HER and electro-oxidative windows, trigger electrochemically-
driven AE-MoSx surface restructuring that govern the HER performance, namely So*iuidging
cleaving and So*terminal dissolution, and partially-oxidized under-coordinated Mo moieties
generation, respectively. Analogous enhancements on crystalline MoS> were found upon
reductive electrochemical treatments, initially allocated to lower chalcogen-to-metal ratios
exposing more Mo-edge sites[43] and later ascribed to the basal plane activation by formation
of S vacancies below -1V vs. RHE.[51] For oxidative-reductive conditioning, the partial
electrochemical reversibility of the aforementioned phenomena limits their impact on the HER
electrocatalysis, as their generation at anodic/cathodic regions will be inevitably followed by

their partial depletion/reinstatement at the opposite voltage range.
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Figure 9.23. Summary of nypr@ |2.5 mA cm™?|as a function several AE-MoSx descriptors
across the 0-10 pH range after oxidative-reductive AE-MoS conditioning: a) “high binding
energy” So¥hridging/ SZapical content, b) Mo*! content, ¢) S*/S»* : Mo*' ratio, and d) total S : Mo
ratio. At. % units correspond to relative XPS percentages within the Mo 3d and S 2p

deconvoluted components.
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Figure 9.24. Summary of nypr@ |2.5 mA cm™2| as a function several AE-MoSx descriptors
across the 0-10 pH range after reductive AE-MoSx conditioning: a) “high binding energy” S»*
bridging/ SZapical content, b) Mo** content, ¢) S*/S»* : Mo** ratio, and d) total S : Mo ratio. At.
% units correspond to relative XPS percentages within the Mo 3d and S 2p deconvoluted

components.

In addition to this, specific pH ranges can be identified where the AE-MoSx surface is either
insensitive or dramatically affected by the electrochemical conditioning methods employed.
Samples preconditioned at pH 4 present the lowest overpotential modifications (reductive: -10
mV, electro-oxidative: -15 mV, oxidative-reductive: +30 mV), whereas those conditioned at
pH 6 (reductive: -350 mV, electro-oxidative: -290 mV, oxidative-reductive: -220 mV) and pH
9 (reductive: +250 mV, electro-oxidative: +210 mV, oxidative-reductive: +150 mV) present

the most positive and negative impact on HER electrocatalysis, respectively. These provide
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insight on specific pH regions under which AE-MoSx activity and/or stability may be exploited

for long-term operating conditions.

Thus, we can conclude that monitoring of specific HER descriptors across the whole pH
spectrum, specifically those related to sulfide moieties (So*bridging/S%apical and S*/Se* : Mo*!
ratio), allow the correlation of the experimental hydrogen electrocatalysis observed with

surface-dependent AE-MoSx properties.

9.2.7 AE-MoS« long-term HER performance: stability and accelerated

durability testing

Assessment of the stability and durability of HER catalysts is paramount for their
implementation in commercial PEM electrolyzer stacks. However, recent reports have
highlighted that no standardized stability test protocol has been adopted in the HER field to
evaluate electrocatalytic lifetimes.[52,53] For oxygen evolution electrocatalysts, however,
several benchmarking tests have been proposed, most of them comprising chronopotentiometric
measurements to monitor catalyst stability (with durations not less than 2 hours)[54] and
continuous potential cycling at high voltage scan rates. The latter have proven to give
representative information on electrocatalyst durability at shorter timescales, comparable to
that obtained at PEM electrolyzer average lifetimes (50000 h).[55] Here we opted to evaluate
pristine AE-MoSx hydrogen evolution stability and durability across the 0-10 pH range by
recording, under 1500 rpm stirring, chronopotentiograms of 12 h duration at a constant
cathodic current density of -10 mA cm? (HER benchmarking current density),[28] and by
acquiring 3000 cyclic voltammograms at 100 mV s scan rate with a cathodic voltage limit set

to attain a maximum current density of -10 mA cm™.
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Figure 9.25. a) Representative chronopotentiograms recorded during AE-MoSx HER stability
measurements (12 h galvanostatic electrolysis at jgeom= -10 mA cm2), b) Averaged (410 min)
initial (green) and final (red) overpotentials to sustain jgeom= -10 mA cm™? for 12 h, ¢) Initial
(blue) and final (orange) HER 7yzr@ |5 mA cm™2|obtained during accelerated durability
testing on AE-MoSx (3000 CVs, 100 mV s!). Values with * indicate approximate overpotentials
due to experimental currents not achieving -5 mA c¢m™? at the evaluated voltage window. d)
Summary of 7ygr@ |5 mA cm™?|as a function Mo® ' OxSy relative XPS content across the 0-10

pH range after accelerated durability testing.

A compilation of the 12 h stability test results is shown in Figures 9.25a and 9.25b. At very
acidic environments (0 < pH < 2) a significant upward increase in both initial (t = 0 £ 10 min)

and final (t = 12 h £+ 10 min) HER overpotentials was found towards higher pH values. It is
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widely established that transition metal sulfides dissolve in acidic media under HER operating
conditions due to sulfur atoms loss.[56,57] This property is key in AE-MoSx, as the
electrochemically-induced S2*pridging cleaving and So*terminal dissolution at cathodic potentials,
despite of the inevitable sulfur loss, are responsible for the generation of the S HER active
sites. At pH 2, we suspect that the high AE-MoSy instability, along with the dissolution of the
Au electrode layer promoted by the high chloride concentration in the buffered electrolyte
(found after physical inspection of the samples’ surfaces), explain the dramatic HER
overpotential increase. Surprisingly, in mildly acidic conditions (3 < pH < 6) the AE-MoSx
samples present almost unchanged HER performances, slightly improved at pH 4 values (ca.
167 mV lower average overpotential) and to a lesser extent at pH 6 (ca. 45 mV lower average
overpotential). Finally, for neutral-to-alkaline environments (7 < pH < 10), the HER continuous
performance seems almost constant in neutral pHs (7-8) whereas it clearly worsens in alkaline
pHs (9-10), with starting overpotentials increasingly higher towards higher pHs. As mentioned
previously, the increasingly higher inherent thermodynamic instability of AE-MoSx towards

alkaline environments supports the worsened HER performance observed.

Upon analysis of the overall initial HER overpotential trends, it is of particular relevance that
both the 3 < pH < 5 and pH 7 regions break the generally upward trend: these might represent

pH environments of AE-MoSx improved electrochemical activity and stability.

A compilation of the accelerated durability cycling testing for nygr@ |5 mA cm™2|across the 0-
10 pH range is shown in Figure 9.25¢ (for representative cycling voltammograms, see Figure
9.26). The experimental trends are in good agreement those obtained for chronopotentiometry
experiments: acidic (0 € pH < 2) and neutral-to-alkaline (7 < pH < 10) pH environments present
increased HER overpotentials after voltammetric cycling, significantly higher in the alkaline
scenario. However, AE-MoSx tested in mildly pH conditions (3 < pH < 6), contrary to

chronopotentiometry experiments, present enhanced HER electrocatalytic activities. This
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supports previous experimental evidence that, under these pH conditions, AE-MoSx HER

electrocatalysis does not only seem more favourable (maximized HER activities after

electrochemical conditioning for pH 6) but can also be sustained under short duty and

accelerated durability testing conditions.
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Figure 9.26. Representative voltammograms obtained for AE-MoSy films during accelerated

durability potentiodynamic testing (3000 CVs, 100 mV s).
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Ex-situ Raman (Figure 9.27) and XPS spectroscopy measurements after accelerated durability
tests provide insight on their origin. Compared to pristine AE-MoSy, both v(Mo-Mo) and v(Mo-
S) vibration bands in the 150-225 cm™ and 285-360 cm™ wavenumber range, respectively,
become increasingly unresolved towards higher pH values leading to their complete
disappearance in favour of a broad band from pH 4 upwards. Hence, the previously well-defined
AE-MoSx cluster-based structure is irreversibly modified after accelerated HER operation
conditions. Analogously, the v(Sapica-Mo), V(S-S)terminal and v(S-S)bridging vibrations found at 447,

516 and 555 cm! in pristine thin films, respectively, undergo substantial modifications.

As previously reported for AE-MoSx undergoing reductive electrochemical preconditioning, in
acidic environments (0 < pH < 3), the signal intensities of V(S-S)ierminal and v(S-S)bridging
gradually decreased at increasing pH values, the former completely disappearing at pH 1 and
the latter blue-shifting and ultimately only observed as a shoulder up to pH 3. Analogously,
the v(Sapica-Mo) vibrational band splits into two additional peaks: one red-shifted (ca. 437 cm-
1 ascribed to Mo-S-Mo vibration similar to those found for CE-MoSx) and another one blue-
shifted (ca. 483 cm™, ascribed to partially-cleaved So*(erminal moieties), the latter poorly defined
toward upward pHs. From mildly acidic to neutral pHs (4 < pH < 7), the Mo=0 (ca. 880 cm’
1) and Mo(=0)2 (ca. 960 c¢m™) vibrations steadily surfacing in acidic pHs govern the Raman
spectra, leaving the unresolved (Mo-Mo) and (Mo-S) bands in the 100-600 cm™ overlapped as
a shoulder. Finally, the thermodynamic instability of surface molybdenum oxides in alkaline
environments implies the dissolution of MoxOy species responsible for Mo=0 and Mo(=0)»
vibrations, which ultimately justifies the resurfacing of (Mo-Mo) and (Mo-S) bands from non-

dissolved MoSx.
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Figure 9.27. Stacked Raman spectra (532 nm laser excitation, 100-1200 ¢cm™ range, intensity-
normalized) of pristine (black), and AE-MoSx thin films after accelerated durability testing
(3000 CVs, 100 mV st) across the 0-10 pH range. Dashed vertical lines refer to characteristic
AE-MoSx vibration modes. Raman features marked with an asterisk originated from a cosmic
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Figure 9.28. Summary of 7,z @ |5 mA cm™2| as a function several AE-MoSy descriptors across
the 0-10 pH range after accelerated durability testing on AE-MoSx(3000 CVs, 100 mV s!): a)
“high binding energy” So*bridging/ S apical content, b) Mo*" content, ¢) S?/S2* : Mo*" ratio, and
d) total S : Mo ratio. At. % units correspond to relative XPS percentages within the Mo 3d

and S 2p deconvoluted components.

Component analysis of ex-situ XPS spectra on the freshly tested samples shows no clear trend
involving the previously employed HER descriptors (see Figure 9.28). However, when plotting
the oxygen-incorporated Mo OxSy relative surface content along with the nygr@ |5 mA cm™2|
across the 0-10 pH range (Figure 9.25d), a clear positive correlation between enhanced HER
performances and Mo’ OSy contents was found: at pH 6, where the Mo®>' OxSy relative surface

content is found to be the highest (ca. 40.5+ 3.6 at. %), the biggest HER overpotential shift is

also achieved (ca. -220 mV). As stated in section 9.2.2, the presence of Epear2 and Epear3 at pH
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> 5 supported the instability of Mo®"OxSy in acidic environments, which is in good agreement
with the results obtained in both Raman (faint Mo=0O and Mo(=0)2 vibration intensities)
and XPS measurements (Mo®"OxSy contents lower after electrochemical testing than as-
prepared AE-MoSy: < 18.6+ 0.2 at. %) for samples tested in acidic electrolytes. Remarkably,
at pH values higher than 4 (i.e. when the HER electrocatalysis is greatly enhanced), the intense
Mo=0 and Mo(=0): vibrations allocated to molybdenum oxide species as well as the sharp
increase in oxygen-containing Mo®"OSy surface species indicate a convergence between oxygen

incorporation in the AE-MoSx film and enhanced HER electrocatalysis.

Thus, this leads us to the conclusion that the most active HER AE-MoSx phase involves, under
hydrogen evolving conditions, the formation of oxygen-incorporated (i.e. sulfur deficient)
Mo’ OxSy species. As the undeniable role of So*bridging and Se*terminal in the HER catalysis has
been proven in this study, their selective electrochemical cleaving lead, respectively, to
unsaturated sulfur (reaction 9.3a) and molybdenum (reaction 9.3b) sites. We hypothesize,
accordingly, that both phenomena synergistically assist in the generation of the HER active
sites. Indeed, a very recent report has correlated enhanced hydrogen electrocatalysis in
amorphous MoSx materials at neutral pH values with an internal reorganization of a bridging
So% bridging ligand to a So*terminal configuration by in situ Raman measurements.[58] This
reorganization in the Mos-thio cluster-like structure was proposed to yield under-coordinated
Mo-Mo sites which synergistically promoted the HER. However, the So*terminal dissolution found
in this study supported by electrochemical, Raman, and XPS experiments leads us to believe

that the bridging Sa*iideing ligand adopts a S*usat configuration instead.

The AE-MoS electrocatalysis under hydrogen evolution conditions is then proposed to operate
as follows. In acidic pH values (0 < pH < 4), the predominant HER active sites are those
comprising S*unsat formed after SzQ'bl-idgmg cleaving as unsaturated Mo sites (although more

active to the HER) will be prone to (oxy)hydroxide formation by hydration and subsequently
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present thermodynamic instability. On the other hand, in mildly acidic to neutral pHs (4 < pH
< 7), the unsaturated Mo®" as found in Mo""OSy species will no longer dissolve in the
electrolyte, compensating for the S? st loss and opening an alternative HER route similar to
that proposed by Tran et al.[8] At this stage we must also take into account the variations of
the inherent HER kinetics across the studied pH range to understand their interplay with the
proposed active sites. At 0 < pH < 2, where the AE-MoSx HER mechanism is expected to
undergo by H3O" electroreduction, we believe that the cleaved So*iridging moieties (which act
as proton-accepting sites, as suggested by in operando Raman studies) are the HER active
sites. At higher pH wvalues, as HER electrocatalysis should operate by the water
reduction/splitting mechanism, we believe that the freshly-cleaved S*uusat from So®hridging
moieties are less electrocatalytically active, and only when Mo°"OxSy species are
thermodynamically stable at the surface (pH > 4) the HER can be successfully catalysed. As
previous in operando studies suggest an absence of v(Mo-H) at hydrogen evolving potentials,
we believe that the HER mechanism on Mo®*OSy species necessarily involves the protonation
of the Mo=0 moieties through O-H bond cleavage and sequential electron transfer. Finally, at
neutral to alkaline pHs (7 < pH < 10), the instability of both Syt and Mo®TOxSy leads to

the prominent formation of solution soluble molybdenum oxides with worsened HER kinetics.
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9.3 Conclusions

This chapter has explored the impact of electrolyte pH on the inherent and HER
electrochemistry of electrodeposited AE-MoSx films and its implications in long term operation
conditions. Analysis of the pre-catalytic HER features along with EC and XPS using buffered
electrolytes have corroborated the simultaneous cleaving of So*pidging and S2% terminal dissolution
along with a proposed reduction of Mo>*tOxSy species to MoO2 only observed in the 5 < pH <

10 range.

The previously reported distinctive EC-dependent electro-oxidation features have been
rationalised using PCET theory, demonstrating a modification in the complex electro-oxidation
mechanism. Pristine AE-MoSx satisfies a 1 H': 2e- PCET across the studied pH range ascribed
to the oxidation of the Mo*" moieties to Mo%" analogous to crystalline MoS2, whereas HER
pre-conditioned AE-MoSx presents two distinct electro-oxidation behaviours. In acidic
electrolyte this cannot be unambiguously understood: XPS and Raman investigations suggest
a mechanism comprising overall SQQ_t,(;l-lnilm_l/ S%umsat electro-dissolution accompanied by a gradual
Mo**/ Mo%* conversion to generate MoOx species. In the 7 < pH < 10 range, it seems to operate
by a sequential 1 H': lee PCET arising from partial reinstatement of previously-cleaved S»*
bridging ligands and So*terminal ligands dissolution, followed by a 2 H: 1le PCET corresponding

to the oxidation of MoQOs to MoO4>.

Electrochemical conditioning by cycling within reductive/electro-oxidative /oxidative-reductive
voltage results in pronounced changes in the HER performance giving an order of
Nuer @ |2.5 mA cm™2| enhanced /detrimental electrocatalytic effects as follows: reductive (from
-350 mV to +250 mV) > electro-oxidative (from -290 mV to + 210 mV) > oxidative-reductive
(from -220 mV to + 150 mV). The pH ranges responsible for the most enhanced and

detrimental performances are 4 < pH < 6 and 8 < pH < 10, respectively. The triggered surface
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modifications mainly consisted of Sa*hridging cleaving and S2*terminal dissolution (reduction) and
partially-oxidized under-coordinated Mo sites generation with predominance of So*terminal/S*
usat Moieties (electro-oxidative). Raman spectra analysis corroborated the reductive Sa*pidging
cleaving and S»*terminal dissolution (suppressed vibration modes under reductive potentials),

identifying additional bands here ascribed to partially-cleaved S moieties.

Finally, 12 h constant current hold and accelerated cyclic voltammetry experiments revealed
that AE-MoSx films, contrary to conventional testing conditions reported in literature, retain
their initial activity and provide more stable performances in the 3 < pH < 5 range. Combined
analysis of XPS and Raman measurements suggest the oxygen-containing, S-deficient
Mo®*OxSy surface species as the responsible sites for the HER catalysis in this range. Although
cleaved So*iridging ligands generating S*unsat proton-accepting sites explain the HER activity of
AE-MoSy in acidic electrolytes, the thermodynamic stability of Mo®"OSy species along with
the water reduction HER mechanism satisfied in mildly acidic to alkaline electrolytes explain

the key role of Mo®"O,S;.

The pivotal knowledge gathered from our pH-dependent benchmarking experiments, we believe,
will enable to accelerate the deployment TMD-based electrolyzers and shed light into
understanding the interplay between surface properties and electroactivity maximization for

other earth-abundant HER materials.
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10.1 Introduction

Iridium, currently the state-of-the-art oxygen evolution reaction (OER) electrocatalyst in acidic
electrolyte, is a cost-intensive material which suffers greatly from corrosion under OER long-
term operating conditions.|1] Alternative compounds, such as transition metal or noble metal
free compounds (e.g. pyrochlores or polyoxometalates),|2,3] have proven to be excellent
alternatives but the inherently complex synthetic routes involved limit their scalability and
implementation in commercial devices. For such reason, researchers have devoted their efforts
to mitigate iridium corrosion by modification with corrosion-resistant metal oxides and/or
supports as a route to maximize OER catalysts durability whilst retaining their high
activity.[4-6] Metal oxide-passivated iridium materials have been generally obtained by
physical techniques such as magnetron sputtering, calcination or plasma jet oxidation,|[7,8] but

these demand cost-intensive apparatus.

In this chapter we explore the decoration of iridium surfaces by a one-step, inexpensive
electrochemical route to obtain improved OER stability in acidic environments. This consists
on the electrochemical decomposition of a [WS4]* aqueous precursor to yield amorphous
tungsten sulfide (WS3.«) nanoparticles, process analogous to that described in Chapter 9. The
rationale behind WS3.x decoration is that despite of its stability under hydrogen evolution
conditions,[9] electrochemical cycling towards oxygen evolving potentials leads to sulfur loss.
The remaining insoluble tungsten oxide product[10] is a well-known, highly stable OER catalyst
in acidic media under illumination with visible light,[11] also active for the HER.[12] A
preliminary study of the [WS4|* electrochemical decomposition on iridium electrodes, to ensure
the viability of the proposed WSsx decoration, is followed by a study to optimize the

experimental parameters responsible for WSs.x nanoparticle size and surface coverage. Lastly,
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short duty and long-term OER testing experiments are carried out to correlate the improved

OER stabilities with surface properties using ex-situ SEM and preliminary XPS results.

10.2 Results and discussion

10.2.1 Electrochemical deposition of amorphous tungsten sulfide on
iridium
10.2.1.1 Inherent electrochemistry of Ir substrate and [WS4|? precursor

The viability of the electrochemical synthesis of WSs.« by decomposition of a [WS4|* aqueous
precursor was investigated for Si/Cr/Ir electrodes (see Section 4.5 for further details about
electrode fabrication). Figure 10.1 shows a set of representative voltammograms obtained after
continuous cycling from 0 V to 2.5 V vs. RHE (anodic scan direction) in aqueous electrolytes
in the absence (0.1 M NaClOy, Fig. 10.1a) and presence (10mM (NH4)2[WS4|, 0.1 M NaClOy,

Fig. 10.1b) of the [WS4]* aqueous precursor.

