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ABSTRACT

The primary research activity on proton exchange membrane fuel cells (PEMFCs) is still
directed to reduce the system cost by using a low Pt catalyst loading while maintaining high
power performance and durability. The development of advanced catalyst designs usually
focuses on shape-controlled nanostructures and alloying to form bimetallic or multimetallic
compositions. They have been demonstrated as effective strategies to boost the catalyst
activities toward the sluggish oxygen reduction reaction (ORR) at the cathodes in PEMFCs.
However, most of the advanced catalyst nanostructures with the superior catalytic activities are
limited to half-cell electrochemical measurement in liquid electrolytes, and there is a big

challenge to fully transferring the performance to electrodes in operating fuel cells.

Such a challenge motivates this PhD research to develop high power performance and durable
catalyst electrodes from one-dimensional (1D) Pt-based alloy nanostructures for PEMFC
application, advancing our previous achievements on 1D Pt nanostructure array gas diffusion
electrodes (GDEs). The alloying of Pt with Ag is investigated to construct a cost-effective AgPt
nanorod catalyst, based on the close lattice constant between Ag and Pt to minimise the atomic
segregation and sustain catalyst stability. The influence mechanisms of the reaction process are
systematically explored on the growth, crystal structure and morphology of 1D AgPt
nanostructures considering their catalytic performance recorded in the membrane electrode

assembly (MEA) test in single PEMFCs.

Firstly, a scalable preparation method is established for growing AgPt NRs on carbon support
utilising formic acid reduction approach. Ultrafine single-crystal AgPt NRs with an average
diameter of 3-4 nm and length of ~15 nm are obtained by controlling the ion reduction process
to induce the nucleation and growth of Pt and Ag along the <111> direction. The optimal

AgiPti NR/C catalyst shows 1.22 and 1.51-fold higher power density and mass activity,



respectively than commercial Pt/C nanoparticles (NPs) as cathode catalysts in PEMFCs. After
the accelerated degradation test (ADT), severe Ag redeposition is observed at the interface

between the cathode and polymer electrolyte membrane.

The introduction of Au is therefore proceeded to improve the stability of AgPt NR/C forming
Au-AgPt NR/C. The integration of 5 at% Au effects the metal ion reduction procedure, leading
to the formation of longer NRs of up to ~20 nm and a high ratio of Pt depositing on the surface.
Consequently, these improvements bring about 7% increase in the electrochemical surface area
(ECSA) of the catalyst, and 1.15- and 1.70-fold higher ORR activity compared to AgPt NR/C
and Pt/C, respectively. The stabilisation effect of the Au alloying is evaluated in PEMFCs, and

even better stability is demonstrated than Pt NR/C.

The understanding and experience obtained from controlling the ion reduction process to grow
AgPt NRs are transferred to fabricate GDE by growing AgPt NR arrays directly on GDLs. A
different alloying mechanism between Ag and Pt is found for the NR growth on the GDL from
that on the carbon support, ascribed to the inert GDL surface and moderate reaction temperature
of 40 °C. The alloying turns less harmonised when the Ag content more than 10 at% as this
leads to the formation of a Ag metal phase. Au is then introduced to construct Au-AgPt NR
GDE, and its alloying effect is probed. It is found that the integration of Au plays a game-
changing role in the NR structure, leading to self-rearrangement atomic deposition and
improving Pt placement on the NR surface. The Au-AgPt NR GDE shows a higher peak power
density of 0.61 W c¢m than those of the Pt NR and Pt/C GDEs with ~20 wt% more of Pt

loading and a less performance decline after the ADT.
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Chapter 1

Introduction



1.1 Introduction

The energy demand in the transportation sector increases steadily with rapid global population
and economic growth. It leads to the rise of issues linked to the fossil fuel combustion, which
releases a large number of pollutants such as carbon monoxide (CO), nitrogen dioxide (NO2),
sulphur dioxide (SO2), ground-level ozone and greenhouse gases such as carbon dioxide (CO2),
etc. Apart from the arising environmental problem caused by the greenhouse effect, the health
issue is also a major concern, particularly in highly populated areas. Jakarta, as one of the
biggest and most populated cities in South East Asia, has been struggling with the pollution
issues, where about 70% of pollutants are released from transportation vehicles [1]. According
to Air Quality Life Index (AQLI), the worsening daily air quality in Jakarta has long reached
unhealthy stages because of the high level of toxicity, shortening average life span [2-4]. Itis
believed that such description also represents the major condition of densely populated cities
worldwide, which requires a practical solution to cope with the world’s clean energy crisis.
Finally, the world leaders in the Paris Climate Change Conference 2015 came to an agreement
to limit the global temperature increases below 2 °C from the pre-industrial level [5]. To meet

such an ambitious target, massive investment and serious actions are required.

In response to the challenge, hydrogen and fuel cell technologies offer an efficient clean energy
conversion to assist the transition to a low-carbon economy. Currently, many types of fuel cells
have been successfully developed including proton exchange membrane fuel cells (PEMFCs),
alkaline electrolyte fuel cells (AEFCs), direct methanol fuel cells (DMFCs), solid oxide fuel
cells (SOFCs), etc. [6]. Basically, they function in a similar way but with different types of
electrolytes encompassing a wide range of applications. In the transportation sector, PEMFCs
arise as an ideal solution for vehicle fleets empowering the hydrogen fuel cell vehicle (HFCV).
They efficiently convert hydrogen directly into electric energy by a clean mechanism. Electric

energy, water and heat are the final product from the PEMFC, making it as an attractive choice



for the next-generation power generator, mainly for transportation and stationary due to their

low operational temperature, high power density and easy start-up and shut-down [7].

Electrification of the energy network utilising battery electric vehicle (BEV) has also been
demonstrated as an efficient alternative to eliminate the pollutants with more competitive price
than of HFCV [8]. However, the HFCV provides a shorter refuelling time and longer driving
range compared to the BEV. Therefore, the utilisation of PEMFCs is best directed for the
heavy-duty transport requiring greater longevity such as buses, trucks and train [9]. With the
increasing manufacturing volume of HFCV, it can reduce the operating cost inducing the more

prevalent replacement for the conventional gasoline vehicles [10].

1.2 Proton Exchange Membrane Fuel Cells (PEMFCs)

Schematically, the single PEMFC consists of several parts, as shown in Figure 1.1 [11]. The
PEM at the heart of the stack is commonly materialised from perfluorocarbon sulfonic acid
(PSA) ionomer, which acts as the electrolyte for proton mobilisation. It possesses good
mechanical strength and chemical resistance. The catalyst layers located at both sides of the
PEM work as the anode and cathode, which are mainly consisted of Pt nanoparticles (NPs) on
the support material, e.g. carbon black (Pt/C), coated with proton conducting ionomer to
facilitate the ion transport. The catalyst layer can be made by spraying or painting catalyst ink
onto a gas diffusion layer (GDL) as a gas diffusion electrode (GDE), or directly onto the PEM,
also known as the catalyst coated membrane (CCM). These parts: PEM, catalyst layers and
GDLs are the main components to fabricate a membrane electrode assembly (MEA). Gaskets
are placed between the MEA and flow field plate to prevent gas leaks. They also function to
manage the compression in the MEA. The flow-field plate is commonly made of high

electrically conductive material (e.g. stainless steel or graphite) with a pattern channel to flow



the gas over the electrodes. In the end, the current collector plates are settled to provide the

structural support and connect the cell to the external circuits (i.e. electrical and heat wires).