In 0.1 M NaClOy, continuous cycling of the Si/Cr/Ir electrode gradually shows the irreversible
conversion of polycrystalline metallic iridium to IrOx. The first cycle shows several redox
features which can be subdivided into four regions. Region I, ranging from 0 to 0.5 V, is
generally ascribed to the (underpotential) electroadsorption of monoatomic hydrogen (Hypa)
followed by the oxidative desorption of molecular and monoatomic hydrogen.|[13] However, co-
existence of the reductive decomposition of electroadsorbed perchlorate anions to chloride,|14—
17] and specific adsorption of hydroxide ions[18| in this region has been reported, which
supports the voltammogram asymmetry versus the voltage axis. Region II, ranging from 0.5 to
1.1 V, shows a cathodic peak corresponding to the reduction of the compact IrOx layer formed
in regions IIT and IV,[19] as well as a very faint anodic feature related to OH- adsorption to

form Ir(OH)3.[17,20] Region IIL, in the 1.1 to 1.75 V range, shows a pair of peaks corresponding
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to the Ir*" hydroxide = Ir*' hydrous oxide transition.[21-24| Finally, region IV (1.75 V
upwards) is related to the oxygen evolution reaction (OER), where Ir electrodissolution is also

expected to occur.[1,25-27]
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Figure 10.1. Representative voltammograms obtained on 0.25 c¢cm? Si/Cr/Ir electrodes by
continuous voltage cycling from 0 V to +2.5 V vs. RHE in a) 10 mM (NHy)2[WS4], 0.1 M
NaClO4 and b) 0.1 M NaClOy electrolytes; ¢) is analogous to a) using a voltage cycling window

from -0.4 to +2.1 V vs. RHE (starting potential: +0.4 V). Scan rate: 50 mV s.

Upon continuous cycling, electroadsorption/desorption features in region I increasingly
disappear, whilst those in regions II and III are more prominent, well-resolved and negatively
shifted. This has been previously ascribed to the increased stability (stronger Ir-O bond)|28] of

the inner compact anhydrous/outer porous hydrous iridium oxide bilayered structure generated
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at potentials higher than 0.5 V vs. RHE.|29] The larger and increased pseudocapacitance during
electrochemical cycling observed, besides the growth of the oxide layer, is ascribed to redox
transitions coupled to proton intercalation within the porous amorphous oxide matrix.[30,31]
The aforementioned oxide cannot be completely reduced, with its partial reduction only taking
place at Hypa potentials.[26] Thus, the metallic Ir sites formerly available to electroadsorption
are gradually blocked by the IrOy bilayered structure as cycling proceeds. Interestingly, and
additional pair of peaks arise in region IV (ca. 1.6 V) over continuous cycling prior to the OER
onset: this has been recently ascribed to a conversion of peroxo (0O2%) to electrophilic superoxo
(O27) grops within the iridium oxyhydroxide layer,[32,33] contrary to the previously proposed

Ir** to Ir"* oxidation.[27]

For the [WS4]*-containing electrochemical bath, a broad electro-oxidative peak centred at ca.
2 V vs. RHE is observed, followed by a cathodic feature with an onset at ca. 0.4 V vs. RHE
(reductive peak at ca. -0.25 V, see Figure 10.1c). Interestingly, both redox features present
pseudo-stationary peak currents after the first cycle, irrespective of the number of cycles. These
electrochemical features are analogous to those obtained upon WSs.x thin film electrodeposition
by continuous oxidative-reductive cycling in glassy carbon electrodes.[9] XPS spectra obtained
for Ir samples after undergoing 25 cycles within the -0.4 to +2.3 V voltage range (Fig. 10.2a-
¢) provide insight on the electrochemically-driven oxidative-reductive [WS4]* decomposition.
A W 4f7/2:415/> spin-orbit doublet with binding energies of ca. 32.3 and 34.5 eV is identified in
the W 4f high-resolution spectrum (Fig. 10.2a), characteristic of W*' species as expected for
WSs.x.]9] The prominent band centred at ca. 166 eV in the S 2p spectrum (Fig. 10.2b) denotes
the presence of oxidized sulfur moieties (SOy"), most likely arising from the low stability
towards environment exposure of the S?/Se* moieties during sample transportation and
storage, this observed to a lesser extent for MoSy thin films (see Fig. 9.7 Chapter 9). The sole

presence of one Ir 4f7/2:4f5/2 spin-orbit doublet in the high-resolution Ir 4f, at binding energies
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of ca. 60.2 and 63.3 eV (Fig. 10.2c), indicates that the outermost Ir surface is predominantly
found in its metallic state. These results lead us to believe that a WSs.x film is successfully
obtained after oxidative-reductive cycling, but ultimately converts to WO. after atmosphere

exposure.
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Figure 10.2. High-resolution XPS spectra of a) W 4f, b) S 2p and c) Ir 4f. Labels: W* 4f7/2.5/2

(green), S 2ps3/2.1/2 (SO, yellow), Ir" 4f7/2.5/2 (blue).

Continuing with the voltammetric analysis, there is an evident suppression of the Ir inherent
electrochemical features, corroborated when overlapping the first (Figure 10.3a) and 15™
(Figure 10.3b) voltammetric cycles obtained in the aforementioned electrolytes. The sharp and
high-current OER electrocatalytic feature with onset at ca. 2.0 V and the Hype-hydrogen

desorption in the 0-0.5 V region, the most characteristic features for metallic Ir, are no longer
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present when cycling in presence of the [WS4|* precursor, similarly to features related to IrOx
formation (see insets Figure 10.3). We thus conclude, supported by the XPS results outlined
earlier, that WSz« electrodeposition is also feasible on Ir surfaces, which we presume is
substrate-independent, in consonance to previous electrode-dependent investigations of MoS3
electrodeposition from [MoS4]* aqueous baths.[34-36] In addition, inherent Ir electroactivity
suppression suggests that the oxidative-reductive cycling deposition mechanism proceeds
through a surface-bound pathway which somehow prevents electroadsorption of other aqueous

species (namely H' and OH").
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Figure 10.3. Representative a) first and b) 15" (dark yellow) voltammograms obtained by
continuous cycling within the 0 V to +2.5 V vs. RHE electrochemical window for 0.25 c¢m?
Si/Cr/Ir electrodes in 0.1 M NaClOy4 (black) and 10 mM (NHy)2[WS4], 0.1 M NaClO4 (dark
yellow) electrolytes. Insets: zoom of the first and 15" voltammograms in the +0.4 to +1.80 V

vs. RHE window. Scan rate: 50 mV st.

To further corroborate this observation, we evaluated the influence of the voltage cycling
window in the [WSy|*-related electrochemical features. Cycling voltammograms recorded from
0 to 1.6 V vs. RHE (Figure 10.4a), where the upper vertex potential precedes the onset of the

[WS4|* electro-oxidative event, present two cathodic pre-catalytic peaks (at ca. 0.13 and 0.33
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V vs. RHE, respectively) equivalent to those found for Hupa on pristine Ir electrodes.[37]| This,
in conjunction with the absent cathodic feature previously found for the oxidative-reductive
cycling treatment, indicates that [WS4|* does not undergo any electrochemical reduction unless
it is preceded by an electro-oxidative step. Alternatively, if the voltage cyclic window is selected
from 0.4 to 2.2 V (Figure 10.4b), where the lower vertex potential precedes the onset of the
[WS4]* reductive event, the broad [WS4|* electro-oxidative feature gradually disappears in
favour of the upward anodic current profile characteristic of OER. Consequently, selective
cycling in the oxidative range leads to de-activation of the [WS4]* anodic deposition pathway,
which can be reinstated when cycling towards cathodic currents. This behaviour mirrors that
found by Tan et al. for [WS4* electrodeposition in glassy carbon substrates,|9] proposing a

plausible electrodeposition mechanism, outlined below

Oxidative adsorption: [WS,]3~ > WS;+ 1/8S5+ 2e~ (10.1)
Reductive desorption: WS;+ 1/8Sg+ 2e~ — [WS,]?~ (10.2)
WSs to WS2 reductive conversion: WS; + 2HT + 2e~ - WS, + H,S (10.3)

The initial electroadsorption of WS3 moieties, reaction pathway similar to that proposed in
[MoS4]* anodic electrodeposition,[34,36] is suggested to be followed by either a conversion of
WS3 to WSs or a partial re-dissolution of WSs, the latter allegedly aggravated at faster scan
rates. Passivation of the electroactive surface during oxidative adsorption is suggested to occur
due to co-deposition of non-conducting Sg, whilst partial WS3 to WS2 conversion and Sg
cathodic electrodissolution are suggested to provide surface sites susceptible to [WS4|* oxidative

electroadsorption.
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Figure 10.4. Representative voltammograms obtained on 0.25 ¢cm? Si/Cr/Ir electrodes by
continuous voltage cycling in a 10 mM (NHy)2[WSy4|, 0.1 M NaClO4 aqueous electrolyte in the
voltage windows a) 0 to +1.6 V and b) 0.4 to +2.2 V vs. RHE (starting potential: +0.4 V).

Scan rate: 50 mV s

10.2.1.2 Electrodeposition strategy and physical characterization of WS3«

decorated Ir electrodes

Having in mind the previous findings, and our aim to selectively passivate the high surface
energy, low coordination number Ir sites to retain OER functionality yet minimizing Ir
electrodissolution, WSs.x decoration was carried out by pulsed electrodeposition (PE). The
main advantage of PE compared with other conventional electrodeposition methods (cyclic
voltammetry, chronoamperometry, chronopotentiometry) is the obtention of nuclei with higher
degree of monodispersion (i.e. narrower size distribution), with sizes and coverages modulated
by the magnitude and duration of the pulses.[38] A particular mode of PE, known as pulse
reverse potential/current (i.e. double anodic-cathodic potential/current pulses) is selected. It
consists on alternating anodic and cathodic pulses of equivalent magnitude and duration. This

stems from the aim to alternately trigger both [WS4|?* oxidative electroadsorption and WSs to
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WS conversion processes, which are proposed to be stoichiometric based on the previously

reported deposition mechanism (Eqns. 10.1 and 10.3).

Preliminary studies focused on applying potential-controlled pulses, with anodic pulses applied
within the 1.8 to 2.2 V window, and cathodic pulses in the -0.2 to 0.1 V window. These windows
were selected to evaluate WS3.« nuclei characteristics when potential pulsing in regions ascribed
to the onset, peak potential, and diffusion decay peak regions of both anodic and cathodic
processes. Unfortunately, in all cases the high transient currents obtained (|jgeom| > 30 mA cm-
2, see Fig. 10.5a for representative jyeonrt profile) resulted in accelerated electrodissolution of
the thermally deposited Ir layer, exposing the underlying Cr and Si layers. As this is undesirable
for our application, we opted to perform current-controlled pulses, selecting 500 pA (ca. £2
mA c¢m?), £700 pA (ca. £2.8 mA cm?) and £900 pA ca. (+£3.6 mA cm2) as pulse currents.
These markedly different values were selected after inspection of the oxidative-reductive
voltammograms (for representative current pulse profiles see Fig. 10.5b), which approximately
correspond to experimental currents observed at the kinetics-controlled, peak potential and
diffusion-limited (onset of HER/OER) voltage regions, respectively. The effect of the pulse
timescale and total deposition duration on the WSs.x nuclei size and surface coverage was also

assessed. Short (62.5 ms), medium (250 ms) and long (1000 ms) pulses are selected, whilst

experiment duration was modified between 1 to 10 minutes.
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Figure 10.5. a) jgeom — t profile obtained during use of pulse reverse potential electrodeposition
procedure (+1.8 V, 500 ms; -0.2 V, 1000 ms) and b) E — t profiles obtained during use of pulse
reverse current electrodeposition procedure (1000 ms on/off pulses) with current magnitudes

of £500 pA (blue), £700 pA (green) and +900 pA (red) on 0.25 cm? Si/Cr/Ir electrodes.

Morphology characterization of Si/Cr/Ir electrodes before and after reverse pulsed deposition
from a [WS4|* aqueous bath was performed by FE-SEM. Micrographs of the as-received
Si/Cr/Ir surface (Fig. 10.6a-d) show smooth surfaces with cracks within the Ir layer (lengths:
0.5-15 pm, widths: 10-35 nm) range, and Ir grain sizes of 25+7 nm. The observed cracks are
most probably originated from internal stress/strain of the Ir film during thermal deposition,
leading to a corrugated profile: their abundance has been found to vary across the wafers
employed. For Si/Cr/Ir electrodes undergoing reverse pulse current electrodeposition in a
[WS4]*> aqueous bath, two main conclusions can be drawn based on preliminary SEM
micrograph analysis (Figs. 10.7-10.9). First, deposition of WS3y nuclei seems to occur:
amorphous aggregates physically attached to the Ir surface can be identified. Second, the
electrodeposition protocol does not seem to significantly modify the inherent Ir surface
morphology. Unambiguous identification of the nature of the observed nuclei is not possible
with EDX elemental analysis, as the characteristic X-ray lines of both Ir and W cannot be

resolved due to their overlapping.
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FE-SEM micrographs comparison of Si/Cr/Ir electrodes undergoing pulses of different
magnitude for a given pulse duration in a [WS4|* aqueous bath are shown in Figure 10.7. It
can be clearly seen that pulses of higher magnitude applied in shorter experiment durations
yield minimal or not observable Ir surface modification relative to its grain size. We hypothesize
that higher magnitude pulses lead towards a lower WSs.x nuclei deposition efficiency, as not
only will yield faster depletion rates of the [WS4|* species at the electrode-electrolyte interface,
but also higher fractions of the charge passed will be allocated to the competing HER/OER
processes observed for Ir. Analysis of the micrographs of Si/Cr/Ir electrodes undergoing current
pulses of different timescale for a given total experiment duration (Fig. 10.8) show that nuclei
size and surface coverage are drastically affected: longer pulses (1000 ms) yield a high density
of large nuclei, whilst medium and short pulses presumably yield nuclei sizes and coverages
beyond the FE-SEM resolution, if present. We believe that for transient current pulse
timescales the electrodeposition kinetics might not be fast enough to fully take place, primarily
contributing to the non-faradaic charge-discharge of the electrical double layer, phenomenon
which occurs in the ps-ms range depending on the experimental time constant.[39] Further
insight on the effect of total experiment duration can be gathered by analysis of the micrographs
obtained for the 500 pA pulsed electrodeposited samples (Fig. 10.9): longer experiment times
(2 5 mins) yield larger WSz« nuclei and higher surface coverages (average size: 205+70 nm for
10 mins, 42+11 nm for 5 mins), that cannot be resolved for shorter times (< 2.5 mins) due to
their small size and/or low coverage. We can then conclude that WS3.x deposition is maximized
in terms of nuclei size and surface coverage when selecting £500 pA pulse currents, long pulse

timescales (1000 ms) and longer total pulse reverse current electrodeposition times (10 mins).
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Figure 10.6. FE-SEM micrographs of as-received Si/Cr/Ir electrodes at a) 10000x, b) 25000x,

¢) 50000x and d) 100000x magnification.
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Figure 10.7. FE-SEM micrographs of Si/Cr/Ir electrodes after undergoing +500-900 pA (pulse
duration: 1000 ms), pulse reverse current electrodeposition experiments for a) 10 mins, b) 5

mins, ¢) 2.5 mins and d) 1 min. Micrographs image magnification: 50000x.
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Figure 10.8. FE-SEM micrographs of Si/Cr/Ir electrodes after undergoing £500 and 900 pA
pulse reverse current electrodeposition experiments for 10 mins using a) 1000 ms, b) 250 ms

and ¢) 62.5 ms current pulses. Micrographs image magnification: 50000x.
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Figure 10.9. FE-SEM micrographs of Si/Cr/Ir electrodes after undergoing £500 pA, 1000 ms
pulse reverse current electrodeposition experiments for a) 10 mins, b) 5 mins, ¢) 2.5 mins and

d) 1 min. Micrographs image magnification: 10000x (left), 25000x (middle) and 50000x (right).
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10.2.2 Electrochemical testing of WS3.x decorated Ir electrodes: oxygen

evolution reaction (OER)

10.2.2.1 Short-term OER testing

The effect of WSs.x pulse reverse current electrodeposition on Ir electrodes towards the OER
was investigated by use of a complex testing protocol (for full details, see section 4.7.4
Materials, equipment and methods). In brief, all samples were electrochemically preconditioned
until a pseudo-stationary response was obtained, followed by cyclic voltammetry acquisition in
the Hupa (0.025 to 0.55 V) and OER (1.0 to 1.60 V) voltage windows to evaluate modifications
in the electrochemical active surface area (ECSA) and OER activity before/after OER stability
testing. Short-duty stability testing was evaluated by recording chronopotentiograms during 2
hours of the potential required to sustain an anodic current density of +10 mA cm™2, as shown
in Figure 10.10. Compared with as-received Ir, which presents an OER potential of 1.72940.005
V vs RHE after 2 hour testing, the WSs.x decorated Ir electrodes generally present slightly
higher OER overpotentials. This result is expected, as WSs.« incorporation at the Ir surface, a
material less electrocatalytic to the OER than Ir, which will inevitably partially block highly

active OER surface sites, increasing the overall OER overpotential.

However, the most relevant metrics to evaluate the passivating effect of WS3.«x on Ir electrodes
are the variation in OER overpotential (AEygg) after short-duty testing, and the modifications
in the mass activities (OER current normalized by Ir loading) and specific activities (OER
current normalized by electrochemically active Ir surface area): for mass and specific activity
elucidation, see section K Appendix. Among the whole set of samples tested (see Tables K.1-
K.3 Appendix), a narrow selection (see Table 10.1) present greatly improved OER metrics. For
instance, AEyggr was reduced by ca. 20 mV (39 mV vs. 59 mV; sample: £500 pA, 250 ms, 1

min). As for the mass and specific activities, although WSs3, decorated samples generally
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presented on-par or worse OER performances prior to stability measurements, these greatly

surpassed pristine Ir electrodes after the 2 hour, +10 mA cm? galvanostatic stability

experiments (for representative OER activity voltammograms, see Fig. 10.11a). Best

performing samples presented a ca. 1.6 fold (3.1 vs. 1.9 £ 0.3 A mgr! at 1.55 V) and ca. 1.8

fold (1.03 x 10* vs 5.71 £ 0.1 x 10° A cmr? at 1.55 V) enhancement in mass and specific

activities, respectively.
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Figure 10.10. Chronopotentiograms recorded for Si/Cr/Ir electrodes before and after

undergoing £500-900 pA pulse reverse current electrodeposition experiments, to sustain jgeom=

+10 mA cm™ for 2 h. Labels (total electrodeposition time): 10 mins (red), 5 mins (green),

2.5 mins (blue) and 1 min (orange).
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@151V @155V
Sample Eorre, / V Eogr.t, /V AEogr/ V jgeom Mass activity — Specific activity jgeom Mass activity — Specific activity
/ mA cm? / A mgr! / A cmp? / mA cm? / A mgr! / A cmp?
As-received Ir 1.670 £ 0.005 1.729 £ 0.005 0.059 + 0.008 0.23 = 0.03 0.040 % 0.02 6.68 &+ 2.5 x 106 1.70 £ 0.2 0.30 £ 0.2 5.01 + 1.9 x 10
0.80 = 0.03 0.31 &+ 0.04 9.42 4+ 0.6 x 106 4.90 + 0.5 1.90 £ 0.3 5.71 +£ 0.1 x 10
+500 pA, 1000 ms, 10 mins 1.690 + 1.73300 + 0.00005 0.043 0.15 0.041 2.44 x 106 1.14 0.310 1.86 x 10°
0.007 1.09 0.378 1.39 x 10° 6.34 2.197 8.11 x 10
+500 pA, 1000 ms, 5 mins 1.668 + 1.72220 + 0.00005 0.054 0.16 0.032 3.30 x 106 1.24 0.259 2.64 x 10
0.005 1.02 0.320 1.44 x 10° 6.40 2.006 9.05 x 10°
+500 pA, 250 ms, 5 mins 1.678 + 1.73048 + 0.00004 0.053 0.20 0.0298 6.12 x 106 1.43 0.210 4.32 x 10
0.005 1.14 0.328 1.75 x 10° 6.71 1.934 1.03 x 101
+500 pA, 250 ms, 2.5 mins 1.683 + 0.006  1.73256 + 0.00005 0.050 0.21 0.057 3.35 x 106 15 0.413 2.42x 107
1.54 0.589 1.79 x 10 7.59 2.902 8.80 x 107
+500 pA, 250 ms, 1 min 1707 + 0.005  1.74462 + 0.00007 0.038 0.28 0.062 5.60 x 106 1.87 0.416 3.73 x 105
1.59 0.643 1.74 x 10 7.52 3.040 8.25 x 107
+700 pA, 1000 ms, 10 mins 1.682 + 1.72205 + 0.00004 0.040 1.46 0.422 2.24 x 10 -(6.75 @1.54 V) - (>1.194) - (>6.33 x 10%)
0.006 2.08 0.731 2.62 x 10 - (8.19 @1.54V) - (>2.02) - (>7.26 x 10°%)
+700 pA, 1000 ms, 5 mins 1.686 + 0.006 173661 + 0.00003 0.051 0.18 0.057 2.50 x 106 1.33 0.422 1.86 x 10
1.18 0.451 1.37 x 10 6.69 2.558 7.76 x 10
+700 pA, 250 ms, 2.5 mins 1.683 + 1.7347 + 0.0001 0.052 0.18 0.052 2.73 x 106 1.24 0.360 1.89 x 10
0.006 1.44 0.568 1.62 x 10° 7.12 2.809 8.00 x 10
+700 pA, 62.5 ms, 2.5 mins 1.677 + 0.006 1.7278 + 0.0004 0.051 0.19 0.053 2.96 x 106 1.35 0.381 2.12 x 107
1.42 0.526 1.70 x 10 7.33 2.713 R.78 x 107
+900 nA, 1000 ms, 10 mins 1.667 + 1.72343 + 0.00004 0.056 0.29 0.075 4.83 x 106 2.12 0.556 3.58 x 10°
0.006 1.28 0.418 1.74 x 10 7.57 2471 1.03 x 101
4900 nA, 250 ms, 5 mins 1.669 £ 0.005 1.73295 £ 0.00009 0.064 0.43 0.135 6.05 x 106 2.67 0.839 3.7674x 100
15 0.543 1.84 x 10 7.95 2.879 9.73163x 105
+900 pA, 250 ms, 1 min 1.670 £ 1.7241 + 0.0001 0.054 0.35 0.104 5.25 x 106 2.53 0.749 3.79 x 10
0.006 1.42 0.593 1.5 x 10° 7.43 3.102 7.89 x 10