Proton Exchange
Membrane (PEM)

Membrane Electrode
Assembly (MEA)

Gas Diffusion
Electrode (GDE)

Gasket

Flow Field Plate

Current Collector

Figure 1.1 Schematic illustration of single PEMFC composition [11].

In PEMFC operation, hydrogen and air/oxygen gases are supplied to the anode and cathode,
respectively (Figure 1.2). At the anode side, hydrogen is oxidised into positive charge (proton)
and negative charge (electron), also known as hydrogen oxidation reaction (HOR), which is
shown in Equation 1.1. While protons migrate to the cathode through the PEM, electrons are
conducted through an external electrical circuit, producing an electrical current. At the cathode,
the incoming oxygen gas is reduced, also known as oxygen reduction reaction (ORR), where
oxygen, protons and electrons are combined to form water and produce heat during the process
(Equation 1.2) [6,12]. The ORR at the cathode side is slower of up to six — order of magnitude
than the HOR as it involves the cleavage of the oxygen bond followed by the multi-step electron
and proton transfer to form water [13]. Hence, catalysts are crucial to optimise the Kinetic

reaction at the cathode and will be the focus of this thesis.
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Figure 1.2 The schematic of basic PEMFC operating principle [12].

Anode: 2H, » 4H* + 4e~ (Eg. 1.1)
Cathode: 0, + 4H* + 4e~ - 2H,0 (Eq. 1.2)
Overall: 2H, + 0, —» 2H,0 (Eq. 1.3)

Pt-based catalyst is commercially used to catalyse both HOR and ORR in PEMFC [14].
Typically, carbon black nanoparticles (NPs) with the size between 20-40 nm is employed to
deposit Pt catalyst. Due to a slower ORR Kkinetic rate, a higher Pt loading is commonly applied
at the cathode. The catalyst layer where the ORR takes place is ideally described as Pt/C
particles coated in a network hydrated ionomer with the effective gas transport provided by the
gaseous pores within the microscopic structure (Figure 1.3). Such a feature can effectively
facilitate the oxygen transport trough the void, while proton and electron can travel via ionomer
and conductive solid, respectively [15]. The water formed should be effectively removed from
the electrode as it potentially blocks the oxygen access throughout the catalyst layer. It is
believed that a good catalyst distribution is key to optimise the electrochemical surface area

and improve the fuel cell performance.
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Figure 1.3 The schematic structure of the cathode catalyst layer

Thermodynamically, by presuming the overall reaction (Equation 1.3) is spontaneous, the

theoretical electric work done is equivalent to the Gibbs free energy released (4G) as below:
AG = -nFE (Eq. 1.4)

Where n is the number of electrons involved in the reaction. Referring to Equation 1.3, n value
is 2 by assuming that two electrons are released from each molecule of hydrogen to form one
molecule of water. F is the Faraday’s constant (96485 C mol™?), and E is a reversible voltage.
The Gibbs free energy value is not constant, and it depends on the change of temperature and
the state. At the standard reaction condition of 25 °C with water formed at the liquid state and
the pressure of 1 atm, the value of 4G is -237.2 kJ mol?, giving a potential (E) of 1.23 V.
However, the practical potential obtained is lower due to irreversible losses as presented in a

typical polarisation curve in Figure 1.4.



Ideal voltage

1.2 -

Activation polarisation
1.0 1 region

/

Total voltage loss
0.8 1

0.6 1

Ohmic polarisation

0.4_- region /

Concentration polarisation
0.2 - region

Cell Voltage / V

0.0 ; T : T y T : T y T : T

Current Density / A cm™

Figure 1.4 Typical potential losses for a PEMFC presented as the polarisation curve.

The open-circuit voltage (OCV) at a given operational condition (i.e. temperature, state and
pressure) is approximately equal to the theoretical potential. However, there are always some
losses attributed to the kinetics of the electrochemical reactions (i.e. HOR and ORR) because
of the large activation energy barriers. This type of losses occurs at the high potential region at
both anode and cathode, also known as the activation losses. The oxidation of impurities from
the catalysts and gas crossover also contribute to the major loss at the activation region, which
is mainly induced by the permeation of hydrogen through the membrane (hydrogen crossover)
[16]. The Ohmic losses are proportional to the current density and commonly associated with
the proton transport across the membrane, electrodes and interconnections. Hence, potential
losses can be interpreted following Ohm’s law. At the large current region, the losses are
referred to mass transfer resistance, which commonly observed as a sudden voltage drop. The
increasing current density causes a higher consumption of reactants, thus leading to potential

loss when the diffusion rate to the catalyst surface cannot sufficiently balance the consumption



rate [15]. This type of current is also known as a limiting current, which determines the

maximum current that can be reached in operational PEMFC condition.

1.3 Current progress and challenges

A broad range of PEMFC applications has reached the commercial markets mainly in portable
power and automotive sectors, including buses and passenger cars [17]. Although the heavy-
duty vehicles have a higher potential for expanding PEMFC commercialisation, the
development of passenger cars has also grown rapidly since the launched of Toyota Mirai in
2014, offering more competitive features in the markets [14,18]. In some cities in Europe and
Japan, PEMFCs have already been deployed for public transport vehicles [19,20]. According
to the trend, public demand on the HFCVs is expected to keep rising in the future. However,
HFCVs are still considered too expensive to compete with the conventional diesel or gasoline
vehicles, and their availability is still limited only in few countries because of additional
infrastructure requirements [21]. Increasing PEMFC demand in the market should allow a
cheap manufacturing process through scalable production [10]. However, the material cost of
Pt-based catalysts is less sensitive to the manufacturing volume making PEMFCs less

affordable.

The intensive research and development in past decades have been focussed on improving the
catalytic performance of the electrodes towards ORR and minimising Pt usage. The
hybridisation of Pt with affordable earth-abundant transitional metals (e.g. Co and Ni) has
gained lots of attention to incorporate the catalyst cost and activity. In 2016, Kongkanand et al.
reviewed the substantial progress to reduce the Pt loading that effectively suppressed the state-
of-the-art anode and cathode loading to 0.05 and 0.2 mge: cm™, respectively [22]. The

commercial PtCo NP catalysts on high surface-area carbon (HSC) support has successfully



reduced the Pt amount by 7% at the cathode, and an improved power density of up to 46% has
also been realised [23]. Despite that the total Pt catalyst loading has now been reduced to 0.125
mge: cm in some advanced researches, it still contributes a high proportion (~ 40%) of the
manufacturing cost of the PEMFC stack, and requires further reduction to penetrate HFCVs in

the market expeditiously.

The improvement of catalytic performance is directly integrated with the catalyst cost as it
leads to a minimised Pt loading. However, catalyst stability is another challenge. In fact, it is
key to maintaining fuel cell durability against degradation because of highly acidic and
oxidative cathode environment during PEMFC operation. Despite the fact that Pt is considered
as a stable metal, its dissolution under acidic operating condition has been observed as the main
degradation mechanism along with the corrosion of the carbon support [24]. In addition, the
determination of PtCo/C as the new standard PEMFC catalyst potentially arises another issue
relating to the susceptibility of transitional metal toward leaching in the acidic environment
[25]. The hybrid PtCo structure also induces a higher degree of segregation because of the
lattice mismatch between both metals, leading to Co depletion and severe potential loss [26,27].
Therefore, putting a targeted Pt content reduction should carefully consider the stability of the

substituted metal.

The major breakthroughs to improve catalyst stability include the de-alloying method, metal
doping and total leaching of the transitional metals [28-31]. Many of them demonstrated
significant stability improvement surpassing the DoE target 2020 of maintaining the initial
activity loss of less than 40% after the life test [12]. However, most of these achievements are
based on the ex-situ half-cell electrochemical measurement by using the rotating disc electrode
(RDE) technique in liquid electrolytes, which cannot guarantee the same outcome as in the
PEMFC operation [32]. For transportation application, the development of Pt group metals

(PGM) catalysts should focus on achieving durability performance of above 5.000 hours,



including also 5.000 cycles of the start-up and shut-down condition, which commonly
accelerates the degradation mechanisms [12]. Therefore, testing conditions that emulate real

operation in a vehicle is important in the true evaluation of catalyst stability.

1.4 Research strategies and objectives

Pt-based catalysts are still the focus to cope with the high overpotential induced by the sluggish
ORR kinetic in the cathode in PEMFCs. Ideally, the catalyst possessing lower surface energy,
defect-free crystal plane and preferential exposure of active sites such as a single-crystal one-
dimensional (1D) nanostructure is a promising candidate with enhanced catalytic activities and
minimised dissolution [33-35]. Utilising highly active and stable 1D nanostructures, the works
in our group have been long focussed on developing a facile method to fabricate high-
performance GDEs from 1D Pt-based nanostructure (e.g. nanowire (NW) and nanorod (NR))
arrays grown directly on GDLs. The monolayer array of single-crystal Pt NWs (diameter of ~4
nm and length of up to 120 nm) offers high porosity within the catalyst layer for improved
mass transport performance. The direct catalyst deposition on the GDL surface also eliminates
the requirement of the carbon support, thus minimising the degradation mechanism caused by

the carbon corrosion.

These promising features motivate the advanced development of 1D Pt hybrid nanostructure
GDEs, which has been the focus of this PhD work. The strategies include the alloying of Ag
as a second metal possessing a much lower cost and close lattice constant to Pt to improve
catalyst activities and mitigate the segregation issues to maintain stability [36]. The
introduction of a third alloy metal (Au) to control the growth of the AgPt NRs and further
improve their stability is also studied. The research objectives of this PhD work are listed

below:
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1. To develop a scalable synthesis method for carbon-supported AgPt NR (AgPt NR/C)
catalysts using the formic acid reduction method, and to understand the enhanced effects
of Ag and Pt towards the NR structure and catalytic properties.

2. To establish influence mechanisms of the atomic ratio of Ag and Pt with AgPt NR/C
catalysts on their catalytic performance as cathode catalysts toward ORR in PEMFCs.

3. To study synergy effects of alloying Au with the AgPt NR/C catalysts toward their
structure, catalytic activities and stability towards ORR in fuel cell operation.

4. To transfer the synthesis approaches and knowledge obtained in objectives 1 and 3 to
develop GDEs from the AgPt and Au-AgPt NR arrays grown on GDL, and evaluate their

catalytic performance and durability as cathodes in PEMFCs.

1.5 Thesis overview

An overview of the PEMFC technology is introduced in Chapter 1, including the basic
principle and performance evaluation with a typical polarisation curve. The status and potential
challenges are covered following the research strategy that guides the main motivation of this

work.

The literature study is presented in Chapter 2, covering details of the ORR mechanism and the
latest development in ORR catalysts. The stability issues are overviewed and discussed,
highlighting the development of 1D nanostructure-based catalysts. This chapter further
assesses the advanced development of support-free 1D Pt nanostructure electrodes as a
promising feature to achieve high power performance and durability in PEMFC applications.
A brief overview of the recent progress preparing 1D Pt hybrid catalysts is finally included to

guide the advanced development of noble metal hybridisation into 1D nanostructures.
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In Chapter 3, the experimental details to prepare all catalysts (i.e. 1D Pt NRs, AgPt NRs and
Au-AgPt NRs) and GDEs are comprehensively described, as well as the evaluation techniques

for physical characterisations and electrochemical analysis approaches in the MEA test.

Hybridisation and deposition of 1D AgPt NRs on carbon support (AgPt NR/C) using the formic
acid reduction method are extensively explored in Chapter 4, covering the physical
characterisation results to evaluate the growth mechanisms, and effects of the atomic ratio and
heat treatment. The catalytic performance of 1D AgPt NR/C is evaluated as the cathode catalyst
towards ORR in the MEA test, alongside their stability during the accelerated degradation test

(ADT).

The introduction of Au forming multimetallic 1D Au-AgPt NR/C catalysts is explicitly
presented in Chapter 5, corresponding to the morphology control of 1D nanostructures and
atomic arrangement. The effects of the Au content on the catalytic activities and stability

towards ORR are further investigated to obtain the ideal catalytic composition.

In Chapter 6, the growth method from Chapter 4 is adopted to grow AgPt NRs on GDLs to
fabricate support-free 1D nanostructure array GDEs. The reaction conditions are studied,
including the interval reduction time and atomic ratio to find an ideal parameter set considering
power performance of the AgPt NR GDEs as cathodes in PEMFCs. Finally, 2 at% of Au is
integrated to achieve highly durable Au-AgPt NR GDEs adapting the approach developed in
Chapter 5. The power performance of the GDEs is evaluated in conjunction with the ADT in

the MEA test.

All the findings obtained in this thesis are summarised in Chapter 7, further enclosing the

overview of the PhD work and potential advanced development in the future.
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Chapter 2

Literature Review
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In this chapter, fundamental oxygen reduction reaction (ORR) principles are first discussed
explicitly, including deriving factors of the ORR Kinetic activities. The state-of-the-art ORR
catalysts are then briefly reviewed, focusing on recent achievements in improving catalytic
activities and durability in operating proton exchange membrane fuel cells (PEMFCs). The
stability issues are further discussed considering the functional links between their morphology
and durability, specifically toward the development of one-dimensional (1D) nanostructure-
based catalysts. Furthermore, a broad overview of the advanced achievement of support-free
1D Pt nanostructure electrodes is also covered. The progress in improving the intrinsic
activities of 1D Pt nanostructures toward ORR via alloying is highlighted, emphasising the
development of Pt-noble metal catalysts to minimise the element segregation for enhanced
durability. The purpose is to extend the advances in highly active 1D Pt hybrid nanostructures
to the electrode level and validate their real power performance in PEMFCs, which is the main

motivation of this PhD project.