Table 10.1. Compilation of the short-duty oxygen evolution activity of WSs.x decorated Ir electrodes after use of £500-900 pA pulse reverse

current electrodeposition. Eopgre,s Eogr,t y and AEygp correspond to the averaged (£ 10 s) initial, final and variation, respectively, of the

OER overpotentials recorded to sustain jgeom= +10 mA c¢cm for 2 h. OER activity metrics (jgeom, mass activity, specific activity) are reported,

for each sample, before (first row) and after (second row) short-duty OER stability measurements.
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Re (Agcsa/Ageom) Relative Ry increase / % Tafel slope / mV dec!
Sample Before OER After OER After 2 h OER stability After OER After 2 h OER stability After OER After 2 h OER stability

As-received Ir 38 £ 17 76 £7 86 £+ 8 100 126.32 39 £+ 2 45 + 2
£500 pA, 1000 ms, 10 mins 61.4 71.2 78.2 15.96 27.36 41 46
+500 pA, 1000 ms, 5 mins 47 64.6 70.7 37.45 50.43 42 43
+500 pA, 250 ms, 5 mins 33.1 67.2 65.0 72.81 96.37 43 45
+500 pA, 250 ms, 2.5 mins 62.1 80.2 86.3 29.15 38.97 42 47
+500 pA, 250 ms, 1 min 50.1 72.3 91.2 44.31 82.04 43 46
+700 pA, 1000 ms, 10 mins 65.2 78.3 79.3 20.09 21.63 41 47
+700 pA, 1000 ms, 5 mins 716 79.0 86.3 10.34 20.53 45 46
+700 pA, 250 ms, 2.5 mins 65.5 83.3 89 21.37 35.88 42 45
+700 pA, 62.5 ms, 2.5 mins 63.6 74.9 83.5 17.77 32.29 45 46
+900 nA, 1000 ms, 10 mins 59.2 71.8 73.7 21.28 24.49 44 45
+900 pA, 250 ms, 5 mins 70.9 72.7 81.7 2.54 15.23 48 47
+900 pA, 250 ms, 1 min 66.8 89.2 94.2 33.53 41.02 44 47

Table 10.2. Compilation of the roughness factor (Rf) values (obtained after integration of the hydrogen desorption region, 0.06 V to ca.
0.45 V vs RHE), their relative increase, and Tafel slope values for pristine and WSs.« decorated Ir electrodes before/after OER activity

measurements, and after 2 h OER stability measurements.
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The OER geometric current density values obtained prior to OER stability testing can again
be explained by the electrocatalytic inertness of WSs.x nuclei towards the OER. Indeed, the
first voltammograms recorded towards OER potentials, which present broad electro-oxidative
features in the 1 to 1.4 V voltage range not found in consecutive scans, are markedly different
between pristine Ir samples and those decorated with WS3. (Fig. 10.11b). For pristine Ir,
tailing of the Ir(OH)3 formation (up to 1.1 V) is still present followed by the characteristic
oxygen evolution current. Conversely, for WSz« decorated samples the Ir(OH)3 formation
tailing is absent, observing instead a broad electro-oxidation peak centred at ca. 1.25 V vs

RHE, followed by OER shifted towards positive overpotentials.
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Figure 10.11. Cyclic voltammograms recorded at pristine (black) and WSs.x decorated (£500
pA, 1000 ms, 5 mins; dark yellow) Si/Cr/Ir electrodes a) before (broken line) and after (solid
line) undergoing short-duty OER stability experiments: jecom= +10 mA c¢m sustained for 2 h;
b) first OER voltammograms recorded for pristine and WSs . decorated (£700 pA, 250 ms, 10
mins). Voltage window: +1.0 to +1.6 V vs. RHE. Electrolyte: 0.1 M HCIO4. Scan rate: 10 mV

st

We hypothesize that this feature corresponds to be the irreversible electro-oxidative conversion
of W# centres in WS3.x nuclei to W as found in WO3.[10] Proof of this conversion can be

gathered by analyzing the W 4f high resolution XPS spectra of WS;.x decorated Ir samples
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after short-duty OER testing (Fig. 10.12): the characteristic W 4f7/2:4f5/2 4f spin-orbit doublet
of W4 species, at binding energies of ca. 32.3 and 34.5 eV, is positively shifted after OER
testing by ca. 3.7 eV, yielding a doublet centred at 36 and 38.2 eV. These binding energies are
characteristic of WO species, as found in WOs3.[40,41] This conversion is key in Ir stability
maximization, as WOs3 is a thermodynamically stable oxide under strongly anodic potentials in
acidic media,[42] but as already mentioned initially hampers the OER electrocatalysis due to

partial blocking of OER-active Ir sites.
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Figure 10.12. High-resolution XPS spectra of a) W 4f, b) S 2p and ¢) Ir 4f for pristine (top)
and WSz« decorated (£500 pA, 1000 ms, 5 mins; bottom) Ir samples. Labels: WO 4f7/5.5/
(orange), S 2ps/21/2 (S*, yellow), S 2ps/21/2 (So*, magenta), S 2ps/21,2 (SO, dark blue), I

4f7/2.5/2 (blue), Irtt 4f7/2:5/2 (green) and Ir3" 4f7/2.5/2 (orange).

Insights on the origin of the improved OER metrics after 2 h stability testing can be gathered
by joint analysis of the electrochemistry, FE-SEM and XPS results. Ir surface roughening,

monitored qualitatively by FE-SEM, and quantitatively by roughness factor measurements (Ry,
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defined here as ECSA normalized per geometric electrode area),[43] can be correlated with Ir
electrodissolution: higher R, compared with pristine samples, indicate surfaces that present a
higher density of Ir sites geometrically accessible to the electrolyte exposed after Ir dissolution
at the outermost surface.[44] FE-SEM micrographs show that pristine Ir samples (Fig. 10.14a)
present surfaces with increased grain sizes at longer stability experiments, whereas for WSs.«
decorated Ir samples (Fig. 10.14b-d) this surface roughening is less severe. Variation in the
density and dimensions of the surface cracks are again related to variability within the Si/Cr/Ir
wafers employed. Quantitative comparison of Ry values before OER testing (Table 10.2) clearly
shows higher values for WSz« decorated Ir samples (R range: 33-71) than for pristine Ir
samples (Rf = 38 £ 17). We consequently believe that, during the pulse reverse current
electrodeposition step to deposit WSs.x, Ir electrodissolution also occurs besides surface
restructuring. Indeed, anodic dissolution due to the irreversible conversion of Ir to IrO4* via
IrOy formation is known to occur at E > 0.9 V,[1,27] whilst cathodic dissolution occurs at E <
0.1 V due to IrOx reduction.[45] These potentials are achieved, or surpassed, during
electrodeposition. Interestingly, Ry values of WSs.«x decorated Ir samples present significantly
lower values after OER activity (57-89 vs 76 = 7) and OER stability testing (65-94 vs 86 =+ 8)
than pristine Ir. This seems to indicate that Ir electrodissolution during OER testing is
mitigated once Ir samples have undergone WSsy decoration. Indeed, after OER stability
testing, a 126 % relative Ry increase was found for pristine Ir compared with the 15.23 % of

the least roughened sample (£900 pA, 250 ms, 5 mins).

Tafel slope analysis of the voltammograms before and after OER short-duty testing (Table
10.2) provides relevant information regarding the electrode kinetics, i.e. the magnitude of the
external driving force (overpotential) to increase the OER reaction rate by a factor of 10, but
also of the rate-determining reaction step intimately correlated with the electrocatalyst

stability.
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For the OER, recent studies have shown a correlation between Tafel slope (b) values and
dissolution rates.[1] Metals with b > 100 mV dec? (Pt, Pd) present slow dissolution rates (<
0.001 ng em s!), whereas metals with Tafel slopes below 50 mV dec! (Au, Ir, Rh, Ru) present
higher dissolution rates (e.g. Au: 2.2 ng cm™? s, Ir: 0.022 ng cm™? s', Ru: 1.9 ng em™ s!). This
is due to differences in the OER mechanism. For Pt and Pd, where the rate-determining step
is the water de-protonation (b ~ 120 mV dec™),[46] the thin surface oxide layer formed during
under OER operating conditions does not participate in the reaction: this is commonly reported
as the OER “solution route”, as oxygen evolved stems from water electroadsorption and
cleaving. On the other hand, in metals such as Ir and Ru, where the rate-limiting step is the
de-protonation of adsorbed OH species (40 < b < 60 mV dec), the OER proceeds by the
“place-exchange” mechanism: adsorbed O species are incorporated in the metal sub-surface
sites, generating an oxide layer which is electrochemically restructured during O recombination
taking place inside the layer, and ultimately electrodissolved.[47] The thermodynamic
instability of these metal oxides under OER conditions was indeed reported.[48] Ir/Ru
dissolution consequently assists in the OER process, known as lattice oxygen evolution reaction
(LOER): for Ir, this takes place via the formation of IrOs and/or IrO2OH intermediates, or

direct dissolution of Ir to Ir3*.[49]

Tafel slope analysis also provides information regarding the nature of the electrode surface,
being sensitive to its preparation method and morphology. In particular, metallic Ir electrodes
(covered by a thin anhydrous oxide layer) present Tafel slopes of ca. 66 mV dec™,[27] whereas
electrochemically grown hydrous iridium oxide on metallic Ir present b ~ 50-40 mV dec !, with
lower slopes found at increasing oxide layer thicknesses.[25] The first indicates a modification
in the OER rate-determining step,[50| ascribed to a chemical step where the initially unstable

electroadsorbed OH species undergo a rearrangement by a surface reaction. [51]
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As-received Ir electrodes present b ~ 39 + 2 before, and ~ 45 + 2 mV dec ! after OER
testing, respectively. These values are close to 40 mV dec !, indicating that the OER rate-
determining step of the tested electrodes is the adsorbed OH species de-protonation, and that
a hydrous iridium oxide overlayer electrochemically grown onto metallic Ir during OER
conditioning is the surface species predominantly involved in the OER. With regards to WS3.«
decorated samples, Tafel slopes before and after testing range within b ~ 41-48 and ~ 43-47
mV dec !, respectively. They do not greatly differ from the pristine Ir samples, concluding
that the OER mechanism is apparently unaffected by the presence of the WO3 nuclei. However,
their somewhat slightly higher values could indicate either the presence of a thinner/less porous
hydrous iridium oxide layer or a mitigated electrochemical restructuring, yielding higher
stabilities. The latter is experimentally supported by the lower Ry values for decorated samples

after testing.

Having this in mind, the OER mass and specific activity metrics can now be easily explained.
Before OER testing, WSs.x decorated samples present mildly higher mass activity and lower
specific activity values with respect to the pristine counterparts, due to their higher surface
roughness (higher Rf). On the other hand, improved specific activities obtained after 2 h
stability testing show that the enhanced OER current densities and mass activities on WSa.«
decorated samples do not stem from surface area effects, as the surface roughening on these
samples is attenuated (lower Ry and faintly higher Tafel slopes). Thus, alterations in the Ir

surface species have to come into play.

Comparison of the deconvoluted high-resolution Ir 4f spectra of pristine and WSs.« decorated
Ir samples after short-duty OER testing shows clear modifications in the surface species present
(Fig. 10.12). In contrast with its pristine counterpart, the WS3 decorated Ir sample retains
its predominantly metallic character, with a minor contribution of two additional W 4f7/2:4f5 2

4f spin-orbit doublets characteristic of Ir*" (ca. 62.5 and 65.5 eV) and Ir*t (ca. 63 and 66 eV)
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as found in IrOz or Ir(OH)s, respectively. Quantification of the relative atomic photoemission
percentages of the deconvoluted components supports this. The relative abundance of the Ir’:
Ir?": Ir*' species shifts from an atomic % ratio of 40.0:11.0:48.0 in pristine Ir to 81.5:2.8:15.7
at. % after WSs.x decoration. Thus, the acid-insoluble WO3 nuclei mitigate the electro-oxidation
of Ir towards higher oxidation states prone to electrodissolution, namely Ir3* [49] as found in
the electrochemically generated Ir(OH)s hydrous oxide. This mitigated corrosion consequently
supports the lower relative Ry increases and somewhat higher Tafel slopes observed after WiS3-

x decoration.
10.2.2.2 Long-term OER testing

Next, we evaluated the OER stability of pristine and WSz« decorated Ir samples in a protocol
analogous to that of Section 10.2.2.1, but recording chronopotentiograms for 12 hours to
monitor changes in the voltage required to sustain an anodic current density of +10 mA cm™2
(see Fig. 10.13b). Although previous reports on in-operando scanning flow cell/inductively
coupled plasma mass spectrometry (SFC/ICP-MS) indicated that Ir electrodissolution is higher
in the transient stage (shorter timescales, i.e. during IrOy formation) than in the steady-state
(longer timescales, > 1000 s),[1] the 6-fold longer OER stability testing duration selected is
expected to provide more representative information on the passivating effect of WOs3 for long-

term OER applications.

The OER metrics obtained prior to OER stability testing (for values, see Table 10.3) mirror
those found for the 2 h-tested Ir samples: geometric current densities (0.46-1.88 vs. 2.58 mA
em? at 1.55 V) and specific activities (1.49-4.20 x 10 vs. 5.24 x 10° A cmy? at 1.55 V) are
lower for WSs.x decorated than for pristine Ir samples, whilst mass activities are on par or
lower (0.165-0.596 vs. 0.56 A mgr! at 1.55 V). After 12 h OER testing, geometric current
densities (5.65-7.80 vs. 6.73 mA cm™ at 1.55 V) and mass activities (1.86-2.86 vs. 2.82 A mgn

Lat 1.55 V) are comparable or lower to those found in pristine Ir electrodes: this would again
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initially suggest, disregarding any contribution from electroactive surface area effects, that the
OER activity of the WSs.« decorated (WO3 under OER potentials) Ir electrodes is limited by
the passivating effect of the nuclei (for representative OER activity voltammograms, see Fig.

10.13a).

However, improvements in both Ry and specific activities, metrics which enable unambiguous
interpretation of the OER stability as they are normalized by the electroactive area, are again
prominent (Table 10.4). Namely, Ry relative increases (excluding the £700 pA, 250 ms, 2.5
mins sample) are within 14.8-44.98 % for WS« decorated samples compared with the 91.57 %
found for pristine Ir. As for specific activities, all WS3« decorated samples outperform the
pristine Ir counterpart, with the best-performing sample (700 pA, 1000 ms, 10 mins)
presenting a 1.8 fold increase: 1.30 x 10 vs 7.12 x 10 A emy 2 at 1.55 V. Tafel slope analysis
of the WSs.« decorated and pristine Ir samples before and after 12 testing follows the same
trend found after short-duty testing (Table 10.4): almost invariable, yet slightly higher values
before (39-48 vs. 41 mV dec !) and after (37-47 vs. 44 mV dec ') OER operation suggest a
slower Ir electrodissolution rate for WSs.x decorated samples. Thus, the presence of WO3 nuclei
onto Ir electrodes again results in minimized Ir surface restructuring (mitigated ECSA
modifications) and electrodissolution, even under the significantly extended OER operating

conditions employed.

The most relevant findings when comparing the results after 12 h and 2h OER stability tests

are, strikingly, related to the final OER working potential recorded values (Eggg ¢ f) and their

relative increase versus the starting potential (AEpgg). Unlike 2 h OER-tested samples, in

almost all cases both AEygg and Eppg¢ ; were lower for WSs.« decorated Ir samples than for

pristine Ir. (Fig. 10.13b) The improvement, despite of not being numerically large speaking (for

the best-performing sample, Eggg ¢ e -14 mV, AEpgr = -43 mV), is foreseen to be amplified,

as occurred in our investigations after extending the OER stability testings from 2 to 12 hours,
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at longer operating conditions due to the extremely flat E-t profiles observed. Indeed, the
samples presenting improvements in these metrics also present higher Tafel slopes, correlated
with slower electrodissolution rates as mentioned previously. Thus, the stabilizing effect of
WOs3; is not only maintained, but also reinforced, after long-term OER operation conditions,

yielding OER metrics which outperform those of pristine Ir surfaces.

Analysis of the Ir surface morphology by FE-SEM micrographs (Fig. 10.14, right column)
supports these conclusions. No clear surface modification can be found for WS3.x decorated Ir
samples after 12 h OER testing compared with short-duty tested samples, whereas the grain
size on pristine Ir surfaces coarsens (quantitative evidence is found in Ry elucidation, Table
10.4). XPS results, unfortunately, are not available by the submission date of this thesis due

to technical malfunctions of the XPS instrument which have significantly delayed spectra

acquisition.
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Figure 10.13. Cyclic voltammograms recorded at pristine (black) and WSs.x decorated (£500
pA, 1000 ms, 5 mins; dark yellow) Si/Cr/Ir electrodes a) before (broken line) and after (solid
line) undergoing long-term OER stability experiments: joecom= +10 mA em™ sustained for 12 h.
Voltage window: +1.0 to +1.6 V vs. RHE. Scan rate: 10 mV s'.; b) first OER voltammograms

recorded for pristine and WSs. decorated (700 pA, 250 ms, 10 mins. Electrolyte: 0.1 M HCIO4.
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2 h testing 12 h testing

Pristine

Figure 10.14. FE-SEM micrographs of Si/Cr/Ir electrodes before, after 2 h and after 12 h OER
stability testing of a) as-received and WS3.x decorated electrodes by b) 500 pA, 1000 ms, 5
mins, ¢) £700 pA, 1000 ms, 10 mins, and d) 900 pA, 1000 ms, 10 mins reverse current pulses.