2.1 Oxygen Reduction Reaction (ORR) in PEMFCs

ORR is an essential process of electrochemical energy conversion in fuel cells. The detailed
mechanisms are very complicated because the multi-electron reaction involves many
intermediates, which mainly depends on the nature of the catalyst material and pH environment
of the electrolyte used for measurement [37,38]. The simplified scheme of ORR pathways in
the acidic media is presented in Figure 2.1 [39,40]. Following a 4-electron pathway, oxygen
(O2) is reduced electrocatalytically on the catalyst surface with protons and electrons to produce
water (H20) directly. In a series mechanism, hydrogen peroxide (H203) is formed through a 2-
electron process, followed by a further reduction to produce H2O. In PEMFCs, the ORR

process with the direct 4-electron pathway is highly preferred, because the series mechanism
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through H2O> reduces half-fold efficiency of energy conversion. Furthermore, the
decomposition of H2O> leads to the formation of radicals, which potentially interfere with

chemical bonds of the electrolyte ionomer, causing further membrane degradation [41].

Direct 4 e Pathway

— Dissociative

— Associative

— Peroxo

Figure 2.1 The simplified scheme of ORR pathways on catalyst surface in the acidic media.

The specific ORR principles, including dissociative, associative and peroxo mechanisms, have
been proposed by Katsounaros et al. [40]. Although the detailed ORR processes are still under
debate, it is widely accepted that the ORR mechanism involves O2 adsorption and bonding
cleavage, and multi-step electron and proton transfer, as shown in Figure 2.1. With the
dissociative mechanism, breaking of the O-O bond occurs spontaneously after adsorption of
O.* (where * refers to adsorption on catalytic sites of the catalyst surface) generating O*
intermediates, followed by successive reduction to form OH* and then H,O*. Meanwhile,
through the associative pathway, OOH* intermediate is firstly formed after adsorption of O.*.
Then, cleavage of the O-O bond leads to the formation of O* and OH* species, which are

further reduced to H>O*. The peroxo pathway is also called the second associative pathway
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because of the same process with the initial mechanism. However, in this pathway, HOOH* is
formed prior to the O-O bond cleavage. From these mechanisms, it is clear that the adsorption
behaviour of Oz and intermediates formed during the process (O*, OH* and OOH*) determines
the ORR kinetic rate, which depends on the catalyst thus defining its activities [42,43]. The
rate of proton or electron transfer to dissociate O is limited if the catalyst surface binds those
species weakly. In contrast, too strong adsorption of the intermediates renders a limiting rate
of final product desorption, which also potentially blocks active sites on the catalyst surface.
Therefore, it is important to identify those catalyst materials owning moderate binding energy

toward the O-containing species to achieve optimum ORR activities.

Using density functional theory (DFT) numerical simulation, Ngrskov et al. described the
relationship between the O bond strength on different metal surfaces and their ORR activities
based on Sabatier principle, presented as a volcano plot in Figure 2.2a [43]. Accordingly, Pt
shows a remarkable activity positioned at the closest to the volcano peak due to its efficiency
to bind the O-containing species moderately compared to other metals on the (111) crystal
facet. The metals with more positive oxygen binding energy (AEo) than Pt such as Au and Ag
possess a less stable attraction toward oxygen, while, most of the potential metals with more
negative AEo tend to attach oxygen too firmly (Figure 2.2a). It also explains why Pt has been
employed as the standard ORR catalyst in PEMFCs [44]. Comparing different crystal facets,
Markovi¢ et al. observed a better ORR activity on Pt (111) compared to Pt (100) [45]. Later, it
was explained by Viswanathan et al. using the DFT that the Pt (100) facet tended to attract O
intermediates too strongly leading to less favourable for the ORR process compared to Pt (111)
as shown in Figure 2.2 b [46]. However, the DFT also showed that Pt (111) still bound oxygen
a little too strongly. Hence, reducing the binding affinity of the O-containing species on Pt
(111) surface has been considered as a potential strategy to boost the kinetic activity of Pt-

based catalysts [47].
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Figure 2.2 Volcano plot of the ORR activity as a function of the oxygen-binding energy on (a) the
(111) crystal facet of metal catalysts [43], and (b) comparison on (100) and (111) crystal facets [46].

To date, shape-controlled nanostructures have been intensively explored to improve ORR
activities of the Pt-based catalysts [48,49]. As shown in Figure 2.2 (b), the ORR activity of Pt
(111) increases closer to the volcano peak after its integration with Ni (PtsNi) indicating a
change of the Pt catalytic activity rendered by the alloying [46]. The integration of Pt with other
metals modifies not only the physical structure of Pt but also its electronic property induced by
shifts of the Pt d-band centre [47,50-52]. According to Ruban et al., the integration of two
metals owning different lattice constants results in a shift of the d-band centre due to adjustment
of the d-band filling caused by lattice strain [53]. The d-band state represents d-type orbitals
occupied by electrons, which is expected to determine the interaction on the metal surface of
the adsorbates such as O and other intermediates. A direct correlation between the d-band state
and catalytic activities is more complex for catalysts in operating PEMFCs [54]. However, it
is still considered as an effective parameter to define the ORR kinetics on the catalyst surface,

and as useful guidance for the rational design of highly active ORR catalysts.
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2.2 The state-of-the-art ORR catalysts for PEMFCs

Practically, the ORR activity metric refers to the intrinsic activity normalised to the catalyst
electrochemical surface area (LA cm) named as specific activity, or the activity quantified per
unit of mass (A mg™) also known as mass activity. The trend from previous studies shows that
an increase of the catalyst size is followed by increasing specific activity, while a low mass
activity is commonly observed for the catalyst of above 4 nm [55-58]. The change of the
particle size potentially modifies the surface orientation, such as a higher proportion of Pt (111)
is induced by a larger catalyst size, leading to a higher specific activity [59]. However, to reach
an optimum balance of both ORR parameters, tailoring Pt nanoparticles (NPs) between 3-4 nm

is regarded as the ideal catalyst size.

Currently, platinum group metals (PGM) are still the most practical catalyst materials applied
for commercial PEMFCs in the anode and cathode. The recent development of ORR catalysts
applies carbon black-supported Pt NPs (Pt/C, size of 3-5 nm) as the benchmark catalyst, which
is primarily attributed to enhancing their catalytic activities and reducing the Pt loading in
practical applications [22,60]. The improved ORR activities for hybrid catalysts Pt-M, such as
Co [32,61-63], Ni [28,64-66], Fe [67-69], Pd [70-73], Au [74-76], Ag [77-79], Cu [80-83],Y
[84,85], Pb [86,87] ,etc, have been widely reported in the literature. The eminence of the Pt
hybridisation with other metals is mainly related to the surface property modification, which is
caused by the change of the Pt-Pt bond distance and bonding interaction between Pt and the
hybrid metals [53,88,89]. These phenomena lead to a shift of the Pt d-band centre and changing

its electronic property, which has been discussed above in Section 2.1.

Stamencovic and co-workers demonstrated a specific activity trend with the Pt-transition metal
catalysts following an order of Pt < Pt3Ti < PtsFe < PtsNi < Pt3Co [90]. The improvement factor

of an annealed Pt3Co catalysts is up to 5 times than of monometallic Pt, which is originated
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from an optimum d-band shift to effectively modify the electronic structure on Pt surface [12].
In another work, they achieved a 90-fold higher specific activity than Pt/C through a tailored
PtsNi(111) catalyst [65]. It was presumed that the unique electronic structure and atomic
arrangement of PtsNi(111) were the main factors rendering the high catalytic activity. These
works derived a crucial impact on the following development of Pt alloy-based catalysts in the
past decade. To date, the advanced design of Pt alloy nanostructures has been considered as a
new baseline for the second generation ORR catalysts [91]. It is also worth noticing that the
mass activity is intensively proportional to the economic cost related to the catalyst usage,
serving a more reliable metric for a practical perspective. For this reason, the hybridisation of
Pt with transition metals, especially Co and Ni, has attracted the most attention considering the

advantage of reducing the Pt loading with much cheaper transitional metals.

The advanced catalyst architectures, which have been reported with significantly improved
ORR activities, are presented in Figure 2.3a [92]. The major breakthrough has been achieved
from the 1D nanostructure of ultrafine jagged Pt nanowires (NWSs). It was reported with an
extraordinary mass activity of 13.6 A mgtat 0.9 V vs reversible hydrogen electrode (RHE)
(52-fold higher than Pt/C), which has been the highest for ORR catalysts up to now [31]. The
boosted ORR activity was attributed to a rhombic structure on the NW surface rendering a
weakening Pt-O bond, enhancing the kinetic activity on the Pt surface. The rhombic structure
was obtained through electrochemical dealloying of PtNi alloy NWs. After a complete Ni
leaching, the re-forming Pt NWs with the jagged surface was generated owning a smaller
diameter of 2.2 nm as shown by transmission electron microscope (TEM) and high-resolution
TEM (HR-TEM) images (Figure 2.3c-d). The structure demonstrates the effectiveness of
extending the electrochemical surface area (ECSA) and mass activity at the same time. The
stability test was performed using an accelerated degradation test (ADT) with 6000 potential

sweeping cycles between 0.6 - 1.0 VV vs RHE in O-saturated 0.1 m HCIO4. The ADT confirmed
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the outstanding stability of the jagged Pt NWs, showing only ~7% ECSA loss, whereas Pt/C

exhibited much more significant ECSA loss of up to ~30%.

-
(&)
1

l Pt nanowires
@ Mo-PtNi octahedra
PlaNi\ranoframes *)
PN

-
o
T

(3]
T

B, Pt-Pb,
PtsY, nm\ 5%“‘"‘ ®

Pd@Pt-Ni octahedra 4
@ ) ollow Pt nanoparticles

PINi dealloyed: @® b
Pd9A"@p‘ML’?>‘ T r ‘&maco/c . o @FCy, ueam%}g"s%m"“'a@“?s
0 20 40 60 80 100 120
Electrochemically active surface area [mzlngM]

)

Mass activity [Amgpy] o

Figure 2.3 (a) Recent advanced development of ORR catalysts as a function of electrochemical
surface area (ECSA) and mass activity at 0.9 V vs RHE based on the RDE measurement [92].
(b) Hlustration, (c) TEM and (d) HR-TEM images of ultrafine jagged Pt NWs [31]. (¢) TEM
and (f) HR-TEM with STEM-EDX mapping images of PtsNi nanoframes [28] and (g) HR-
TEM image of Mo doped PtsNi octahedra with (h) theoretical simulation representing atomic
arrangements of Mo-PtsNi octahedral [29].

Another expanded highly active PtzNi(111) catalyst is shape-controlled, and third metal-doped
Mo-Pt;Ni octahedra (Figure 2.3g-h) [29]. The ORR activity obtained of 6.98 A mg? at 0.9 V
vs RHE is lower than that of the jagged Pt NWs, but, it served a better enhancement of up 73-
fold than of commercial Pt/C catalysts. Chen et al. demonstrated a de-alloying method to
construct a PtsNi nanoframe catalyst with a Pt-skin (Figure 2.3e-f) [28]. The open structure is
an advanced design to extend the high-surface-to-volume ratio of the catalyst and making it
more accessible for electrochemical reactions. As a result, an extraordinary mass activity of
5.7 A mgp! was achieved. Both shape-controlled architectures (octahedra and nanoframe)

based on Pt3Ni catalysts showed remarkable stability after the accelerated degradation test
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(ADT) in 0.1 m HCIO;4 electrolyte. After 8000 potential sweeping cycles between 0.6 — 1.1 V
vs RHE, Mo doped PtsNi octahedral exhibited 5.5 % loss of its initial ORR activity, which was
much lower compared to more than 50% of undoped PtsNi [29]. While negligible activity loss
was claimed by PtsNi nanoframes compared to 40% loss of commercial Pt/C after 10.000

cycles of potential sweeping between 0.6-1.0 V vs RHE [28].

Those impressive achievements in catalyst activities were all recorded in ex-situ half-cell
electrochemical measurement using the rotating disk electrode (RDE) technique in liquid
electrolytes. There is still a huge challenge for a full projection of these superior activities of
shape-controlled catalysts to practical fuel cell electrodes. The measured ORR activity using
the RDE technique is usually much higher than that obtained in the membrane electrode
assembly (MEA) test in single PEMFCs [60]. For instance, Liu and co-workers reported an
escalated mass activity of 12.36 A mgp:? for Pt-Co NPs catalysts using the RDE measurement,
but only 1.77 A mgp:* achieved in the MEA test [32]. In the RDE measurement, an extremely
thin catalyst layer is employed, and the liquid electrolyte can easily penetrate the catalyst
surface or even into pores inside, thus renders less concern to the mass transfer resistances. In
practical fuel cell electrodes in the MEA test, reaching into a pore of less than ~20 nm is a
challenge for ionomer because of its large size, limiting proton and oxygen transport through
the catalyst layer [93]. As a consequence, it potentially induces an immense voltage loss at a
high current density region as observed from the preliminary MEA test of the PtzNi nanoframe
catalysts [94]. Pam et al. reported the realisation of the advanced shape-controlled Pt-based
catalysts into the MEA test in H2/O2 and Hz/Air (Figure 2.4) [95]. Utilising the ultra-low Pt
loading, most of the shape-controlled Pt hybrid catalysts generated a higher mass activity than
of commercial Pt/C measured at 0.9 V (Figure 2.4a). However, only a few of them outdo the
performance of Pt/C catalyst at the fuel cell operational voltage of 0.6 V under Ho/Air feeds

(Figure 2.4Db).
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Figure 2.4 Compared the catalytic activity of the advanced Pt-based ORR catalysts: (a) mass activities
measured at 0.9 Vcen in MEAS under H,/O; feeding single fuel cells, and (b) power densities and current
densities recorded at 0.6 V in single fuel cell MEAs under Hy/air feeds [95].