Micrographs image magnification: 50000x.
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@151V @155V
Sample Eoert, / V Eogrt, / V AEopr/ V Jgeom Mass activity = Specific activity Jgeom Mass activity — Specific activity

/ mA cm? / A mgr! / A cmy2 / mA cm? / A mgrt / A cmy?
As-received Ir 1.693 £ 0.003 1.76595 + 0.073 0.36 0.079 7.33 x 106 2.58 0.56 5.24 x 10
96 5 Xé 5
0.00002 0.96 0.40 1.02 x 10 6.73 2.82 7.12 x 10~

+500 pA, 1000 ms, 10 mins 1.726 + 0.003 1.77553 + 0.050 0.18 0.042 3.55 x 106 - - -

0.00001 1.41 0.419 2.10 x 10°% - - -
+500 pA, 1000 ms, 5 mins 1.694 + 0.003 1.75484+ 0.061 0.28 0.089 3.94 x 106 1.88 0.596 2.63 x 10
0.00005 1.31 0.477 1.59 x 10 7.72 2.81 9.40 x 10
+500 pA, 250 ms, 5 mins 1.701 + 0.003 1.77158 + 0.071 0.18 0.046 3.15 x 106 1.29 0.328 2.25 x 10
0.00002 0.98 0.342 1.25 x 10° 6.46 2.25 8.24 x 10
+700 pA, 1000 ms, 10 mins 1.722+ 0.003 1.75176 + 0.030 0.058 0.046 1.87 x 106 0.46 0.328 1.49 x 10
0.00003 0.87 0.342 1.94 x 10° 5.82 2.25 1.30 x 101
+700 pA, 250 ms, 2.5 mins 1.741+ 0.003 1.76180 + 0.021 0.17 0.022 5.54 x 106 1.25 0.165 4.20 x 10
0.00003 0.86 0.283 1.15 x 10° 5.65 1.86 7.59 x 10
+900 pA, 1000 ms, 10 mins 1.689 + 0.004 1.77166 + 0.083 0.23 0.055 4.08 x 106 1.71 0.419 3.09 x 10
0.00005 1.08 0.340 1.52 x 10 7.80 2.46 1.10 x 101
+900 A, 250 ms, 1 min 1.696 + 0.003 1.75882 + 0.063 0.26 0.078 3.80 x 106 1.82 0.548 2.68 x 10
0.00006 1.23 0.462 1.45 x 10° 7.60 2.86 8.96 x 10

Table 10.3. Compilation of the long-term oxygen evolution activity of WSs.x decorated Ir electrodes after use of £500-900 pA pulse reverse
current electrodeposition at variable pulse timescales and total experiment durations. Eogr¢,s Eogr,t ; and AE,g; correspond to the averaged
(£ 100 s) initial, final and variation, respectively, of the OER overpotentials recorded to sustain jgeom= +10 mA e¢m™ for 12 h. OER activity

metrics (jgeom, mass activity, specific activity) are reported, for each sample, before (first row) and after (second row) OER stability

measurements.
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Ry (Agcsa/Ageom) Relative Ry increase / % Tafel slope / mV dec!
Sample Before After After 12 h OER After After 12 h OER After After 12 h OER

OER OER stability OER stability OER stability
As-received Ir 49.2 75.9 94.5 54.27 91.57 41 44
+500 pA, 1000 ms, 10 mins 51.8 61.1 67.1 17.95 29.54 39 37
+500 pA, 1000 ms, 5 mins 71.6 77.6 82.2 8.38 14.80 48 47
+500 pA, 250 ms, 5 mins 57.4 74.0 784 28.92 36.59 45 43
+700 pA, 1000 ms, 10 mins 30.9 35.5 44.8 14.89 44.98 45 44
+700 pA, 250 ms, 2.5 mins 29.8% 69.2 745 132.21 150 45 46
4900 A, 1000 ms, 10 mins 55.3 65.9 71.0 19.17 28.39 41 43
+900 pA, 250 ms, 1 min 67.9 85.0 84.8 25.18 24.89 46 45

Table 10.4. Compilation of the roughness factor (Rf) values (obtained after integration of the hydrogen desorption region, 0.06 V to ca.
0.45 V vs RHE), their relative increase, and Tafel slope values for pristine and WSs3.x decorated Ir electrodes before/after OER activity
measurements, and after 12 h OER stability measurements. Values labelled with an asterisk (*) indicate that hydrogen desorption integration

is affected by ohmic drop, unable to be fully corrected by post-experiment iR compensation.
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10.3 Conclusions

In this chapter we have evaluated the viability of an electrochemical decoration process on Ir
electrodes based on the decomposition of an [WS4]* aqueous precursor to yield amorphous
tungsten sulfide (WSs.x) nanoparticles. A preliminary evaluation of the electrochemical features
of the [WS4|* aqueous bath revealed their analogy with previously reported substrates,
indicative of a substrate-independent electrodeposition mechanism. The suppressed inherent Ir
electrochemistry as well as the hampered HER and OER catalysis after cycling from oxidative
to reductive potentials seems to suggest that both the anodic [WS4]* electroadsorption and S
co-deposition block the Ir surface sites responsible for proton and hydroxyl adsorption. Cycling
within the voltage window comprising the [WS4]? anodic and cathodic features yields pseudo-
stationary electrochemical responses, contrasting with selective cycling within anodic and
cathodic voltage windows, which results in increasingly mitigated or absent [WS4|* deposition
features, respectively. This conforms to the maximized WS3x deposition yields previously

reported by oxidative-reductive cycling.

The pulse reverse current electrodeposition strategy, selected to satisfy the maximized
electrodeposition by co-existing anodic and cathodic processes, has been found to be heavily
influenced by both current pulse magnitudes and duration. Low magnitude pulses (e.g. £500
pA) applied at long timescales (1000 ms) provide the larger WS3.x nuclei and higher coverages,
and vice versa. We hypothesize that at high magnitudes and shorter timescales, [WS4|*
depletion, competing electrochemical reactions (HER/OER) and sluggish reaction kinetics limit
the electrochemically assisted [WS4|* decomposition. Longer electrodeposition durations,
predictably, yield larger nuclei sizes. Short and long term OER testing experiments show that
WSSs.« decorated Ir samples present improved stability metrics, namely lower Ry and AEggg, as

well as higher specific activities, than their pristine counterparts, this magnified at longer
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testing conditions. We hypothesize that the electro-oxidation of WSs.« to the acid-insoluble
WOs3 minimizes the electrodissolution of metallic Ir via Ir?* leaching, supported by preliminary
XPS measurements and ex-situ imaging. Thus, decoration with corrosion-resistant TMDs is a

novel approach towards improving the OER stability of Ir in harsh acidic environments.
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Chapter 11

Conclusions and Outlook

11.1 Summary

This thesis has evaluated several strategies to maximize the HER electrocatalytic activity of
TMDs, as well as their applicability as corrosion-resistant materials to improve the
electrochemical stability of state-of-the-art Ir materials under OER operation. Tables 11.1 and
11.2 compile, for the ease of the reader, the key findings stemmed from the undertaken

strategies, including a critical analysis of their advantages and limitations.

Chapters 5 and 6 have shown the successful fabrication of Ni-MoSs hybrid nanoclusters and
sulfur-enriched MoS2 size-selected nanoclusters by a magnetron sputtering and gas
condensation technique. Optimization of the deposition parameters (i.e. sputtering power of
the dual Ni and MoS: targets) enabled the production of nanoclusters containing both Ni and
MoS: rather than their segregated components with an equivalent mass of (MoS2)1000. HAADF-
STEM and EDX measurements showed that both (MoS2)300 and (Ni-MoS2)1000 presented an
incomplete, 3-4 multilayered amorphous structure (peak size distributions of 2.6 and 5.0 nm,
respectively) where the Ni and MoS: ratios within the hybrid nanoclusters were dependent on
the nanocluster size. XPS measurements showed that both (MoS2)300 (1:0.9) and (Ni-MoS2)1000
(1:1.8) were sulfur-deficient, revealing a partial oxidation of MoS2 to MoOs after atmosphere

exposure. An HER electrocatalysis enhancement was found for (Ni-MoSz2)1000 with respect to
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(MoS2)300 nanoclusters, stemming from the synergistic effect between Ni and MoS: to activate
the initially inert S-edge sites to the HER leaving the HER mechanism unaltered (Tafel slope
~ 120 mV dec?). This enhancement was fully maximized after 14 h atmosphere exposure,
yielding a 100 mV lower HER onset potential and a 3-fold increase in the exchange current
density, and ascribed to both the partial electrochemical exfoliation of MoS> and the conversion
of Ni to the HER-active NiO. Experimental evidence of Mo- and S-edge doping by Ni atoms

was additionally obtained by anodic stripping voltammetry experiments.

In order to mitigate the sulfur deficiency found for as-deposited MoS2 nanoclusters, a post-
deposition treatment comprising sulfur evaporation and annealing was explored. It was found
that (MoS2)1000 size-selected nanoclusters undergoing this treatment not only presented an
extended crystalline order, but also a S-rich nature as confirmed by XPS measurements: the
Mo:S ratio shifted from 1:1.9 to 1:4.9. Improved crystallinity and maximized S* surface content
(with minimal size distribution modification), accompanied by the almost complete reduction
of oxygen-containing Mo species to Mo*" are responsible for the HER enhancements observed:
200 mV lower onset potential, 2-fold improved TOF values and more than 30-fold increased
exchange current densities. These metrics outperform the results obtained by (Ni-MoSz2)1000
hybrid nanoclusters, postulated to be due to the crystalline nature that significantly improves

the charge transfer resistance and stability under HER operation.

Chapters 7 and 8 have presented the fabrication of TMD nanoarray structures by sequential
nanosphere lithography and plasma etching treatments. Highly-compact, hexagonal close-
packed nanosphere monolayers were obtained on MoSs and WS» crystals, with nanoarray
morphologies dependent on the SFs/C4Fy plasma etching duration: ranging from nanocylinders
to truncated nanocones for MoSg, and nanocones of varying aspect ratios for WSs. Contrasting
with previous results reported after MoS> plasma etching, XPS analysis of plasma-etched WS»

samples suggests a minimal oxygen incorporation, yet exposing the 1T phase presumably found
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at the nanocone array surfaces. The HER electrocatalytic enhancement (~200 mV for MoS»
and ~100 mV for WSs) and pseudo steady-state voltammetric profile found after TMD plasma
etching were rationalized using the diffusion domain theory previously employed for
microelectrode arrays. Transient chronoamperometry and Randles-Sevéik experiments
indicated that, for MoSs, the improved HER electrocatalysis was due to edge site exposure
alone, whereas for WS2 certain aspect ratios presented an additional mass transport
contribution. MoS> closely-spaced nanoarrays yielded a full overlapping of the individual
nanoarrays diffusion profile at the scan rates studied, behaving macroscopically as planar
electrodes. In contrast, WSs larger nanocone interspacing allowed an additional HER
contribution from radial diffusion (macroscopically behaving as the microelectrode array Case
1), where higher nanopillar aspect ratios presented improved geometrically-normalized HER
currents due to higher edge site exposure. Evaluation of the electron transfer properties revealed
improved electron transfer kinetics for plasma-etched WS2 nanoarrays compared with their
MoS:> counterparts, explained by the mitigated oxygen incorporation and higher aspect ratios
(i.e. maximized edge site exposure) found for WSz nanoarrays. However, electrochemical testing
after 5-month storage reveals diminished HER performances due to electrochemical
restructuring and loss of active sites. An attempt to reinstate the initial HER electrocatalysis
of atmospherically-aged plasma-etched WS2 nanoarrays was conducted by use of an
electrochemical sulfidation method previously employed for plasma-etched MoS»
nanostructures with success. Strikingly, the solution phase sulfidation method yielded worse
HER performances but improved electron transfer properties. These results were rationalized
by analysing the W:S surface ratio and WO2 contents by XPS and electrochemical
measurements over a 21-day span: WSs (electro-)oxidation to WOz is detrimental for the HER
but also reveals a more electron-conducting species, whereas improved HER performances could
be correlated to higher chalcogen-to-metal ratios and 1T phase contents. The unsuccessful

incorporation of S* to WS was ascribed to the formation of the solution-insoluble WOy during
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the sulfidation treatment, contrasting with the acid-soluble MoO4? species formed for MoXs

TMDs.

Chapter 9 has described a thorough evaluation of the inherent electrochemistry of AE-MoSx
thin films, and its implications in both activity and stability across the 0-10 pH range. Analysis
of the HER pre-catalytic features preliminary ascribed Epeak1, Epeak2 and Epeaks to the
electrochemical cleaving of So*hridging/terminal ligands, reduction of Mo OxSy to Mo** species and
subsequent reduction of Mo*"OxSy to MoOs, respectively. A pH-dependent HER mechanism of
AE-MoSx was also observed: in the 0 < pH < 2 range both Tafel slopes (b~65+10 mV dec)
and LSVs are practically invariable, related to the HER operating by the H3O* electroreduction
mechanism. Conversely, higher pH values yielded increasingly higher Tafel slopes (b~120 mV
dect at pH 5 but >120 mV dec! at neutral-to-alkaline pHs) and negatively shifted HER LSVs,
ascribed to increasingly mass transport limited water reduction mechanism and to the presence
of MoxOy surface species with worsened HER kinetics. A preconditioning-dependent
modification in the AE-MoSx electro-oxidation mechanism was found: pristine films presented
1 H*: 2¢ PCET mechanism equivalent to that observed for crystalline MoSs, whilst the HER
preconditioned AE-MoSx films presented in neutral-to-alkaline environments a sequential 1 H':
lee PCET followed by a 2 H': 1lee PCET electro-oxidation mechanism ascribed to the partial
reinstatement of previously-cleaved So*pideing ligands and So*terminal ligands dissolution, and
oxidation of MoO2 to MoQ4?, respectively. In acidic environments, the mechanism is yet to be
fully understood, but yields a Mo** to MoS" conversion and overall So*terminal/S* unsat €lectro-
dissolution. Electrochemical preconditioning within different voltage windows revealed that the
pre-catalytic Epeak,1 split into peaks Epearm and Epeak v upon continuous oxidative-reductive
cycling: this provided for the first time, supported by XPS and Raman measurements,
electrochemical evidence of the S-S bond cleaving from Sa*erminal (irreversible, Epeakm) and So*

bridging  (partially reversible, Epek1v) moieties, respectively. In addition, preconditioning
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dramatically modified the HER electrocatalysis in AE-MoS films, most notably after reductive
cycling (Nygr@ |2.5 mA cm™2| shifting from -350 to +250 mV), correlated to experimental
surface descriptors such as Mo*! content (electro-oxidative), “high binding energy” Sa*hridging/S*
apical Telative abundance (reductive) and S*/Se* : Mo*' ratio (oxidative-reductive). Long-term
HER chronoamperometric and chronopotentiometric experiments revealed improved AE-MoSx
stabilities in the 3 < pH < 6 range. High Mot OxSy surface contents found by ex-situ XPS in
the same pH range suggest a pH-dependent shift of the HER active site species: in acidic
environments (0 < pH < 2), the proton-accepting electrochemically-cleaved S»*hridging moieties
are the active sites responsible to catalyze the H3O" electroreduction, but in mildly acidic
electrolytes the now-dominating water reduction mechanism suggests the HER to operate via
Mo=0 moieties (as found in Mo’"OSy) through O-H bond cleaving and sequential electron

transfer.

Chapter 10 has investigated the potential of WS3.« nanoparticle decoration by electrochemical
decomposition from an [WS4?> aqueous electrolyte as a strategy to mitigate Ir corrosion under
OER operating conditions. The electrochemical features, previously ascribed to [WS4]* anodic
electroadsorption and WSs to WSs reductive conversion are identified, suggesting a substrate-
insensitive electrodeposition mechanism which suppresses the inherent electrochemical features
of Ir. Selective cycling within electrochemical windows solely presenting the anodic or cathodic
features indicate a gradual suppression or absence, respectively, of WSs.x electrodeposition upon
continuous cycling. A pulse reverse current electrodeposition method, selected to satisfy the
need for an alternating oxidative-reductive step, is mostly affected by the magnitude and
duration of the pulses: pulses applied at long timescales (1000 ms) and magnitudes similar to
that of the [WS4]* anodic decomposition onset (500 pA, ca. +£2 mA cm) provide the largest
and highest surface coverage of WSs.« nuclei. These conditions prevent low deposition yields,

as found in short-lived and high-magnitude pulses, proposed to stem from worsened faradaic
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yields (competing reactions such as HER/OER) and sluggish deposition kinetics. OER stability
testing after 2 h and 12 h chronopotentiometric testing reveals that WSs.« decorated Ir samples
present improved stability metrics (lower Ry and AEggg, almost 2-fold improved specific
activities) with respect to unmodified Ir samples, magnified at longer testing conditions,
without altering the OER mechanism (Tafel slope b~40 mV dec). Joint analysis of ex-situ
FE-SEM micrographs and preliminary XPS data indicate a lower surface roughening, and a
conversion of WS3.« to the acid-insoluble WO3, which mitigates the electro-oxidation of metallic
Ir at the outermost surface to the highly-active, yet dissolution-prone Ir*' species such as

Ir(OH)3 grown under OER operating conditions.
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TMD nanostructuring strategy

Key findings

Benefits

Limitations

Ni-MoS2 hybrid nanoclusters

- Incorporation of transition metals onto
TMDs is achieved in one step

- 3-fold increased exchange current density,
100 mV shifted HER onset potential after Ni

incorporation

- Degree of Ni incorporation tuncable by
magnetron target power
- TMs incorporation in absence of surface-
blocking capping ligands
- DPossibility of incorporating cxotic TMs

unachievable by solvent-based methods

- Non-sclective  incorporation  yields

nanoclusters with variable composition
- Low loadings (low deposition rate)
S-deficient nature:

- Amorphous, highly

active but unstable at long-term use

Size-selected  sulfur-enriched  MoSx

nanoclusters

- Over-stoichiometric MoSx nanoclusters
obtained after sequential sulfur evaporation
and annealing in UHV

- More than 30-fold increased exchange
current density, 200 mV shifted HER onset

potential

- High mass activities: 110.5 mA mg™', 400
mV at 83.78 ng cm? loadings

- S-enrichment improves MoSx nanoclusters
crystallinity and electrochemical stability

- Narrow size distributions due to use of ToF

mass filter

- Long deposition times (hours) required for
high MoSx loadings
UHV conditions is

- Sulfidation under

necessary: technically challenging

MoS2/WS2 nanocone arrays

- Extended, edge-abundant nanocone arrays
formed from TMD crystals by plasma etching
- Improved HER peak-current density
directly correlated with higher nanocone

aspect ratios

- At > 40 nm nanocone interspacings:

additional HER currents due to morphology-
induced hemispherical diffusion

- Nanoarray  morphology ideal for
photoelectrochemical experiments: enhanced

light harvesting

- Nanocone morphology irreversibly altered
during HER

- O2 plasma yields MoOx formation in MoS2:
lower stability under HER operation

- Range of nanocone aspect ratios limited by

diameter of deposited nanospheres

Table 11.1. Compilation of TMD nanostructuring strategies undertaken in this thesis (Chapters 5 to 8), highlighting key findings, benefits

and limitations versus the state-of-the-art.
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TMD nanostructuring strategy

Key findings

Benefits

Limitations

Anodically electrodeposited MoSx thin

films

- First-time electrochemical evidence of pH-
dependent electro-oxidation mechanisms and
S-S bond  cleaving  from  S2¥ierminal
(irreversible) and S2%bridging moictics under
pre-catalytic potentials

- pH-dependent HER stability : maximized in

the 3 < pH < 5 range

- HER activity tuncable by eclectrochemical
conditioning

- Loading, stoichiometry and morphology can be
tuned by electrodeposition conditions

- Substrate-insensitive deposition mechanism

allows decoration of any conducting substrate

- Unambiguous understanding of the

HER operating mechanism is still pending

WSs.« electrochemically-decorated Ir

electrodes

- Novel strategy to decorate Ir electrodes with
corrosion-resistant WSs.x nuclei
- Improved OER stability metrics: almost 2-

fold improved specific activity

- Inexpensive method to mitigate Ir corrosion

under OER potentials

- Sluggish WSs.x deposition kinetics yield

low faradaic yields and surface

decoration.

Table 11.2. Compilation of TMD nanostructuring strategies undertaken in this thesis (Chapters 9 and 10), highlighting key findings, benefits

and limitations versus the state-of-the-art.
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11.2 Outlook and future work

The conclusions and core findings for the work carried out during this thesis can be critically
assessed with respect to the state-of-the art, to subsequently suggest a potential set of

experiments to be undertaken in future investigations.

The main advantage of the TMD nanocluster fabrication by magnetron sputtering and gas
condensation technique versus the state-of-the art TMD physical preparation methods is the
possibility of preparing any TMD nanoclusters under mass selection and accurate loading
control just by use of different TMD sputtering targets. This brings the possibility of
incorporating any elements by use of a second target (Ni, Chapter 5) or post-deposition
treatments (S evaporation, Chapter 6), evaluated in this work, which can open very powerful
research lines to bring excellent understanding in size-electrocatalytic activity scaling relations.
Indeed, we envisage that preparation of sulfur-enriched, transition metal-doped (Fe, Co, Ni,
Pd, Pt) MoS hybrid nanoclusters by a dual target and sulfur evaporation/annealing strategy
would clearly outperform the HER activities of the nanoclusters evaluated in Chapters 5 and
6, obtaining a synergy between S-edge site activation and increased presence of the proton-

accepting S sites.