Poor stability is another big challenge for ORR catalysts, which is attributed to the harsh
operating conditions in PEMFCs, high operation temperature and a wide range of operation
current. Large potential fluctuation during start-up and shut down can accelerate the cell
degradation induced by the partial air exposure at the anode side raising the interfacial voltage
difference of up to 1.44 V. Even for potential sweeping conducted at a slightly higher range of
0.6-1.26 V vs RHE in the RDE measurement, the octahedral Mo-PtNi/C catalyst exhibited a
severe degradation with an activity loss of 78% after only 1000 cycles, compared to only 5.5
% loss after 8000 cycles between 0.6 — 1.1 V vs RHE [29]. A big issue with the PtCo and PtNi
alloy catalysts is their unstable composition, induced by segregation of the alloyed transitional
metals. Electrode from the ultrafine jagged Pt NW may be less interfered with the durability
issue advantaging from its 1D nanostructure feature which can offer a better resistance toward
agglomeration and Ostwald ripening [31]. Nevertheless, the serious difficulty with scalable
production of these highly active catalysts is still a hindrance to bringing them to the MEA
level. Currently, Toyota Mirai utilises PtCo/C catalysts, which achieved excellent catalytic

activities in the latest commercial fuel cell vehicles (Figure 2.4) [14]. However, the fuel cell
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durability is still a big challenge that yet to be solved in order to meet the DoE 2020 target of

minimising the activity loss of less than 40% in practical condition [12].

The durability issues in PEMFCs are mostly linked to the degradation of several components
in fuel cell stack, including the catalyst NPs, carbon support, ionomer, membrane, gas diffusion
layer (GDL) and bipolar plates. According to Borup et al., the deterioration of the MEA causes
the major degradation of PEMFCs [41]. Such an issue is mainly directed to the electrocatalyst
stability at the cathode aggravated by the high voltage in fuel cell operation and acidic
environment. Referring to commercial PtCo/C catalysts, the stability is primarily ascribed to
(i) dissolution of the NPs [96-98], (ii) corrosion of the carbon support [99-101], and (iii)

segregation of metal alloy [26,27,102].

Degradation mechanisms may be minimised for monometallic Pt NP catalysts as it is less
concerned with atomic segregation. However, Meier et al. discovered the domination of Pt NPs
dissolution toward stability [24]. Atomic dissolution is a critical problem, which has been long
observed in a highly corrosive and oxidising environment, and it is mostly derived by the
catalyst size and surface coordination [98]. The trends in stability observation confirm the
susceptibility of smaller NPs toward dissolution and agglomeration, which is potentially related
to their high surface energy [103]. Holby et al. explained the significant increase of Gibbs-
Thomson energy within the small NPs of 2-3 nm inducing a significant susceptibility towards
atomic dissolution, and leading to a drastic decrease of the surface area under PEMFCs
operation condition [104]. Further intensive studies have revealed the dependency of size
effect of NPs towards Pt/Pt-M dissolution in PEMFCs [58,105-108]. Hence, determining the
critical size of the ORR catalyst above 3 nm should be considered to minimise the stability
issues. Furthermore, a certain Pt surface facet tends to attract more O species than other facets
to increase the formation of Pt oxide, which accelerates Pt dissolution [109]. Markovic and co-

workers also revealed the relation of Pt surface crystal facet coordination towards stability

23



following order of Pt (111) > Pt (100) > Pt (110) [110]. The high-coordination site shows a
better resistance against dissolution, suggesting better stability for the catalyst with a lower
number of defects. In agreement, Chung et al. observed starker atomic dissolution from the
low-coordination sites of Pt catalysts, leading to the formation of larger defects, and decreasing

electrochemical durability [111].

Further development of ORR catalysts should consider these factors rendering the stability
issues. It is agreed that ORR is the structure-sensitive mechanism, for which the reactions
occurring on the catalyst surface are driven by the nature of the composed material and surface
crystal facets. These outcomes rationalise the importance of controlling the surface structure,
together with the shape and size of nanostructures to achieve highly active and stable catalysts.
The catalyst stability plays a significant role in fuel cell durability. If these main propositions
triggering NP susceptibility in PEMFC condition are subdued, the further advanced

engineering of Pt hybridisation can be realised.

2.3 1D Pt-based nanostructure catalysts

Asymmetric single-crystal 1D Pt-based nanostructures (e.g. NWs and nanorods (NRs)) are the
ideal morphology to overcome the drawbacks of OD NP catalysts, specifically toward the
dissolution and Ostwald ripening [33]. The typical growth into one direction enables the
exposure of some specific crystal facets with limited lattice boundary and exhibits lower
surface energy compared to their OD counterparts, as well as a fewer defect surface [34]. Thus,
the enhanced catalytic activities and stability are expected from single-crystal 1D nanostructure
catalysts. Additionally, a catalyst layer built from 1D nanostructures offers high porosity which
is an advantage to promote mass transport performance in PEMFC operation. Lu et al. has

reviewed and highlighted the promising progress of the 1D Pt-based nanostructures as highly
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active and durable electrocatalyst design toward ORR for PEMFCs [35]. Yet, to meet the high
standard requirements for practical application, the fabrication procedure needs to consider the

extension of the active sites, enhancement of intrinsic activities and scalable production.

The 1D ultrafine jagged Pt NW is considered as the most promising feature for an ORR
catalyst, attracting lots of intention for current research development [31]. It provides a
significant enlarged ECSA, which is commonly a drawback for single crystal 1D Pt-based
nanostructure catalysts. However, scaling up synthesis of 1D jagged Pt NWs transferable to
MEA fabrication remains a huge challenge until now. The methods utilised organic solvent
oleylamine (OAm), and several advanced steps of product separation and Ni leaching. Such a
method may be a hindrance to maintain high-quality materials in scale-up production. Whereas,
a large amount of catalysts of up to gram scale is required for practical usage in fuel cell stacks

[112].

Several approaches have also been introduced to extend the number of catalyst active sites of
1D Pt-based nanostructures. Song et al. employed cetyltrimethylammonium bromide (CTAB)
as a soft template to synthesise ultra-thin Pt NWs [113]. With a smaller diameter of 2.2 nm, Pt
NWs achieved a slightly larger ECSA of 32.4 m? gei?, intensifying an effective approach to
extend the number of Pt active sites by reducing the NW size. Koenigsman et al. presented the
size-dependent catalytic activity of 1D Pt nanostructures by controlling the diameter of Pt NWs
[114]. The solution-based synthesis was employed using sodium borohydride (NaBHa) as the
reducing agent with a mixture of N,N-dimethyl formamide (DMF) and toluene. The acid wash
treatment was then applied to exfoliate Pt NWs, reducing the diameter to ~1.3 nm. The
measurement in 0.1 M HCIO4 recorded a specific activity of 1.45 mA cm, which is 3- and 7-
fold higher than that of non-acid treated Pt NWs and 0D Pt/C, respectively. Apparently, the
acid wash effectively dissolved amorphous Pt, thus optimising the active surface exposure and

minimising the defect sites, which profoundly enhanced the kinetic activity of the NW surface.
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A comparative study was also conducted and confirmed the sensitivity of the ORR activity

toward the diameter and surface morphology of Pt NWs, as shown in Figure 2.5¢ [115].

Figure 2.5 TEM images of Pt NWs with an average diameter of (a) 49 nm and (b) 2 nm. (c) The specific
ORR activity measured at 0.9 V as a function of the size of 1D Pt nanostructures as a comparison with

commercial Pt/C catalysts [115].

Apart from controlling diameter to achieve Pt NWs with a high ECSA to improve their ORR
catalytic activities, a biometric synthesis method was developed by Ruan et al. assisting the
formation of a network structure with 2 nm Pt NWs having twin planes [116]. The ultrafine 1D
morphology and multiple-twinned structure contributed to extended ORR active sites leading
to increased ECSA of 80.36 m? g%, which was even higher than 77.77 m? g of the commercial
Pt/C catalyst (20 wt% Pt on Vulcan XC72R carbon support, Johnson Matthey (JM)). A 58.2%
higher mass activity than that of Pt/C was recorded in half-cell measurement in 0.1 m HCIO..
Despite a higher degree of defect sites, the Pt NW network structure showed remarkable
stability after 6000 cycles of ADT, with ECSA losing less than 15% compared to 56.7% of

Pt/C.

From these results, it is agreed that small size and preferential exposure of highly active surface

facets offer an improved ORR activity through the extension of the catalyst active site number.
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However, the catalytic performance and stability of these 1D catalysts have not been evaluated
in operating PEMFCs, which may exhibit a different behaviour as that in the half-cell
measurement [50,117]. For practical application in fuel cells, scalable synthesis and rational
design should be the main intention. The utilisation of template method proposes a facile
diameter and length adjustment approach by controlling the templates. The exploration of
templates, such as porous alumina membrane, anodic aluminium oxide film, pores of a track-
etched polycarbonate, etc. demonstrated the advantage of the template method to obtain
ordered uniform 1D nanostructures [118-121]. Nevertheless, the scalability of template
approaches is limited due to the complication of template removal. The usage of surfactant,
e.g. toluene, OAm and polyvinylpyrrolidone (PVP), should also be taken into consideration, as
it requires an extra sophisticated step to remove them from the catalyst surface. Otherwise, the
remaining contaminants potentially interfere with the catalytic activities in operating fuel cells

[122-124].

Sun et al. demonstrated a surfactant-free method for growing Pt NWs by employing a slow
reaction approach using a weak reducing agent, formic acid [125]. The reduced Pt ions initially
generated Pt seeds possessing very high surface energy, and some of them form agglomerates.
Under a very slow Pt reduction rate at room temperature, the accretion continued with
preferential crystal growth along the <111> direction. After 16 hours it formed a flower-like
structure constructed from single-crystal Pt NWs with a diameter of ~ 4 nm. This method was
successfully transferred onto Vulcan XC72 carbon to prepare Pt NW/C catalysts as presented
by scanning electron microscope (SEM) and TEM images (Figure 2.6a-c) [126]. The growth
density was regulated by changing the mass ratio of Pt precursor and carbon support, while the
reaction time contributed to control the length of Pt NWSs. The evaluation as the cathode
catalysts in the MEA test under H2/O2 showed enhanced power performance compared to the
state-of-the-art OD Pt/C (Figure 2.7d), which was attributed to the large aspect ratio of Pt NWs

improving O diffusion toward Pt surface. Although the bulk feature of the anisotropic 1D
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nanostructure led to a lower surface area of 22.1 m? ger* compared to 43.3 m? ger! of Pt/C
(Figure 2.6e), Pt NW/C catalysts still showed a 50% higher mass activity and 3-fold larger
specific activity compared to 0D Pt/C. The ADT was conducted using the ex-situ half-cell
measurement in 0.5 M H2SO4. The results showed that after 4000 potential sweeping cycles Pt
NW/C exhibited less ECSA loss of 40%, which was much lower compared to 67.5% of Pt/C
(Figure 2.6f-g) [127]. These outcomes intensify that the morphology change from 0D to 1D
gains a large enhancement on the catalytic activities and stability. The smooth atomic surface
and preferential exposure of highly active crystal facets facilitate a fast ORR kinetic on the Pt

surface and increase the resistance against dissolution and Ostwald ripening.
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Figure 2.6 (a) SEM and (b-c) TEM images of Pt NWs grown on the carbon support. (d) Comparison
of cathode polarisation curves of the as-prepared Pt NW/C and Pt NP/C catalysts, (e) corresponding
CV (inset: comparison of the ORR specific activity) [126]. CV curves of (f) Pt NP/C and (g) Pt NW/C
before and after 4000 potential cycles of ADT [127].
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To date, the formic acid reduction method is still considered as one of the most practical
approaches for scale-up preparation of Pt NWs. It can be achieved at room temperature without
using any template or surfactant in aqueous solution. Adapting this method [126], Li et al.
fabricated 50 cm? MEA utilising the as-prepared Pt NW/C as the cathode catalyst with a Pt
loading of 0.4 mgp: cm™ [128]. Single-cell test in Hao/Air showed 5% higher power performance
than that from commercial Pt/C catalysts. Pt NW/C has also been employed as the cathode
catalyst to construct 1.5-kW PEMFC stack consisting of 15 individual MEAs with an active
area of 250 cm? [129]. The compared power density after 420 hours dynamic drive cycle test
showed degradation rates of 14.4% and 17.9% for the as-prepared Pt NW/C and commercial
Pt/C, respectively (Figure 2.7a-b). TEM images showed the minimum change of Pt NW
structure before and after the durability test (Figure 2.7c-d) compared to OD Pt/C catalysts with
severely increased particle size. It further demonstrates the superiority of 1D nanostructures
towards the degradation mechanisms in fuel cell operating conditions. A small power
performance loss of Pt NWs was mainly attributed to the degradation of Pt/C catalysts at the
anode. The regression of electrode structure may also contribute to the power decline originated
from the less optimised contact between ionomer and Pt NWs [130]. Nevertheless, these
achievements further encourage the advanced development of 1D Pt-based nanostructures, e.g.
evolving the concept of support-free Pt-based NWSs, which have been demonstrated as an

ultimate approach to improve catalyst durability [127,131-133].
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Figure 2.7 Polarisation and power density curves of the fuel cell with (a) Pt NW/C, (b) commercial
Pt/C as the cathode catalyst. TEM images of (c-d) Pt NW/C and (e-f) commercial Pt/C before and after
420 hours durability test, respectively [129].
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2.4 1D Pt nanostructure gas diffusion electrodes

Schematically, the degradation mechanism can be effectively minimised by eliminating the
carbon support using a self-supported catalyst layer (Figure 2.8a) [127]. Carbon black is
commonly used as the catalyst support in PEMFCs. It provides good conductivity and large
surface area for better catalyst dispersion and distribution. Its porous structure is also an
advantage for facilitating oxygen mass transfer through the catalyst layer in fuel cell operation
[134]. However, under the acidic condition and high oxygen concentration at the cathode, the
oxidation of carbon is thermodynamically possible in operating PEMFCs at a potential range
of 0.6-1.0 V, and can be worsened at some certain conditions of restart and shutdown, which
can dramatically accelerate carbon corrosion [135,136]. Consequently, it degenerates the
detachment of metal catalysts, promoting aggregation and decreasing ECSA [96,137,138].
Such condition also compromises the electronic conductivity resulting in a decreased intrinsic
activity for the metal catalyst attached to carbon support [138]. Therefore, eliminating carbon

support can be a potential solution to improve durability.