The small nanocluster production rate (ug/hour) due to mass-selected deposition, the stochastic
cluster condensation and the highly-amorphous nature of the as-deposited MoS2 nanoclusters,
on the other hand, limit the current implementation of size-selected MoS2 nanoclusters:

required loadings of mg cm™

in real electrolyser devices would take hours to be achieved,
yielding non-uniform distributions of a highly-active yet unstable catalyst layer. Very recent

research efforts for nanoscale production scale-up at the NPRL have yielded the so-called

Matrix Assembly Cluster Source (MACS), which enables cluster flux rates of mg/hour: MoSs
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nanocluster production with this method followed by post-deposition annealing would enable
industrial application of the deposition technique. Further attempts to improve the
electrochemical stability are also essential, and methods which could promote more crystalline
nanocluster structures such as the use of strongly interacting supports and higher nanocluster

landing energies (i.e. higher anchoring) should be explored.

As for Ni-MoS> hybrid nanoclusters, unambiguous understanding of the interaction between Ni
and MoS2 in is still pending, and consequently future characterisation studies should be carried
out with techniques such as X-ray absorption spectroscopy (XAS) or EELS, which will provide

information of the chemical environment of the incorporated Ni.

We believe that future work in TMD nanocluster production, given the edge-limited HER
activity of most TMDs, should be focused on the fabrication of TMD nanoclusters which
already present basal planes active to the HER, such as VSa. TaS2 or NbSs: the remarkable
activities shown in recent state-of-the-art reports would be fully exploited by the accurate size
selection and tuneable loadings. Based on recent reports in the literature, electrochemical
exfoliation and/or incorporation of alkali cations would also provide improved charge transfer

properties in the MoSs2 nanoclusters.

Plasma-etched MoS>/WS: crystals fabricated in this work yield extended, edge-abundant TMD
unique nanoarrayed structures. Their main limitation is, however, their technically challenging
preparation method and its operating parameters. The use of O2 plasma has been shown to be
detrimental in group VI TMDs for the HER as acid-soluble MOy species are formed, which
compromises their electrochemical stability. Additionally, the range of nanopillar aspect ratios
is limited by the diameter of the polysterene nanospheres employed, where the resulting

structures present challenging mass transport properties to characterize, as shown in our work.

To amend these limitations, further investigations on plasma-etched MoS2/WS2 nanoarrays

should focus in the replacement of the Oz plasma step by one employing an inert gas (Ar, Ha).
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This would not only mitigate oxygen incorporation, but would also promote the extrinsic
formation of S vacancies which would further activate the TMD nanoarray structure.
Transition metal doping by physical methods such as CVD or PVD would be worth pursuing,
as well as the potential incorporation of recently reported dopants (P, B, N) in the reacting
plasma to further boost the inherent activity of the TMDs. For future research areas, TMD
nanoarrays are very attractive for applications not frequently evaluated in the literature such
as photoelectrochemical hydrogen production, biosensing and supercapacitors: dense nanopillar
structures promote efficient light harvesting and offer a high surface area susceptible to charge

accumulation and detection of electroactive analytes.

Anodically-electrodeposited amorphous MoSx thin films present great advantages compared to
other MoSy preparation methods such as their low preparation cost, high HER activity (one of
the most active pristine MoS> materials reported so far) tuneable by electrodeposition
conditions, co-deposition of other metals, electrochemical conditioning and backing electrode
among others. Our pH-dependent studies reveal very important information on how crucial the
electrochemical conditioning and pH environments are to ensure maximized activities and
stabilities. However, in all cases the surface characterization techniques to support our
conclusions (Raman and XPS) are performed ex-situ, which cannot provide full understanding

of the MoSx thin films under HER operation.

For such reason, future work on these pH-dependent studies would greatly benefit from in
operando coupled characterization techniques such as near-ambient pressure XPS, Raman or
SFC/ICP-MS to unambiguously correlate in real time structural or surface state modifications
in MoSx with the electrochemical data recorded, and corroborate the postulated pH-dependent
stability and active site modification. The inherent nanostructuring of AE-MoSx by hard
templates and composite preparation has already been explored in the literature, but a surface-

area maximization approach based upon soft templates (e.g. microemulsions) would be relevant
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as the pore size distribution and morphology of the resulting MoSx could be easily tuned by

the properties of the colloidal suspension and the electrodeposition parameters.

Lastly, the OER stability enhancement observed after WS3.«x decoration on Ir electrodes is
hampered by the pulse reverse electrodeposition method needed to yield nuclei instead of
homogeneous thin films: the low deposition yield due to the somewhat WSs.« sluggish deposition
kinetics affects the degree of incorporation, and it is the main inherent limitation of this
particular application of WS3x. The beneficial role of WS3.x as a corrosion-resistant material
for OER electrocatalysts, once the electrodeposition yields are fully maximized and tailored,
should be evaluated in future investigations by its use in other state-of-the-art materials, the
most suitable candidate being the more active yet more unstable Ru. In addition to this,
supplementary XPS measurements (not available at the thesis submission date) should
corroborate the synergistic effect of the acid-insoluble WO3 phase with the further improved Ir
OER stabilities. Analogous to AE-MoSy, coupled in operando techniques such as SFC/ICP-MS
would provide direct evidence of the mitigated corrosion rates, and would open the window to

the implementation of other corrosion-resistant oxides derived from TMDs.

As a final remark of this work, we should put in context our findings with those recently
reported in the literature. Our research has tackled the three most important strategies to
enhance the HER activity of MoSs reported in the literature: edge site exposure (Chapter 7),
activation of initially inactive S edge sites (Chapter 5) and maximization of the inherent
electroactivity of the active sites by morphology and electrochemical tailoring (Chapters 6 and
9). The work carried out for size-selected nanoclusters and anodically-electrodeposited
amorphous MoSx has been shown to be on par with the best reports in the literature. The field
now heads towards single atom doping and chalcogenide vacancy formation as the main basal
plane activation methods to fully maximize HER activity in TMDs whose activity is limited to

the edges: some of the future work suggested here aims to align with these efforts. Their
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reported enhancements, however, cannot be unambiguously ascribed to one specific effect, as
for example non-native metal incorporation will affect to some extent the morphology,
electronical and catalytical properties of TMDs. For such reason, systematic understanding of
the role of in-plane dopants and vacancies is needed for the field to fully prosper in the
forthcoming years, but TMDs remain to be an exciting family of materials with room for

increasing number of applications and activity enhancements.
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Appendix

A. Non-electrolytic hydrogen production methods

A.1 Hydrocarbon-based methods

Hydrogen production by use of hydrocarbon fossil fuels is the predominant method, specifically
95% of its global production.[1] These are classified in three production methods: steam

reforming (SR), partial oxidation (POX) and autothermal reforming (ATR).

SR is a high-temperature reaction (700-900°C) between steam and a light hydrocarbon source
(normally natural gas or pure methane) to produce hydrogen and carbon monoxide (syngas)
in a first step, followed by a second step at lower temperatures (200-400°C) known as the
water-gas shift reaction, which maximizes the hydrogen production yield by oxidation of carbon

monoxide in presence of steam, as outlined below.
Reforming Colim + 1 H,0 = nCO+ (n+2)Hy (Ap.1.1)

Water-gas shift reaction: CO+ H,0 = CO,+ H, (Ap.1.2)

SR, when using methane, presents a 72% hydrogen production efficiency, yielding a 70-75%
hydrogen-rich gas which by posterior purifications results in a 99.95% final hydrogen
purity[2,3]: SR accounts for 48% of global hydrogen production.|2] However, high operating
and energy costs as well as make this method undesirable in the hydrogen economy.

POX, unlike SR, is an exothermic process where a substoichiometric ratio of hydrocarbon
(methane, coal, heavy oil or petroleum coke) and oxygen react by incomplete combustion to

yield syngas. Working temperatures range from 900-950°C to 1150-1315°C whether the reaction



is catalytically or thermally-driven.[4] This method, however, presents a lower hydrogen yield

(hydrogen:CO ratio 2:1/1:1 vs. 3:1 in SR).[5]

Collm +3 0, = nCO+ (2)H, (Ap.13)

ATR is a combination of both POX and SR, whereby the partial combustion of the
hydrocarbon source generates the heat necessary to thermally-induce reforming, generating
syngas as a product. Although providing lower hydrogen yield than SR, its almost

thermodynamically neutral nature makes it attractive from the economic standpoint.

Colim +5 0+ nH,0 = nCO,+ (2)H, (Ap.14)

Coal and biomass can be employed for hydrogen production by their combustion in presence
of steam, as an alternative to natural gas and other aforementioned hydrocarbons. This process,
known as coal/biomass gasification, in conjunction with the water-gas shift reaction, yields

hydrogen by the following chemical reactions
Coal combustion under steam:

20+ 3 0,+ 1Hy,0 = 2C0+ Hy (Ap.15)
Biomass combustion under steam:

Biomass + heat + steam — H, + CO + CO, + CH,4 + hydrocarbons + char (Ap.1.6)

Water-gas shift reaction:

CO+ H,0 = CO0,+ H, (Ap.1.7)
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Coal/biomass gasification is an energy-intensive process (800-950°C needed for fluidised bed
reactors, 1200-1500°C for entrained flow reactor), with faster hydrogen production rates than

SR or POX, but lower thermal efficiencies (53% for coal, 60% for biomass vs. 65-80% in SR).[6]

All of these processes, unless coupled to carbon capture and sequestration technologies, generate
carbon emissions which are undesirable for achieving a fully carbon-free hydrogen economy.
For SR, CO2 emissions are indeed analogous to those obtain by combustion of the hydrocarbon
employed. However, these processes might be adequate at early stages to accelerate hydrogen

penetration in the energy mix and implement its related infrastructure.

A.2. Biologically-based methods

Attention has been drawn to microorganisms capable of producing hydrogen, due to the lower
working temperatures and technological simplicity. These are particularly suitable for waste
minimization, as a wide range of biomass types (both dry and wet) can be employed.|7] Bio-
hydrogen production can be classified in three main categories: anaerobic digestion,

biophotolysis and fermentation (photo-assisted or dark).

In anaerobic digestion, acid-forming bacteria and methane-forming archaea degrade biomass

in a two-step, oxygen-free process generating biofuel (methane and CO2) as well as hydrogen.[8]

Biophotolysis is based upon the photosynthesis taking place at the chloroplasts present in green
algae and cyanobacteria under sun irradiation: in excess of sunlight or anaerobic conditions,
water can be photolysed by hydrogenase enzymes to form hydrogen and oxygen (Figure A.la).
An indirect biophotolysis pathway also exists where hydrogen is produced after a four-step
process: I) production of biomass by photosynthesis, II) concentration of biomass, III) dark
aerobic fermentation producing 4 mol hydrogen/mol glucose and 2 mol of acetates, and IV)

conversion of acetate to hydrogen.[4]
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Dark fermentation is carried out by anaerobic bacteria and green algae on carbohydrate-rich
substrates in the dark: contrary to biophotolysis, fermentation of sugars such as glucose not
only yields hydrogen but also CO», methane and hydrogen sulfide, requiring post-treatment to
purify hydrogen.[9] Thus, the theoretical 4 mol hydrogen/mol glucose of the standard
fermentation pathway is down to 2.4-3.2 mol hydrogen/mol glucose.[10] In photo-fermentation
(Figure A.1b), purple non-sulfur photosynthetic bacteria convert various organic substrates
(agricultural effluents, sugars, organic acids)[11] to hydrogen after harvested sunlight at the
bacterial photosystems drive proton reduction at nitrogenase enzymes. Nitrogen-deficient
conditions are needed to prevent nitrogenase from undergoing N-fixation through ammonia

production.

All of these processes present a high potential, particularly in solar-rich countries with a high
production of biomass waste,[11] yet they need to circumvent several barriers to maximize their
production efficiency. In photo-assisted processes, these mainly consist of sunlight collection
efficiency and bacteria strain modification to supress competing photosynthetic and N-fixation
routes. For anaerobic/dark processes, careful control of hydrogen partial pressures and pH is
needed to prevent formation of reduced molecules through alternative pathways (acetone,

ethanol, lactate, etc.) which irreversibly slow down the hydrogen production rate.[12]
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Figure A.1. Schematic diagrams of a) direct biophotolysis and b) photo-fermentation.

Reproduced from [13].
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A .3 Alternative methods

Hydrogen production can also be achieved at extreme temperature or voltage operating

conditions.

In the case of pyrolysis or plasma arc decomposition, hydrocarbons are thermally-decomposed

to hydrogen and carbon black, as below

C,Hp, b+ %Hz (Ap.1.8)
For methane, this occurs above 980°C, in the absence of oxygen and steam to prevent SR and
POX to occur.[14] Compared with the aforementioned hydrocarbon-based methods, pyrolysis
yields minimal COx emissions, with high hydrogen purities. However, carbon fouling of the
reactor and durability of the hydrogen separation membrane employed are challenges to be

overcome.

At sufficiently high temperatures (> 2500°C), water can be thermally dissociated into hydrogen
and oxygen, process known as thermolysis. Thermochemical water splitting cycles have been
proposed as substitutes to thermolysis (ca. 2000-3000 reported),[15] to avoid the challenging
hydrogen separation previously required and decrease the operation temperature to values
achievable by sustainable heat sources (such as solar thermal collector). Among these, the
sulphur-iodine (see Figure A.2)[16], the multi-stage Cu-Cl,[17] and the two-step SnOz/SnO

cycles|18] are suitable candidates for large-scale production of hydrogen.

Waste heat from nuclear power plants can also be employed for thermochemical hydrogen
production, but this presents concerns regarding the non-sustainability of uranium ore mining
and radioactive waste management. Nonetheless, the large scale implementation of these

processes are restricted by the high working temperatures required.
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Figure A.2. Schematic of the reaction pathways for the sulphur-iodine thermochemical cycle.

Reproduced from [16].

B. Layered transition metal dichalcogenides: optoelectronic properties

B.1 Electronic aspects of layered TMDs

The different symmetry and layer stacking arrangement induces contrasting electronic
properties between TMD polymorphs. Namely, group IV and VI single-layered TMDs are
generally semiconducting (1-4 eV band gap) or insulating (>4 eV band gap),|[19] whilst group
V are all metallic.[20] With exceptions (2H-NbX», 2H-TaXs), this indicates that 2H-TMDs

present a semiconducting behaviour.
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Figure B.1. a) Schematic representation of the M*" d orbital filling within group IV-VI TMDs,
located in between the bonding (¢) and antibonding (¢*) bands, b) Symmetry-induced 4d
orbital splitting of 2H- and 1T-MoXs with the corresponding MoS: calculated band structures,
¢) Schematic representation of the relative energy levels of metal and chalcogen atoms and d)
Calculated indirect-to-direct band gap transition from bulk to monolayer MoS2. Reproduced

from refs. [21-24]

These can be explained by the TMD symmetry-dependent electron pairing of the electronic
band structure (occupancy of the ¢ bonding and ¢* antibonding bands), which near the Fermi
level (Er) is mostly affected by the M*' d-electron count (see Figure B.la). For TMDs of
groups V and VI (2H phase, D3, symmetry), the d electron band of M** splits into three groups
with differentiated energies: 1) dz%, II) degenerate di>.,? and dyy, and III) degenerate dy, and

dy,. In contrast, group IV TMDs, with 1T phase and D3q symmetry, present a d electron band
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split into two groups: I) degenerate dz? and di’y® and II) degenerate dys, dy,, and dyy.[21]
Electronic band configurations which yield paired electrons lead to semiconducting/insulating
properties, and unpaired electron configurations metallic properties. Group IV M*' centres,
with “d?”” configuration consequently behave as semiconductors. Group V, as they present an
odd electron configuration (“d"”) they will present metallic properties irrespective of the TMD
polytype. For Group VI, the even electron configuration (“d?”) yields close-shell electron pairing
(2H phase) or unpaired occupation of degenerate electronic energy levels (1T phase).[25] This
explains the metallic behaviour observed for 1T-MoXs/WXa, contrasting with the

semiconducting properties of 2H-MoX>/WXa, represented in Figure B.1b.

This general trend is however affected by the relative electronic energies of metal (M*") and
chalcogen (X%). Within TMDs of a given X*, M*" of a higher period within a periodic table
group present increasing energy gaps with respect to the p orbital X, as the d electron energies
involved near Er are higher. Analogously, X? of higher atomic number from the same M*"
TMDs present reduced electron gaps (see Figure B.lc). This leads to, for example, WTes
presenting semimetallic properties (band gap =~ 0.5 eV vs. 1.35 eV for WSs, see Table 2.1

Chapter 2).

TMD band structures were initially calculated semi-empirically,|26,27] but later evaluated by
ab initio,[28] augmented-plane-wave[29] and first principle methods such as density functional
theory (DFT).[30-33] Band structures were also experimentally measured with several
spectroscopic techniques.|24,34-38] Strikingly, TMDs were found to present layer-dependent
band structure properties. MoX> and WXs, from bulk to monolayer, present an indirect-to-
direct band gap transition conversion (Figure B.1d, for band gap values see Table 2.1 Chapter
2).[39,40] The indirect transition in bulk takes place from the valence band maximum at the I’
point (G point in Figure B.1b) to the conduction band minimum K halfway between the I'-K

lines which, in monolayers, is converted to a K-K direct band gap transition with higher
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energies: 1.89 vs. 1.23 eV for MoSy, 1.98 vs. 1.35 eV for WS».[41,42] The gradual increase in
band gap by decreasing TMD layer numbers is originated by quantum confinement and
interlayer coupling effects, the former theoretically predicted in the 1960’s in semiconducting
films.[43]| The orbitals predominantly contributing to the conduction band states of the K point
originate from Mo/W d orbitals localized in between the X-M-X trilayered structure, and thus
barely unaffected by interlayer coupling. In contrast, the hybridized Mo d,? and antibonding S
p» orbitals primarily contributing to the I' point valence band states are strongly affected by
interlayer coupling[44]: TMD layer number decrease minimizes the S p, orbitals coulombic

repulsion of neighbouring layers, downshifting I valence band energy state relative to K.[45]

The layer-dependent electronic properties in TMDs allow a high degree of band gap tunability,
unattainable for graphene, of high interest for electronic applications (e.g. field-effect
transistors).[20,46] Indeed, TMDs band gap can be further modulated, generally aiming its
reduction, by the following strategies: application of electrical fields,[47,48] mechanical
strain,[49-55| hydrostatic pressure, thermal decoupling of adjacent layers,[39] chemical
functionalization,[56] alloy formation,[57,58] Rb metal doping,[59,60] and TMD heterostack

fabrication.|[61,62]

B.2 Optical properties of layered TMDs

Layer-dependent TMD properties are not solely restricted to band gap modifications. The
direct band gap found for monolayer TMDs, located within the visible spectrum range, means
that incident/emitted photons can possess energies higher than that of the direct band gap,
which in turn maximises the absorption/emission efficiencies. This is particularly suitable for
optoelectronic applications such as optical switches, photo-detectors and wearable
electronics.[20] The indirect-to-direct band gap transition in monolayer MoXs and WXz TMDs
was indeed manifested as emergent photoluminescence (PL, light emission resulting from

previous photon adsorption) with a ca. 10* quantum yield enhancement for MoSa,[42] weakened
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with increasing TMD layer numbers and finally absent in bulk (Figures B.2a-b).[24,36,40,63]
PL quenching, ascribed to the competitive indirect electronic transition in multi-layered TMDs
(emerging weak PL band at higher wavelengths), can also be obtained in TMD monolayers by
heterostack fabrication with few-layer black phosphorus (Figure B.2c),[64] oxygen plasma
treatment,[65] application of lateral electrical fields,[66] room-temperature environment
ageing,[67] Au monolayer deposition,|68] electrochemically-induced cation intercalation,|69] or

2H—1T phase conversion induced by chemical exfoliation.[35]

PL can also be modulated by several strategies. Indeed, PL in monolayer TMDs can be
reversibly maximized (MoX32) or quenched (WSe2) by oxygen and water molecules
physisorption,[70] whilst improved PL is obtained after plasma-induced sulfur vacancies
formation|71] and subsequent oxygen chemisorption,|72] or chemical doping.|73,74] For few-
layer TMDs, PL can be induced by thermal treatments,[39] lateral electrical fields,[66] strain-
induced one-dimensional corrugations|75] or inclusion of polymeric interspacers.[76] PL is also
extremely affected at the TMD grain boundaries: for MoSz, mirror twin boundaries (Mo-rich,
“n-doped”) present quenched PL, whereas for tilt boundaries (S-rich, “p-doped”) it is greatly
enhanced.[77] A similar effect is found for MXs stoichiometry-dependent PL studies: lower X
contents yielded worsened PL and vice versa.[78] Finally, the PL emission peak can be red-
(lower energy) or blue-shifted (higher energy) by use of different solvent environments|79| and

TMD alloy stoichiometries (Figure B.2d).[80]
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Figure B.2. Thickness-dependent photoluminescence (PL) spectra of a) MoS2 and b) WSz and
WSe: along with the layer (L) dependent PL energy and intensity. ¢) PL spectra of MoSz before
and after heterostack formation with black phosphorous (BP). d) Composition-dependent PL

spectra of a MoSz(1-x)Se2x TMD alloy film. Reproduced from refs. [35,40,64,30].

The general explanation behind PL enhancement lies in the stabilization of the excitons
(suppression of their non-radiative recombination): for n-type TMDs (MoX2) this occurs via
electron withdrawal (p-type doping) from adsorbed species or modified local stoichiometries.
As for PL quenching, several mechanisms come into play depending on the treatment employed:
direct-to-indirect band gap conversions, electron donation/withdrawal on n/p-type TMDs
(molecule adsorption), interlayer electrical field build-up (heterostacks), and local presence of
higher metal centre oxidation states (ageing, oxygen plasma).

Layer-dependent TMD optical properties are also found in Raman spectroscopy. A pioneering

study on MoS2 showed a layer-dependent relative frequency of the in-plane Ezlg and out-of-
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plane A;4 vibration modes up to 4 layers.[81] With increasing layer number, Ezlg is red-shifted
(lower frequency, 385 cm™ for monolayer vs. 383 cm™ in bulk) whereas A;, is blue-shifted
(higher frequency, 404 cm™ for monolayer vs. 408 ¢cm™ in bulk); peak widths and intensities
varied arbitrarily (Figure B.3a).[82] Similar results were found for other MSs TMDs.[83] The
relative frequency shift Av was found independent on the laser employed.|[82] The number of
layers, in the case of MoS2, can be obtained by Av(Alg - Ezlg) = 25.8—-84/N, N being the
number of layers (up to 5).[84] Ay, stiffening was attributed to enhanced van der Waals
interlayer forces, whilst Ezlg to modified interlayer interactions and dielectric screening of the

long-range Coulomb interactions.[85]

Changes in the Ezzg mode frequency (interlayer shear mode, v < 50 cm™), ascribed to the in-
plane vibration of the X-M-X trilayer parallel to adjacent layers, also reveal information
regarding the layer stacking arrangement and also the number of TMD layers present.|[86] The
Ezzg mode frequency was found to decrease by ca. 0.5 em™ in MSe, TMDs when the interlayer
stacking shifted from the 2H to the 3R phase, with a significant intensity drop in the 3R
phase.[87] Another low-frequency mode, referred as layer breathing mode due to the out-of-
plane B3, interlayer vibration involved (i.e. absent in bulk and monolayers), is particularly
sensitive to layer stacking|88] and relative orientation between MXs interlayers and
heterostructures.[89] As a general trend, it was found that increasing TMD layer numbers yield
a softening (red-shift) in B3, layer breathing modes, and stiffening (blue-shift) in E, shear
modes (Figure B.3b).[90-92] As for the relative orientation dependence, a disappearance of the
Ezzg shear modes was found in bilayer MoS2 in the 20-40° rotation range, accompanied by

significant frequency shifts and intensity modifications.[89,93|
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Figure B.3. Layer-dependent frequency shift of a) in-plane Ezlg and out-of-plane A;5; MoS»
modes and b) Ezzg interlayer shear and B%Q layer breathing modes in MoS2 and WSes. ¢) Raman
spectra of monolayer monolayer 2H-MoS> (red) and 1T’-MoS: (blue), showing Raman bands
Ji, Jo and J3. d) Stacked Raman spectra of MoixWxS2 monolayer alloys for varying W

composition (labelled as x). Reproduced from refs. [82,90,94,95].

TMD polytypes can also be identified using Raman spectroscopy. Compared with 2H-MoXa,
the 1T phase of MoX> presented three additional bands,[94,96,97] known as Ji, Jo and J3 for
MoS: (at 153, 226, 330 cm™ respectively, see Figure B.3c).[98,99] These bands were recently
ascribed to the in-plane shearing mode of one side of the zig-zag chain with respect to the other

(J1), motion of S atoms with respect to the Mo atom layers (J2) and a relative stretching of a
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side of the zig-zag chain relative to the other with a partial out-of-plane component (J3).[25,100]
The phase purity of exfoliated natural molybdenite could also be proved by low-frequency

vibration analysis, where mixed 2H-3R MoS; stacking arrangements were found.[101]

As occurred in TMD photoluminescence, Raman modes are affected by multiple aspects, such
as ion intercalation,[102,103] temperature,[104,105] pressure,[106] strain,[51,52] supporting
substrate,|107] electron|[108] or laser irradiation,[96,109,110] interlayer coupling,[111] and TMD
compositions (elements, chalcogen-to-metal stoichiometry and phase, see Figure

B.3d).[65,95,112)

B.3 Other interesting properties and applications of layered TMDs

TMDs, in particular MoS2, present remarkable mechanical and tribological properties. The
Young modulus of monolayer MoS: is 270 + 100 GPa, similar to steel, sustaining significant
elastical stretching before full fracture (11%, breaking strength: 23 GPa).[113] What’s more,
few-layered MoSy (5-25 layers) intrinsic strength is maintained,[114] whilst the bending
modulus is 3 orders of magnitude higher in three-layer MoSs retaining its monolayer
flexibility.[115] Thus, MoSz is not only one of the strongest semiconductors reported, but also
highly flexible, qualities appropriate for wearable (opto)electronic devices. The ultra-low
friction coefficient of TMDs is particularly suited for lubricating applications[116,117]: for
MoS2, at room temperature, this is 0.01-0.1.[118] The underlying mechanical energy dissipation
mechanism has been primarily ascribed to the stick-slip model: abrupt state transitions of the
lamellar sliding structures, whereby the sliding velocity of the TMD surface atoms surpasses
by orders of magnitude that of the centre-of-mass.[119,120] Analogous to the aforementioned
optoelectronical properties of TMDs, nanoscale friction is layer-dependent, monotonically

increasing with increasing layer number.[121]

TMDs have also been reported to exhibit magnetic properties. For bulk MoS2 and WS, the

semiconducting 2H phase is reported to be diamagnetic at room temperature, but few-layer
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MS: present ferromagnetic behaviour in the 10-300 K range,[122,123] and room-temperature
ferrimagnetism after proton irradiation due to vacancy formation.[124] Studies on MoS:
nanostructures have demonstrated that the 1T phase, found in undercoordinated Mo- and S-
edge sites or induced by S vacancies in basal planes, is responsible for the observed
ferromagnetism.[125] Modelling indicated zig-zag nanoribbons present ferromagnetic and
metallic nature, whilst armchair nanoribbons are non-magnetic and semiconducting.[126-128|
Although preliminary DFT studies allocated the ferromagnetic properties to the unpaired spins
at S- edges,[129] Mo-edge rich nanoplatelets with a zigzag configuration as found in MoS:
dodecagons present the highest calculated magnetic moment,[130] which is lost after edge
reconstruction.[131] Magnetism in TMD materials can also be triggered by 3d transition metal
adsorption,[132,133] non-metal atoms adsorption (H, B, C, N, O, F),[134] organolithium
exfoliation,[135] uniaxial strain|[55] or strained vacancies generation;|136,137] and tuned by
molecular adsorption.[138] Besides Mo/WSa, TMDs with ferromagnetic metals (M = Fe, Mn,
V) present ferromagnetic properties[139]: an illustration compiling the magnetic properties of
TMDs can be found in Figure B.4a. External magnetic fields applied to TMDs have been
reported to induce phenomena such as magnetoresistance[140] and magneto-conductance,[141]

the latter via the Hall effect.
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Figure B.4. a) Compilation of 2D TMDs and their physical properties: magnetism
(ferromagnetic (F), antiferromagnetic (AF)) and superconductivity (S). b) Schematic of the
electrochemical biosensing mechanism of double-stranded DNA by thionin-functionalized MoSs.
¢) Schematic of the bacteria inactivation mechanism via few-layer vertically aligned MoSs
photocatalytic production of reactive oxygen species. Insets of b) and ¢) show biosensing and

disinfection performance of the TMD-based devices. Reproduced from refs. [142-144].

TMDs present a myriad of interesting applications. In biological systems, these range from
sensing of relevant biomolecules such as nucleic acids (Figure B.4b),[145] proteins[146] and
small molecules (e.g. glucose, dopamine, uric and ascorbic acids, bisphenol and hydrogen
peroxide)|147,148] to therapeutic agents drug delivery,[149] whilst water-methanol gas mixtures
could also be selectively monitored.[150] Industry-relevant TMD applications have also been
reported, such as the preparation of anodes for lithium ion batteries,[151-153] (micro-

)supercapacitors,[154] DNA sequencing via TMD nanopore transport,[155] piezoelectric
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devices,[142] water disinfection via electrochemical production of hydrogen peroxide (Figure

B.4c)[144,156] and removal of water soluble-dyes[157] and heavy metals.[158,159]
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C. Hybrid Ni-MoS2 nanocluster composition calculation

The HAADF intensity (I) of two kinds of elements (A and B) follows the relationship In/Ip =
(Za/Zp)!1%, in which Z is the atomic number, for our microscope calibration[170]. Thus the

intensity relationship between Mo, S and Ni can be listed as below:
Iyo =4.09 X I =181 X Iy; (Ap.3.1)

Since the single atom intensity of Mo is much higher than that of S and Ni, we assume the
atoms most easily visible in STEM images are Mo. According to the intensity line profile shown
in Figure 5.3 Chapter 5, the number of Mo columns intersected by the line and the number of
Mo atoms in each column can be obtained. Once all the surface area of the nanocluster is
scanned by such lines, the total number of Mo atoms (Nas) is obtained. The number of S atoms
(Ns) in this nanocluster can also be derived on the assumption that the ratio of Mo atoms to
Ni.

S atoms is 1:2. Therefore the composition of the nanocluster can be regarded as: (MoS2)w,

Now the integrated intensity of the whole nanocluster (Iuusier) can be given by:

(IMo X NMO) + US X ZNMO) + (INi X x) = Icluster (Ap.3.2)

Since the intensity of the whole nanocluster can be measured from STEM image, against using
single Mo atom as the standard, the value of x can be given by combining equations (Ap. 3.1)

and (Ap. 3.2):

cluster

I
x = 181~ — (2,67 X Nyo) (4p.33)

Mo

Then the nanocluster composition is revealed.
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D. Alternative XPS spectra peak devonvolution for Ni-MoS2 and Ni

nanoclusters
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Figure D.1. Fresh and 14 h air exposed high-resolution XPS spectra S 2p (right) for (MoSz)300
nanoclusters (top) and (Ni-MoS2)1000 nanoclusters (bottom),. Labels: raw spectra (solid black),

cumulative peak fit (solid red), S 2p3/2.1/2 (S%, yellow), S 2p3/2.1/2 (S2*, magenta) and S 2ps3/2.1/2
(SO, blue).
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E. Hydrogen turnover frequency (TOF) elucidation

E.1 Nickel-molybdenum disulfide hybrid nanoclusters

Estimation of turnover frequency was performed by the deconvolution and integration of the
anodic peaks observed after 10 cycles in the 0 to 1.2 V voltage range vs. SCE (0.35 to 1.6 V
vs. NHE after calibration). The deconvolution of the first anodic linear sweep was performed
in the 0.6 to 1 V and 0.4 to 0.8 V voltage range vs. RHE for (MoS2)300 and (Ni-MoSz2)1000
nanoclusters, respectively.

The formula used for calculating the TOF per-site is the following[179]:

Total hydrogen turnovers/cm?geometric area

TOF per site = (Ap. 5.1)

Number of electrochemically active sites/cm?geometric area

The total number of hydrogen turnover events is calculated using the conversion|[180:

_ mA 14 1C/s 1mole~ 1molH, 6.023 x 1023 molecules H,
Jgeomhalf max Cméeom 1000mA 1A 96485C 2mole™ 1mol H,
H,
. i molecT mA (4p.5.2)
= * 3,12 X 10 er .o,
]geom,half max Cmgeom p Cmgeom p

For comparison purposes, the current density is selected at the voltage corresponding to the
(MoS2)300 nanoclusters hydrogen evolution peak half maximum (E= -0.749 V, vscqn= 25 mV

sh):

For (MoSz2)300 nanoclusters:

H
| _motectz "y .
|]geom,half max| *3.12 X 10 2 per > =04 > * 3,12 %10
CMgeom CMgeom CMgeom
HZ
=1.25 x 1015m—016 S (Ap.5.3
- cm? p-5.3)
geom

XX



For (Ni-MoS2)1000 hybrid nanoclusters:

] molec% mA
ljgeom,hatf max| * 3.12 X 10" ———= per —— = 0.60 ———* 3.12 x 10'°
Cmgeom Cmgeom Cmgeom
H,
= 187x1015% (Ap.5.4
- 2 p.o. )
geom

Calculation of the turnover frequency can also be calculated for the (Ni-MoS2)1000 hybrid

nanoclusters at the (Ni-MoSz)1000 hydrogen evolution peak half maximum (E= -0.640 V, vgqn

=25 mV s):
H,
molecT mA
|jgeom,half maxl *3.12 X 101° 2 per 2 = 0.31 7 x 3.12 x 101°

CMgeom CMgeom CMgeom
molecﬂ

=9.56 x 101 ———=- (4p.5.5)

2
CMgeom

The total number of electrochemically MoS» active edge sites per geometric area is elucidated

as it follows:

Assuming that the anodic electrochemical process undergoes the reaction mechanism proposed

by Bonde et al.[181], corresponding to the partial oxidation of sulfur in MoSs

1
MoS, + 7 Hy0 > MoOs + SO~ + = $3™ + 14H* + 11e” (4p.5.6)

The integration of the ASV deconvoluted peaks responsible for the MoS> active edge sites
oxidation will enable to provide an estimation of the TOF.

Peak integration values obtained for first scan ASV:
(MoSz2)300 nanoclusters

- Mo-edge sites: 32.7 uC/cmgeom
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(Ni-MoS2)1000 hybrid nanoclusters

- Ni-doped Mo-edge sites (Peak II): 13.4 uC/cmgeom
- Ni-doped S-edge sites (Peak III): 26.8 uC/cmzeom
- Undoped Mo-edge sites (Peak IV): 14.3 uC/cméeom

- Total active sites integrated charge density: 54.5 uC/ cméeom

The peak integrated area (represented in terms of charge density (o;)) is converted to MoSs

active sites/geometric area as follows:

uC 1C 1mole~ 1mol MoS, 6.023 X 10?3 molecules MoS,
CMZeom 1X%10°uC 96485C 11mole~ 1 mol MoS,

(aq)

molec MoS,

= (o4) * 5.67 x 10! > (Ap.5.7)
CMgeom
For (MoSz2)300 nanoclusters:
molec MoS, molec MoS, molec MoS,
(0g) *5.67 X 10" —————==32.7 5,67 X 10" ———— = 1.86 x 10> ———— (4p.5.8)
geom Cmgeom mgeom

For (Ni-MoS2)1000 hybrid nanoclusters:

molec MoS, molec MoS, molec MoS,

=545 % 5.67 x 101 =3.09 x 108 ————2 (4p.5.9)

(oq) * 5.67 x 10"
CMgeom CMgeom CMgeom

Turnover frequency values per active site, at E= -0.749 V and vg.gn= 25 mV s, are:

For (MoSz2)300 nanoclusters:

H
molec —2
1.25 x 101 ——5-

lec 2
Cmgeom molec

TOF per site =

=67.1 Ap.5.10
186 x 1013 Molec MoS, active MoS, sites P->10)
’ 2

CMgeom

For (Ni-MoSs)1000 hybrid nanoclusters (at the (MoS2)300 nanoclusters hydrogen evolution peak

half maximum) :
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molec&

1.87 x 101° ——5- molec 12
TOF ite = 9 = 60.3 Ap.5.11
per site 3.09 x 1013 moleg MoS, active MoS, sites (Ap )

geom

For (Ni-MoSs)1000 hybrid nanoclusters (at the (Ni-MoS2)1000 nanoclusters hydrogen evolution

peak half maximum) :

H,
056 x 10142 s H
: 2 molec =2

cm
TOF per site = gee §

= 30.9 Ap.5.12
3.00 x 1013 Molec MoS, active MoS, sites CP->12)
' 2

CMgeom

E.2 Size-selected, sulfur-enriched molybdenum sulfide nanoclusters

Estimation of the hydrogen turnovers per second can be performed based on the extremely
accurate control of the catalyst loading provided by the proprietary lateral time-of-flight mass
filter used in our cluster source[178] and the cluster beam deposition current. Other TOF
estimation methods commonly reported in the literature (anodic stripping voltammetry,
electrochemical capacitance measurements, study of redox mediator electrochemistry) cannot
be used due to the ultra-low catalyst loading on our samples (~ng cm). The catalyst loading-
based method used implies, however, the TOF is not calculated based on the electrochemically
active surface area of the nanoclusters (i.e. the active sites accessible by the electrolyte). This
means that the final TOF obtained will underestimate the real TOF per-site, but if this metric
is calculated in the same manner for all (MoSx)1000 nanoclusters samples then it will provide
physically relevant information.

As with our studies on magnetron-sputtered Ni-(MoSx)y hybrid nanoclusters, the current
density is selected at the voltage corresponding to the as-deposited (MoSi.9)i000 nanoclusters
hydrogen evolution peak half maximum |jgeom hatf max| at a given scan rate (in this case vgcqn=

50 mV s1)
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For (MoS1.9)1000 nanoclusters deposited at 5% surface coverage, |Muatf max|= 825 mV:

H,

. 15 molec T
|]geom,half max| * 3.12 X 10 > per > = 0.303 >

CMgeom CMgeom CMgeom

* 3.12 x 1015

H,

— 14 m0l S
= 9.46 x 10" ———5 (4p.5.13)

CMgeom

For (MoS1.9)1000 nanoclusters deposited at 20% surface coverage, |Mualf max|= 815 mV:

] molec% mA
ljseom haif max| * 3.12 x 101> per = 0.328 * 3.12 x 101°
Jgeom,half 2 2 2
Cmgeom Cmgeom Cmgeom
H,
= 1.02 x 1015& (Ap.5.14
o cm? p-5.14)
geom

Calculation of the turnover frequency is equally performed for the sulfurised and annealed
(MoSx) 1000 nanoclusters:
For sulfurised and annealed (MoSa4.9)1000 nanoclusters deposited at 5% surface coverage, at

Inl= 825 mV (|nuaif max| for the as-deposited sample):

H
lj | *3.12 X 1015mOleCTZ per mA__ 0.614 x 3.12 x 101°
geomhalf max . méeom Cméeom . Cméeom .
H
molec —2
=1.92 x 1015 ——= (4p.5.15)
Cmgeom

For sulfurised and annealed (MoS4.9)1000 nanoclusters deposited at 20% surface coverage, at

In|= 815 mV (|Nualf max| for the as-deposited sample):

H
lj | *3.12 X 1015mOleCTZ per mA__ 0.556 x 3.12 x 101°
geomhalf max . Cméeom Cméeom . Cméeom .
H,
—173><1015% Ap.5.16
=1. 5 (Ap.5.16)
c geom
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The total number of MoS: units per geometric area is elucidated by the following conversion,
which assumes the Mo:S stoichiometry to be 1:2, as found in the MoSy sputtering target (not

far from the 1:1.940.1 experimentally found by XPS for as-deposited nanoclusters):

. n 1 1 mol MoS 6.023x10%3 molecules MoS.
(M0Sy)1000, catalyst loading ( g ) g 2. 2

2eom/ 10°ng 160.07 g MoS, 1 mol MoS,

(M0Sy)1000 catalyst loading * 3.76 X 1012%251”052 (Ap.5.17)

For (MoS1.9)1000 nanoclusters deposited at 5% surface coverage:

molecules MoS,
ng

n
(M0S,)1000, catalyst loading ( zg >* 3.76 x 1012
CMgeom

n
= 83.78 Zg *3.76 x 102

CMgeom ng

molecules MoS,

_ 14 Molec MoS,
=3.15x10"* ———— (4p.5.18)

CMgeom

For (MoS1.9)1000 nanoclusters deposited at 20% surface coverage:

molecules MoS,
ng

n
(Mo0S,) 1000, catalyst loading ( 2g )* 3.76 x 1012

geom

ng molecules MoS,

—— % 3.76 x 10"
CMgeom ng

= 335.12

15 molec MoS,
=1.26x10 S p— (Ap.5.19)

geom
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Turnover frequency values per active site, are:
For (MoS1.9)1000 nanoclusters deposited at 5% surface coverage:

As deposited:

molec Hy
9.46 x 10™* ———=-
Cmgeom

=3.0
014 molecz‘ MoS, active MoS, sites

molec &

TOF per site = (Ap.5.20)

3.15x 1
CMgeom

Sulfurised and annealed:

H
lec =2
1.92 x 1015 % H,
2 molec —=

cm,
TOF per site = molegce% 5 =6l Sssites (4p.5.21)
3.15 x 1014 ————=2 2

Mgeom

For (MoS1.9)1000 nanoclusters deposited at 20% surface coverage:

As deposited:

H
molec —2
1.02 x 1015 ——5-

geom

=0.8
molec MoS active MoS, sites
1.26 X 1015 ———=2 2

Mgeom

molec B

TOF per site = (Ap.5.22)

Sulfurised and annealed:

moleci
1.73 x 1015 ——5- loc Hz
Geom _ molec S

=1.4
molec MoS active MoS, sites
1.26 x 1015 ———2 2

geom

TOF per site = (Ap.5.23)
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F. Hydrogen evolution reaction experiments: compilation of results

F.1 Nickel-molybdenum disulfide hybrid nanoclusters

Sample l/hatf max! / lipl / b/ mV dec! Jo/ A cm? Jonorm / TOF / st
mA cm?; mA cm?; A cm?
n / mV n/ mV
Niga00 0.36; 771 0.72; 869 106 2.8x 101 - -
(MoS2)300 fresh 0.31; 766 0.63; 906 133 8.4x 1010 - -
(MoS2)300 14 h 0.4; 749 0.81; 923 94 2.7% 1011 2.14x 107 67.1
(740 mV)
(Ni-MoSz2)1000 fresh 0.35; 683 0.69; 805 118 7.6%x 10710 - -
(Ni-MoS2)1000 14 h 0.31; 640 0.60; 769 122 2.1x 107 1.02x 107 60.3
(740 mV)
30.9
(650 mV)

Table F.1. Compilation of peak half maximum current density (jhaif max), Peak current density
(jp), Tafel slope (b), exchange current density (jo), normalized exchange current density

(Jonorm) and turnover frequency (TOF) values of the doped/undoped MoS: nanoclusters

samples evaluated
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F.2 Size-selected, sulfur-enriched molybdenum sulfide nanoclusters

Sample Catalyst |/ hatf max| / b/ Jo/ Jonorm / Mass Mass TOF @
loading / mA cm?; mV dec! A cm? A cm-2 activity @ activity @ [/ hatf max|
mg cm Mhalf max| / |jhalf max| / 400 mV/ / st

mV mA Ing‘l mA mg- 1

(MoSx)1000, 8.378x 10-° 0.303; 825 145 8.85x% 1010 4.21x 10° 3616.6 0.5 3.0

5 % surface

coverage

(MoSx) 1000, 8.378x 10-° 0.336; 652 154 2.82%x 108 1.34x 107 4010.5 110.5 3.3

5 % surface

coverage S (0.614;825) (7328.7) (6.1)

evaporation

(MoSx)1000, 3.351x 104 0.328; 815 143 7.86x 10-10 9.4x 1010 978.8 1.8 0.8

20 % surface

coverage

(MoSx)1000, 3.351x 104 0.349; 590 149 5.25% 108 6.24x 108 1041.5 66.9 0.9

20 % surface

coverage S (0.556;815) (1659.2) (1.4)

evaporation

Table F.2. Compilation of peak half maximum current density (jhaifmax), Tafel slope (b), exchange current density (jo), normalized
exchange current density (jonorm), mass activity and turnover frequency (TOF) values of the (MoSx)i000 nanoclusters samples evaluated.

Values in parentheses correspond to HER metrics calculated at |[npq;r max| values of as-deposited nanoclusters.
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G. Electrochemical impedance spectroscopy of size-selected, sulfur enriched molybdenum sulfide

nanoclusters: fitting parameters

Sample n/mV Ry /Q R,/ Q CPE ./ Fls'™ R./Q CPE ./ F sl " CPE,, /F1s1™
(MoSx)1000 5% -1100 117.9 1239 8.9 x 106 n: 0.93 4640 1.2 x 106 n: 0.96 1.7 x 106 n: 0.60
surface
coverage
(MoSx) 1000 5% -1100 89.1 1177 3.8 x 107 n: 0.72 3252 1.0 x 106 n:0.99 1.9 x 10 n: 0.44
surface
coverage S
evaporation
(MoSx) 1000 10% -1100 124.8 2162 1.3 x 10 n: 0.92 31176 1.7 x 106 n: 0.96 8.1 x 10 n: 0.06
surface
coverage
(MoSx) 1000 10% -1100 121.2 1104 4.7 x 10 n: 0.92 11437 2.3 x 106 n :0.97 1.7 x 104 n: 0.15
surface
coverage S
evaporation
(MoSx) 1000 20% -1100 112.6 6064 2.0 x 10 n: 0.80 12424 6.1 x 107 n: 1.0 4.7 x 106 n: 0.63
surface
coverage
(MoSx)1000 20% -1100 81.8 836 9.2 x 104 n: 0.71 6817 29 x 106 n:0.86 9.9 x 10°  n:0.32
surface
coverage S
evaporation
Table G.1. Fit parameters obtained for equivalent circuit model as seen in Figure 4.4 Chapter 4. EIS voltage acquisition: -1.1 V vs. SCE

(ca.-0.7 V vs. NHE after Nernstian correction)
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H. Literature compilation and comparison of HER performance:
state-of-the-art pure MoS2 and MoS2-based (hybrid/supported)

catalysts

Recent efforts in the literature have focused on producing MoS: catalysts which maximize
the values of the commonly reported figures of merit: the turnover frequency (a.k.a. TOF, i.e.
descriptor of the intrinsic activity per site of a catalyst) and the overpotential to achieve current
densities of 10 mA c¢m™ (i.e. a metric for the total electrode activity, based upon the 12.3%
efficiency of an artificial photosynthesis device powered by a 0.1 W em™ average power of
incident sunlight).[182,183]

The latter, however, is generally reported after normalization with the geometric electrode
area, irrespectively of the catalyst loading or the electrochemically active surface area of the
electrode (catalyst surface geometrically-accessible by the electrolyte, dependent on surface
roughness). A recent report by McAteer et al.[184] corroborated that a linear correlation
between HER current densities and MoSz-modified electrode thicknesses was satisfied up to 5
microns. This implies, provided no electrolyte permeation and current collection problems arise,
that the hydrogen production rate (and consequently the aforementioned figures of merit) can
be boosted up by increasing the MoSs catalyst loading at the electrode surface.

Thus, we believe that a more appropriate figure of merit to compare the results reported in
the literature is the current density (at a given overpotential or vice versa) normalized by the
catalyst loading: the catalyst mass activity. This is a well-established metric for noble-metal
based catalysts,[185,186] and provides unambiguous insight on the efficient catalyst utilization.
Enclosed here is a list of some of the recently-reported MoS» catalysts, along with the relevant

HER metrics to allow their comparison.
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Catalyst Catalyst loading  |n| @ |jgeom|  [jgeom| @ |n|  Tafel slope Mass Mass TOF Ref.
/ mg cm? = 10 mA cm2 = 200 mV / mV dec activity @ activity @ (@)
/ mV / mA cm? 10 mA cm 200 mV /st
/ mA mg! / mA mg!
High purity 56.58 x 103 770 ca. 0 175 176.74 n.a. n.a. 187
crystalline bulk 2H-
MoS2
Bulk 3R-Mo$S2 56.58 x 103 520 0.07 113 176.874 1.24 n.a. 188
1T-MoS2 nanosheets 50 x 103 ca. 200 ca. 10 41 200 200 n.a. 189
(Li intercalation)
1T-MoS2 nanoshects 43 x 103 175 15 40 232.56 348.8 n.a. 190
(hydrothermal)
MoS2 monolayer 0.28 160 ca. 37.5 54.9 35.71 133.93 n.a. 191
with S vacancies
Vertically aligned 0.29 202 ca. 10 60 34.5 34.5 n.a. 192
1T-MoS:2 nanosheets
on 2H-MoS2
nanosheets
MoS2 nanosheets 0.305 x 103 167 ca. 28 41 32786.9 91803.3 n.a. 193
with rich in-plane
edges
Interlayer-expanded 0.28 149 ca. 50 49 35.7 178.6 1.14 194
MoS2 nanosheets (@200 mV)
Defect-rich MoS2 0.285 ca. 191 13 50 35.1 45.6 0.725 195
nanoshcets (@ 300
(thiourea method) mV)
Defect-rich MoS2 0.285 ca. 195 ca. 11 68 35.1 38.6 0.08 196
nanosheets (@ 150
(microdomain mV)
method)

Table H.1. Compilation and comparison of HER performances for recently reported, state-of-the-art pure MoS: and MoSs-based

(hybrid /supported) catalysts[187,188,197-206,189,207-216,190,217-220,191-196]
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Catalyst Catalyst loading  |n| Q |jgeom| ljgeom| @ |n|  Tafel slope Mass Mass TOF Ref.
/ mg cm? = 10 mA cm2 = 200 mV / mV dec activity @ activity @ (@)
/ mV / mA cm? 10 mA cm 200 mV /st
/ mA mg! / mA mg!
Mesoporous 1T-MoS2 0.14 153 ca. 60 43 71.4 428.6 0.5 197
nanoshects (@153 mV)
Oxygen-incorporated 0.285 175 ca. 17.5 55 35.1 61.4 n.a 198
MoS2 nanoshcets
Heterogeneous 0.3368 220 ca. 4.8 61 29.7 14.2 n.a 199
1T/2H- MoS2
nanosheets
Defect-rich 0.88 95 ca. 100 78 11.4 113.6 n.a 200
MoS2 nanowalls
(200 nm thick)
Sulfur-depleted 16.97 x 103 ca. 150 52.1 29 589.3 3071.9 n.a. 201
MoS2 nanocrystals
Stepped-edge 3.2 104 ca. 150 59 3.1 46.9 1.51 202
surface-terminated (@ 200
MoS:2 arrays mV)
Polycrystalline MoS2 0.3 ca. 186 ca. 20 50-60 33.3 66.7 0.14 x 103 203
thin film (@ 0 mV)
(CVD deposition)
Double-gyroid MoS2 60 x 103 ca. 236 ca. 4.4 50 166.7 73.3 n.a. 204
thin film
(Electrodeposition +
Sulfidization)
Edge-terminated 8.5 x 103 n.a ca. 0.1 105-120 n.a. 12.9 0.013 205
MoS2 thin film (@ 0 mV)

Table H.1. (Continued) Compilation and comparison of HER performances for recently reported,

based (hybrid/supported) catalysts|187,188,197-206,189,207-216,190,217-220,191-196|

state-of-the-art pure MoS> and MoS»-
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Catalyst Catalyst loading  |n| @ |jgeom|  [jgeom| @ |n|  Tafel slope Mass Mass TOF Ref.
/ mg cm? = 10 mA cm2 =200 mV / mV dec activity @ activity @ (@)
/ mV / mA cm? 10 mA cm 200 mV /st
/ mA mg! / mA mg!
Amorphous 0.3 ca. 160 >20 39 33.3 >66.7 0.01-0.03 203
MoS3 thin film x 103
(CVD deposition) (@ 0 mV)
Amorphous MoS3 45 x 103 ca. 190 16.5 40 222.2 366.7 n.a. 206
thin film
(Electrodeposition)
MoS2 nanoparticles 0.28 ca. 150 >20 41 35.7 >71.4 n.a 207
on rGO
MoS2 nanosheets on 0.139 198 ca. 10 49.3 71.9 271.9 n.a 208
hollow carbon
spheres
MoS2 on mesoporous 0.21 n.a 100 42 n.a 476.2 n.a 209
graphene
Perpendicularly- 0.204 172 17.5 43 49 85.8 n.a 210
grown MoS:2
nanosheets on
graphene
(@1600 rpm)
4 layers-thick MoS2 0.3 182 ca. 15 60 33.3 50 1.45 211
nanosheets @ (@ 200
ordered mesoporous mV)
carbon
MoS2 nanoparticles 3.4-3.9 100-115 200 62 2.9-2.6 58.8-51.3 0.1 212
on carbon fiber (@ 200
paper mV)
MoS2 nanosheets on 0.875 80 ca. 88 41 11.4 100.7 n.a. 213
carbon nanopaper

Table H.1. (Continued) Compilation and comparison of HER performances for recently reported, state-of-the-art pure MoSz and MoSs-

based (hybrid/supported) catalysts[187,188,197-206,189,207-216,190,217-220,191-196|
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Catalyst Catalyst loading  |n| @ |jgeom|  [jgeom| @ |n|  Tafel slope Mass Mass TOF Ref.
/ mg cm? = 10 mA c¢m? =200 mV / mV dec activity @ activity @ (@ In))
/ mV / mA cm? 10 mA cm? 200 mV / st
/ mA mg! / mA mg!
Defect/S-rich MoS2 0.217 135 65.6 48 46.1 302.2 n.a. 214
nanosheets @ N-
doped carbon
nanofibers
MoS2 nanosheets on 0.283 ca. 200 9.7 59 ca.35.3 35.3 n.a. 215
porous carbon
aerogel
Amorphous MoS:2 on 3 141 182 11 3.3 60.7 0.14 216
G/CNTs hybrid (@ 200
mV)
Sulfur-depleted MoS2 0.202 100-150 231.5 38 49.41 1143.8 8.714 201
nanocrystals on (@ 200
expanded GO mV)
MoS2 nanosheets on 0.3 200 10 35.6 33.3 33.3 n.a. 217
conducting MoO2
Vertically aligned 1.67 63 400 53 6 239.5 0.17 218
MoS2/Mo2C on (@ 150
carbon fiber cloth mV)
MoS2/CoSe2 hybrid 0.28 68 75 36 35.7 267.9 n.a. 219
(@1600 rpm)
MoSz/black 0.102 85 ca. 50 68 98 490.2 n.a. 220
phosphorous hybrid

Table H.1. (Continued) Compilation and comparison of HER performances for recently reported, state-of-the-art pure MoSz and MoSs-

based (hybrid/supported) catalysts|187,188,197-206,189,207-216,190,217-220,191-196|
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I. Transition metal dichalcogenide nanoarrays

1.1 Elucidation of mass transport mechanism: peak current vs. square root of scan

rate and transient chronoamperometry experiments

Calculation of theoretical log (j/Azomain) VS- l0og(7) curves for Cases 1 and 4 was made based

on the following steps.

Calculation of theoretical current expected from a planar electrode by using Cottrell

equation:

1/2
ZFAD Y2 Cpyt purk
Icottren = T1/2¢1/2

(Ap.9.1)

Where z stands for the number of electrons transferred in electrochemical reaction (for
H(th) + le” - 1/2 Hz(g) , n= 1), F for the Faraday constant (96485 C mol'), A for the
geometric area (in c¢m?), Dy+ for the proton diffusion coefficient (Dy+ =~ 7.9 X
107° em? s71),[221] Cy+ pyyi for the proton concentration in bulk solution (in this report [H*] =

2 X 107%mols cm™3) and t for the experimental times recorded during the duration of the

transient experiments.
For Case 4, A corresponds to the geometric area of the TMD crystal (Ageom). For Case 1, A

accounts for the real surface area of the nanoarray, i.e. the nanocone surface area plus the basal

surface located between the nanopillars (Ananoc + basal plane)-
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The surface area of an individual nanocone was calculated applying the formula for the lateral
surface area of a cone. Nanocone height (hugnoc ), radius (fhanoc), and interspacing

(dinterspacing) Were determined experimentally (see Table 7.1 Chapter 7)

Ananoc =T rnanoc\/rrganoc + hTZlaTlOC (Ap 92)

The total surface area of the nanocones contained in the array was calculated by multiplying
the number of nanocones which could be contained at the TMD crystal surface assuming a

packing factor = 1, times the nanocone packing factor at the TMD surface:

A 2 A
geom  MTnanoc Aranoe * __geom (4p.9.3)

Aunit cell

Ananoc,tot = Ananoc * 2 2
MTanoc “unit cell

where

Aunit cell = (2 Thanoc + dinterspacing) 2 (Ap. 9-4‘)

The total area of the basal surface at the nanocone interstices is calculated with the following

expression

Ageom

Abasalplane = (Aunit cell — T Tr%anoc) * A (Ap. 9-5)

unit cell

Finally, the total surface area of the nanoarray is obtained by summing the total nanocone

and intersticial basal plane surface area:

Ananoc + basal plane = Ananoc,tot + Abasal plane (Ap. 9-6)

I

2nZFCDTngnoc*Adomain

Substitution of I;pttrer; in the log( ) expression.

For both cases 1 and 4, Agomain = TTaomain = d°, d being the nanocone center-to-center

distance in cm.
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1.2 Elucidation of roughness factor by electrochemical capacitance measurements

after solvent-phase electrochemical sulfidation

In order to estimate variations in the plasma-etched WS2 samples roughness deriving from
either the electro-oxidative step occurring during the sulfidation treatment or the HER
electrochemical testing, we recorded cyclic voltammograms in the voltage region corresponding
to non-faradaic processes arising from the charge/discharge of the electrical double layer (in

this case, -0.2 V to 0.2 V vs. NHE).

In voltage sweep experiments, the double layer charging/discharging current I can be

correlated with the electrochemically active surface area (Agcsa) by the following equation|222]:

llc| = Vscan * Cai * Apcsa (Ap.9.7)

Thus, a simple linear regression of the I values obtained at different scan rates enables to
estimate Agcsa, dependent on the inherent capacitance of the surface. If the same experiments
are performed to a geometrically flat surface of the same material, the ratio |I¢|/|l¢ f1q¢| would

enable to estimate a true roughness factor

Rf = AECSA/Ageom (Ap.9.8)

However, as we do not possess a perfectly flat WSy electrode standard to compare the |I¢|
values to, we opted to plot the charging/discharging current density |jc| = |I¢|/Ageom Vvs. the
scan rate Vieqn. This will enable us to obtain the electrical double layer capacitance values Cg;

(in uF cm;ezom) for the pre-sulfidated, post-sulfidated, 8-day atmosphere exposed, 15-day
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atmosphere exposed and 22-day atmosphere exposed samples. The ratio of all C4 values vs.
the C4; value obtained for the pre-sulfidated sample will lead to a relative roughness factor
(Rf), which will enable us to account for modifications in the real surface area along the

duration of the sulfidation experiments.

AECSA
Rf = (Ap.9.9)
ECSA, pre—sulfidated

WSe SFs/CaFs Pre-sulfidated Day 1 Day 8 Day 15 Day 22
plasma
etching time
/s
31+1 Double layer 5695 4800 3185 2710 3480
electrochemical
capacitance Cy; /
uF Cm‘;gom
Relative roughness 1 0.84 0.56 0.48 0.61
factor
61 +1 Double layer 1710 2455 2335 1555 1900
electrochemical
capacitance Cy; /
uF Cm‘;gom
Relative roughness 1 1.44 1.37 0.91 1.12
factor

Table I.1. Compilation of C4z and Rf values for 31 + 1 s (R= 2, Z= 6.4) and 61 + 1 s
atmospherically aged, sulfidation treated, plasma-etched WS> samples after weekly

electrochemical testing over a three week ambient exposure period
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J. AE-MoSx Raman mode values: compilation before/after electrochemical preconditioning

Raman shift / cm!

Sample v (Mo — Mo) v (Mo —S5) Ezlg Ag v (Mos — uS) v =8 weak | v (=8¢ | v(SE=pr | v(Mo=0)

As-received 155 201 225 287 325 358 382 405 447 516 555

pHO 151 201 227 306 325 361 381 408 449 493 519

pH1 155 191 234 286 325 359 383 450 519 552

pH 2 155 193 232 286 327 358 382 452 518 555

pH 3 155 200 225 287 325 341 355 380 405 453 492 517 555

pH 4 155 195 230 285 324 3587 380 405 452 517 55

pH 5 155 198 225 291 325 354 378 404 450 517 552 730

pH 6 155 199 225 291 324 341 355 380 404 452 490 514 953 730

pH 7 155 199 226 285 324 355 380 405 455 492 516 553 734

pH 8 153 200 225 285 325 341 355 380 404 452 490 520 555 730

pH 9 156 200 224 289 325 341 355 380 404 451 490 517 553 732

pH 10 156 199 224 291 325 355 378 404 452 490 515 553 730

Table J.1. Compilation of the characteristic Raman mode values found for pristine and electro-oxidized AE-MoSx thin films across the 0-10

pH range, shown in Figure 9.12.
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Raman shift / cm!

Sample v (Mo — Mo) v (Mo —-S) Ezlg Ag v (Moz —uS) | v(S—2S5); ,weak v(S—=5): v(S—pr
As-received 155 202 225 287 325 358 382 405 447 516 555
pHO 156 203 251 339 394 438 194 566
pH1 154 195 233 289 327 357 383 407 435 520 555
pH 2 153 202 236 291 330 358 378 405 435 4183 514 555
pH 3 155 199 235 291 357 407 449 520 553
pH 4 156 204 229 291 328 357 382 408 454 516 555
pH S 155 200 230 287 329 358 381 402 446 4191 517 550
pH 6 156 195 234 285 326 358 380 447 514 550
pH7 156 199 238 288 333 361 387 408 453 489 520 556
pH 8 155 196 243 291 330 359 382 448 521 556
pH9 152 200 226 285 325 357 380 404 453 515 552
pH 10 155 195 232 287 329 360 383 454 517 555

Table J.2. Compilation of the characteristic Raman mode values found for pristine and AE-MoSx thin films electrochemically conditioned

by oxidative-reductive cycling across the 0-10 pH range, shown in Figure 9.19a.
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Raman shift / cm!
Sample v (Mo — Mo) v (Mo —S) Ezlg Ag v(Mos—uS) | v(§—5) ,weak | v (5§—3S); v(S—=pr
As-received 155 202 225 287 325 358 382 405 447 516 559
pHO 156 199 243 298 337 358 385 438 490 561
pH1 153 202 236 291 330 355 378 407 435 486 514 559
pH 2 155 197 230 287 327 358 380 404 448 518 559
pH 3 154 195 230 287 325 357 377 404 445 517 551
pH 4 155 200 225 295 3587 377 407 435 492 561
pH b 152 200 226 291 330 360 380 405 445 492 519 556
pH 6 156 200 226 285 328 358 380 405 454 492 520 551
pH 7 156 200 244 297 324 359 386 407 441 520 560
pH & 155 193 230 287 325 355 380 449 515 5450
pH9 155 203 254 284 315 360 416 469
pH 10 155 195 235 289 329 359 383 449 517 559

Table J.3. Compilation of the characteristic Raman mode values found for pristine and AE-MoSx thin films electrochemically conditioned

by reductive cycling across the 0-10 pH range, shown in Figure 9.19b.
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Raman shift / cm!

Sample v (Mo — Mo) v (Mo —YS5) E3, Aig v (Mos — uS) v(S—95): v (S —pr
As-received 155 202 225 287 325 358 382 405 447 516 555
pHO 156 204 229 290 328 357 382 408 454 516 550
pH 1 156 197 236 287 328 358 383 407 435 520 558
pH 2 156 195 229 284 326 357 380 405 449 517 553
pH 3 153 199 233 289 328 355 380 404 446 520 555
pH 4 156 194 232 290 328 358 383 457 520 555
pH 5 155 193 233 286 324 357 381 450 518 551
pH 6 155 195 244 291 331 357 383 403 452 517 557
pH 7 155 200 227 286 329 357 381 405 452 515 553
pH 8 153 199 240 288 334 358 381 403 458 521 555
pH 9 155 | 199 | 220 | 288 | 327 | 356 380 404 452 517 551
pH 10 156 195 232 287 326 359 382 404 452 516 553

Table J.4. Compilation of the characteristic Raman mode values found for pristine and AE-MoSx thin films electrochemically conditioned

by electro-oxidative cycling across the 0-10 pH range, shown in Figure 9.20
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K. Tungsten sulfide-decorated iridium electrodes

K.1 Elucidation of OER normalized metrics: mass and specific activity

Normalization of oxygen evolution metrics is paramount in order to compare experimental
results with those reported in the literature. Although catalyst preparation technique,
electrochemical setup and testing conditions play a role, both catalyst loading and
electrochemically active surface area (ECSA) are parameters which can be experimentally
elucidated and give insight into mass and surface-dependent properties of the electrocatalysts.

K.1.1 Mass activity calculation

Mass activity measurements are generally reported in A mgp*, mgy being the mass (in mg) of
the electrocatalyst tested. This metric is especially useful in nanoparticle electrocatalysis, as
nanocatalysts are generally tested by drop-casting of a liquid suspension onto a conductive
electrode. Homogeneous, high-quality nanocatalyst films will present higher mass activities
than poorly deposited films for a given catalyst loading, and vice versa, due to lower working
electrode coverages and nanoparticle agglomeration effects.[186,223,224] In our present work,
we employ thermally deposited Ir thin film electrodes, with an average thickness of 100 nm (1
x 107 c¢m) as provided by the manufacturer. Iridium mass loading onto the electrodes, my,.,

can be elucidated if the geometrical electrode area (Ageom, in cm?) and the density of

polycrystalline Ir (p;,. = 22.5622 g cm™3) are employed:

My (9) = Ageom * 1 X 107° cm * 22.5622 g cm™3 (Ap. 11.1)

where Ageom is experimentally obtained by contour calculation of electrode images using the

software ImageJ after pixel ratio calibration.
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Next, the electrochemical active surface area (ECSA) of the Si/Cr/Ir electrodes is evaluated
by integrating the charge underneath the anodic sweep voltammogram region acquired from
0.025 to 0.55 V vs. RHE, in particular in the region from 0.06 to ca. 0.4 V vs. RHE. This
corresponds to the voltage window under which full electrochemical desorption of a monoatomic
hydrogen monolayer, previously adsorbed by hydrogen underpotential deposition (Huprp), takes
place. Studies on Ir (and other platinum group metal) single crystals have accurately correlated
hydrogen coverages with Ir atom population density at the outermost surface.[225-228| For
polycrystalline Ir (where no crystallographic plane is preferentially exposed), this charge is
estimated to be Qppory = 179 uC cm™2.[229,230] Thus, normalization of the integrated
hydrogen desorption charge (Qp ges, in C) at a given scan rate Vgeqy (in V s1) versus that
expected for a full monoatomic hydrogen monolayer will enable to estimate the
electrochemically active Ir surface sites in our electrodes of interest. The ECSA is estimated

with the following formula

QH,des/Vscan

ECSA (cm?g™) = (Ap.11.2)

er,poly Mmyr

Finally, the mass activity can be calculated at a given OER overpotential using the following

expression

ECSA * j Acmp?
Mass activity (A mgpt) = ]gefgz)(o geom) (Ap.11.3)

K.1.2 Specific activity calculation

Elucidation of specific activities on Si/Cr/Ir electrodes for the OER, reported here as A cmj;?,
will mirror the methodology recently reported by McCrory et al.,[231] employed with success
for Ir catalysts. This methodology, however, is reported as a guideline to compare relative

modifications in specific activities rather than absolute values of OER turnover frequencies:
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highly-porous surfaces will present mass transport limitations, which yield underestimated
values with this methodology.
Firstly, an experimental roughness factor (Rf) is calculated by normalizing the ECSA

(calculated without accounting for Ir loading) with the geometric electrode area

QH,des/QIr,poly

Ap.11.4
Ageom ( )

Ry (lezr Cmggom) =

Finally, the specific activity (also known as specific geometric current density) is obtained by

normalizing the geometric current density at a given OER overpotential by R

_ _ j (Acmyzm)
Jspecific(A cm;?) = g R, Chi (Ap.11.5)
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@151V

Q155V

Sample Eoert, / V Eogrt, / V AEopr/ V Jgeom Mass activity  Specific activity Jgeom Mass activity — Specific activity
/ mA cm? / A mgp! / A cmp? / mA cm? / A mgp! / A cmpr?
As-received Ir 1.670 £ 0.005 1.729 + 0.005 0.059 £ 0.008 0.23 = 0.03 0.040 + 0.02 6.68 + 2.5 x 100 1.70 + 0.2 0.30 £ 0.2 501 + 1.9 x 107
0.80 = 0.03 0.31 = 0.04 9.42 + 0.6 x 106 4.90 £ 0.5 1.90 £ 0.3 5.71 £ 0.1 x 107

4500 pA, 1000 ms, 10 mins 1.690 £ 0.007 1.73300 + 0.043 0.15 0.041 2.44 x 106 1.14 0.310 1.86 x 107

0.00005 1.09 0.378 1.39 x 10 6.34 2.197 8.11 x 105

+500 pA, 1000 ms, 5 mins 1.668 =+ 0.005 1.72220 + 0.054 0.16 0.032 3.30 x 106 1.24 0.259 2.64 x 105

0.00005 1.02 0.320 1.44 x 10 6.40 2.006 9.05 x 10

+500 pA, 1000 ms, 2.5 mins 1.672 + 0.006 1.73695 + 0.065 0.23 0.065 3.52 x 106 1.60 0.459 247 x 105

0.00006 0.90 0.324 1.11 x 10 5.07 1.820 6.26 x 10

+500 pA, 1000 ms, 1 min 1.696 + 0.006 1.75039 + 0.054 0.11 0.030 1.62 x 106 0.83 0.237 1.28 x 10°

0.00004 0.88 0.337 1.02 x 10 4.87 1.868 5.63 x 10

+500 pA, 250 ms, 10 mins 1.678+ 0.006 1.7454 = 0.0001 0.067 0.02 0.006 4.39 x 107 0.2 0.048 3.75 x 106

1.01 0.283 1.60 x 10 5.44 1.522 R.62 x 10

+500 pA, 250 ms, 5 mins 1.678 + 0.005 1.73048 + 0.053 0.20 0.0298 6.12 x 106 143 0.210 4.32 x 10

0.00004 1.14 0.328 1.75 x 10 6.71 1.934 1.03 x 10+

+500 pA, 250 ms, 2.5 mins 1.683 £ 0.006 1.73256 + 0.050 0.21 0.057 3.35 x 106 1.5 0.413 2.42x 10

0.00005 1.54 0.589 1.79 x 10 7.59 2.902 8.80 x 10

+500 1A, 250 ms, 1 min 1.707 £ 0.005 1.74462 + 0.038 0.28 0.062 5.60 x 106 1.87 0.416 3.73 x 105

0.00007 1.59 0.643 1.74 x 107 7.52 3.040 8.25 x 105

+500 pA, 62.5 ms, 10 mins 1.681 £ 0.006 1.7367 £ 0.0004 0.056 0.19 0.058 2.67 x 106 1.35 0.418 1.93 x 10

1.52 0.611 1.68 x 10 7.33 2.945 8.09 x 105

+500 pA, 62.5 ms, 5 mins 1.679 + 0.006 1.7359 + 0.0002 0.057 0.24 0.077 3.42 x 106 1.65 0.521 2.31 x 105
1.7 0.705 1.82 x 10 - - -

+500 1A, 62.5 ms, 2.5 mins 1.688 =+ 0.006 1.814 + 0.001 0.126 0.14 0.034 2.39 x 106 0.97 0.245 1.70 x 10

1.17 0.359 1.69 x 10 5.86 1.796 8.47 x 107

+500 pA, 62.5 ms, 1 min 1.682 + 0.006 1.73538 + 0.053 0.15 0.045 2.34 x 106 1.20 0.348 1.83 x 10

0.00005 0.88 0.327 1.04 x 10 5.0 1.864 5.94 x 10

Table K.1. Compilation of the short-duty oxygen evolution activity of WSs.x decorated Ir electrodes after use of £500 pA pulse reverse

current electrodeposition at variable pulse timescales and total experiment durations. Egggrt,s Eogr,t y and AE,gg correspond to the averaged

+ 10 s) initial, final and variation, respectively, of the OER overpotentials recorded to sustain jeeom= +10 mA c¢m™ for 2 h. OER activit
P Yy P Jg y

metrics are reported, for each sample, before (first row) and after (second row) short-duty OER stability measurements.

XLVI




@151V @155V
Sample Eoert, / V Eogrt, / V AEopr/ V Jgeom Mass activity  Specific activity Jgeom Mass activity — Specific activity

/ mA cm? / A mgr! / A cmy2 / mA cm? / A mgrt / A cmy?

As-received Ir 1.670 + 0.005 1.729 + 0.005 0.059 + 0.008 0.23 + 0.03 0.040 + 0.02 6.68 + 2.5 x 100 1.70 + 0.2 0.30 + 0.2 5.01 + 1.9 x 107

0.80 = 0.03 0.31 = 0.04 9.42 + 0.6 x 106 4.90 £ 0.5 1.90 £ 0.3 5.71 £ 0.1 x 10

+700 pA, 1000 ms, 10 mins 1.682 £ 0.006 1.72205 =+ 0.040 1.46 0.422 2.24 x 107 - - (>1.194) - (>6.33 x 109)

0.00004 2.08 0.731 2.62 x 103 - - (>2.02) - (>7.26 x 10°)
+700 1A, 1000 ms, 5 mins 1.686 £ 0.006 1.73661 =+ 0.051 0.18 0.057 2.50 x 106 1.33 0.422 1.86 x 107
0.00003 1.18 0.451 1.37 x 10 6.69 2.558 7.76 x 10
+700 pA, 1000 ms, 2.5 mins 1.687 + 0.006 1.74797 + 0.061 0.21 0.061 3.32 x 106 1.52 0.433 2.37 x 10
0.00003 0.94 0.331 1.19 x 10 5.57 1.950 7.05 x 107
+700 pA, 1000 ms, 1 min 1.675 + 0.007 1.87766 + 0.203 0.15 0.040 2.61 x 106 1.15 0.298 1.97 x 107
0.00006 0.79 0.269 1.04 x 10 341 1.154 4.47 x 105
+700 1A, 250 ms, 10 mins 1.668 £ 0.006 1.73993 + 0.072 0.28 0.091 3.86 x 106 1.8 0.581 2.47 x 10
0.00006 1.38 0.564 1.50 x 10 6.8% 2.812 7.46 x 10
4700 pA, 250 ms, 5 mins 1249 £ 0006 1.7420 + 0.0001 0.493 0.42 0.135 5.78 x 10 2.8 0.900 3.86 x 107
1.29 0.500 148 x 10 6.69 2.592 7.65 x 10
+700 pA, 250 ms, 2.5 mins 1.683 + 0.006 1.7347 + 0.0001 0.052 0.18 0.052 2.73 x 106 1.24 0.360 1.89 x 10°
1.44 0.568 1.62 x 10 7.12 2.809 R.00 x 10
+700 1A, 250 ms, 1 min 1.672 £ 0.006 1.7403 £ 0.0001 0.068 0.45 0.155 5.80 x 106 2.81 0.968 3.61 x 10
L5 0.612 1.63 x 10 7.31 2,981 7.94 x 10
+700 pA, 62.5 ms, 10 mins 1.690 + 0.006 173811 + 0.048 0.19 0.050 3.32 x 106 1.35 0.348 2.32 x 109
0.00006 1.36 0.528 1.55 x 10 7.0 2.716 R.00 x 10
+700 pA, 62.5 ms, 5 mins 1.679 £ 0.006 1.7394 £ 0.0002 0.060 0.23 0.078 2.88 x 106 1.65 0.573 2.11 x 105
11 0.461 116 x 10 6.0 2.512 6.35 x 105
+700 pA, 62.5 ms, 2.5 mins 1.677 + 0.006 1.7278 + 0.0004 0.051 0.19 0.053 2.96 x 106 1.35 0.381 2.12 x 10
1.42 0.526 1.70 x 10 7.33 2.713 R.78 x 10
+700 pA. 62.5 ms, 1 min 1.678 + 0.006 1.73538 + 0.057 0.17 0.036 3.51 x 106 1.31 0.281 2.70 x 10
0.00006 0.87 0.309 1.07 x 10 5.09 1.821 6.30 x 10

Table K.2. Compilation of the short-duty oxygen evolution activity of WSs.« decorated Ir electrodes after use of £700 pA pulse reverse

current electrodeposition at variable pulse timescales and total experiment durations. Egggr,; Eogr,t y and AE,gg correspond to the averaged

(£ 10 s) initial, final and relative variation, respectively, of the OER overpotentials recorded to sustain jgeom= +10 mA e¢m™ for 2 h. OER

activity metrics are reported, for each sample, before (first row) and after (second row) short-duty OER stability measurements.
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1.51V

1.55 V

Sample Eoert, / V Eogrt, / V AEopr/ V Jgeom Mass activity  Specific activity Jgeom Mass activity — Specific activity
/ mA cm? / A mgr! / A cmy2 / mA cm? / A mgrt / A cmy?
As-received Ir 1.670 + 0.005 1.729 + 0.005 0.059 + 0.008 0.23 + 0.03 0.040 + 0.02 6.68 + 2.5 x 100 1.70 + 0.2 0.30 + 0.2 5.01 + 1.9 x 107
0.80 = 0.03 0.31 = 0.04 9.42 + 0.6 x 106 4.90 £ 0.5 1.90 £ 0.3 5.71 £ 0.1 x 107

4900 pA, 1000 ms, 10 mins 1.667 £ 0.006 1.72343 + 0.056 0.29 0.075 4.83 x 106 2.12 0.556 3.58 x 10
0.00004 1.28 0.418 1.74 x 10 7.57 2.471 1.03 x 107

4900 1A, 1000 ms, 5 mins 1.680 £ 0.006 1.74086 + 0.061 0.22 0.048 4.58 x 106 1.64 0.354 3.37 x 10
0.00005 1.01 0.318 1.42 x 10 5.38 1.696 7.56 x 10

+900 pA, 1000 ms, 2.5 mins 1.677 + 0.006 1.74043 + 0.063 0.29 0.086 4.37 x 10 2.11 0.621 3.18 x 10
0.00004 0.82 0.234 1.27 x 10 4.87 1.394 7.54 x 10

4900 pA, 1000 ms, 1 min 0.926 + 0.004 1.74443 + 0.818 0.14 0.04 2.11 x 106 0.97 0.281 1.49 x 10
0.00004 0.93 0.349 1.09 x 10 5.24 1.972 6.17 x 10

+900 pA, 250 ms, 10 mins 1.670 £ 0.006 1.7430 + 0.0001 0.073 0.16 0.029 4.08 x 106 1.17 0.207 2.93 x 105
1.18 0.423 1.46 x 10 6.17 2.209 7.64 x 10

+900 pA, 250 ms, 5 mins 1.669 + 0.005 1.73295 + 0.064 0.43 0.135 6.05 x 106 2.67 0.839 3.7674x 105

0.00009 1.5 0.543 1.84 x 10 7.95 2.879 9.73163x 10

+900 pA, 250 ms, 2.5 mins 1.693 £ 0.004 1.75302 + 0.060 0.33 0.068 7.10x 106 2.24 0.462 4.81 x 107
0.00007 1.52 0.514 1.99 x 10 7.54 2.548 9.89 x 10

+900 pA, 250 ms, 1 min 1.670 + 0.006 1.7241 + 0.0001 0.054 0.35 0.104 5.25 x 106 2.53 0.749 3.79 x 105
1.42 0.593 1.5 x 10 7.43 3.102 7.89 x 10

+900 pA, 62.5 ms, 10 mins 1.673 + 0.006 1.7369 + 0.0001 0.064 0.33 0.108 4.45 x 106 2.18 0.715 2.95 x 105
1.31 0.517 1.47 x 10 6.69 2.639 7.52 x 107

+900 pnA, 62.5 ms, 5 mins 1.20 £ 0.3 1.7279 £ 0.0001 0.528 0.31 0.100 4.25 x 106 2.24 0.724 3.07 x 10
1.23 0.477 141 x 10 6.57 2.546 7.52 x 10

+900 pA, 62.5 ms, 2.5 mins 1.688 + 0.006 1.74375 0.056 0.16 0.049 2.31 x 106 1.24 0.379 1.80 x 10°
+ 0.00005 0.90 0.355 1.02 x 10 5.21 2.051 5.87 x 10

+900 1A, 62.5 ms, 1 min 1.691 + 0.006 1.7403+ 0.0001 0.049 0.15 0.037 2.63 x 106 1.21 0.303 2.14 x 10
0.83 0.292 1.05 x 107 4.74 1.666 5.98 x 105

Table K.3. Compilation of the short-duty oxygen evolution activity of WSs.« decorated Ir electrodes after use of £700 pA pulse reverse

current electrodeposition at variable pulse timescales and total experiment durations. Egggt,; Eogr,t y and AE,gg correspond to the averaged

(£ 10 s) initial, final and relative variation, respectively, of the OER overpotentials recorded to sustain jgeom= +10 mA e¢m™ for 2 h. OER

activity metrics are reported, for each sample, before (first row) and after (second row) short-duty OER stability measurements.
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