A simple approach to growing support-free Pt NWs onto carbon paper without catalyst support
material was introduced by Sun et al. via self-assembled single-crystal NWs forming 3D
nanoflowers (Figure 2.8b-e) [125]. Adopting a similar approach using the formic acid reduction
method, our group successfully grew single-crystal Pt NW arrays on GDLs [139]. GDLs are
the main component constructing the MEA to support the catalyst layer. Thus a GDL with Pt
NWs can be directly used as a gas diffusion electrode (GDE) for PEMFCs. Monolayer array
of Pt NWs with a diameter of ~4 nm and length of ~ 120 nm constructs a three-dimensional
(3D) ordered catalyst layer on the GDL surface. With a low Pt loading of 0.4 mg cm, the Pt
NW GDE recorded 25% higher peak power density than that with a commercial Pt/C cathode
(E-TEK ELAT™ GDE LT120EW, Pt loading 0.5 mg cm™2, 25 cm? MEA tested under Ha/air).
The thin catalyst layer with the high aspect ratio Pt NWs and open structure facilitates gas
transport to reach the catalyst surface and reduces oxygen transfer resistance, thus leading to

improve power performance.
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Figure 2.8 (a) Schematic of morphology changes that occur in different Pt structure during accelerated

electrochemical cycling [127]. (b-c) SEM and (d-e) TEM images of Pt NWs grown on carbon fibres
within carbon paper [125].

The power performance of Pt NW GDEs is highly dependent on the Pt amount deposited on
the GDL. According to our observation, the trend with the increase of the Pt loading was
followed by an increasing open-circuit voltage (OCV) and power output with an optimum
loading of ca. 0.5 mgp: cm™ [140]. A higher loading resulted in a drastic voltage loss at the
larger current density region caused by the arising mass transfer resistance. It was attributed to
severe agglomerated NWs as observed from the GDE with a high Pt loading of 1.0 mgp: cm.
The inert nature of the GDL surface provides a limited number of nucleation sites inducing the
large aggregates and minimising the Pt utilisation ratio. It suggests the importance of

controlling the Pt NW density and distribution to achieve high power performance electrodes.

GDLs are made of carbon fibre-based substrate with a top carbon sphere-based microporous
layer (MPL). They are coated with superhydrophobic polytetrafluoroethylene (PTFE) to
prevent water flooding during fuel cell operation [141]. This feature makes their surface very
difficult to be wetted in aqueous solution as that in the formic acid reduction process, thus
limiting the nuclei cites and finally forming many large Pt NW agglomerates decreasing the

catalyst utilisation ratio. The distribution of Pt NWs has been successfully improved through
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controlling the reaction temperature of the growth process on the GDL [142]. The study
revealed the effectiveness of applying a moderate reaction temperature of 40 °C to reduce the
water contact angle and improve the wettability on the hydrophobic GDL surface. Increasing
temperature also induced a faster reaction rate. As a result, it boosted the nucleation site number
on the GDL surface and minimised the formation of large Pt NW agglomerates (Figure 2.9a).
The MEA test with the Pt NW GDE as the cathode confirmed an improved power performance
(Figure 2.9b), and nearly double mass activity compared to a commercial Pt/C GDE (TKK).
Furthermore, the durability of the Pt NW GDE was evaluated through in-situ 2000 potential

cycles, exhibiting a lower ECSA loss of 48% than 67% of the Pt/C GDE (Figure 2.9c¢).
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Figure 2.9 (a) Schematic growth of Pt nanostructures on GDL at different reaction temperatures, with
(b) corresponding polarisation and power density curves and (c) CVs of PtNW GDEs grown at 40 °C
before and after the ADT in comparison to Pt/C (TKK) [142].
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Active screen plasma treatment has also been employed as an effective method to improve the
dispersion and distribution of Pt NWs on GDLs at relatively low temperature [143]. Plasma
nitriding led to a large number of defects and provided the GDL surface with more functional
groups. The increased surface activity enabled a good contact of the GDL surface with the
mediating reaction solution. It promoted the uniform nucleation of Pt and the formation of

ultrafine and long Pt NWs resulting in an enlarged ECSA.

The later work in our group demonstrated the introduction of Pd nanoseeds on the GDL surface
and their influences on the morphology and distribution of Pt NW arrays [70]. Mixing Pd and
Pt precursors (PdCl, and H2PtCle) in formic acid solution rendered a faster reduction of Pd to
form nanoseeds on the GDL surface. The seeding effect was observed with a much lower Pd
content of ca. 5 at%, leading to more uniform growth of 1D nanostructures forming PtPd
nanodendrites on the GDL. Such structure provided a larger ECSA and smaller mass transfer
resistance than that of the Pt NW GDE. Another seeding method using a thin Pt/C NP (0.005
mge: cm2) layer as a matrix to control Pt NW growth was demonstrated by Sui et al. [144]. Pt
seeds facilitated deposition of the reduced Pt atoms rendering more uniform Pt NWs, but an
excessive amount of Pt NPs resulted in reduced length and crystallinity. Despite the recorded
current density at 0.6 V was 5% lower than a commercial Pt/C GDE, the significantly enhanced
mass current of 89.56 A gy’ was obtained, which is 2.1-fold higher than that of the Pt/C GDE.
Other works by using a carbon matrix for optimising the growth of Pt NWs have also been
demonstrated [145,146]. Through these works, it is agreed that the uniformity of catalyst
deposition and distribution are the main factors determining the electrode power performance

in PEMFCs.

These studies demonstrated a promising development of support-free 1D Pt-based
nanostructure electrodes with improved power performance and durability. A further

development to improve ORR activities with a lower Pt loading can attain a closer stage to the
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commercial level. The enhancement of intrinsic activities through hybridisation of Pt NWs to
build NW array GDEs is a promising approach to improve ORR kinetic and further minimise

Pt loading in PEMFCs, which will be further explored in this thesis.

2.5 Toward the development of 1D Pt-based hybrid nanostructure electrodes

The synthesis of bimetallic and multimetallic metal alloy 1D nanostructures with excellent
stability is another challenge. The different nature of each metal such as the surface energy,
atomic size and lattice constant render segregation and deformation of 1D nanostructures
during fuel cell operation. However, the alloying of the second metal is considered as an
effective strategy to boost the catalyst intrinsic activity and reduce Pt loading, thus the research
on 1D Pt-based alloy nanostructures has also attracted many efforts. As demonstrated by Zhang
and co-workers, the alloying with Co through a soft surfactant template method enhanced the
mass activity of Pt NW/C catalysts by 20% to 1.5-fold higher than the Pt/C catalyst (40 wt%
Pt/C, JM HiSpec 4000) [147]. After a stability test of 3.000 potential cycles between 0.6 and
1.15 V vs RHE, PtCo NW/C showed only an ECSA loss of 14.7% compared to 35% of the

Pt/C catalyst.

The degradation is commonly more pronounce for Pt hybrid catalysts induced by poor stability
of the transition metals, which are oxidised spontaneously at low pH, and suffer from leaching
under electrochemical reaction in acidic conditions [148]. Like the Pt alloy NPs, the leaching
of transitional metals is also a challenge for 1D catalysts. Sun and co-workers adopted an
organic-phase synthesis method using 1-octadecene (ODE) and OAm as reducing agent to
synthesise ultrafine FePt and CoPt alloy NWs with a diameter of ~2.5 nm [149]. A post-
treatment was conducted with acetic acid to dissolve most of the alloyed transition metals,
remaining only ~20% of Fe and less than 10% of Co. It resulted in improved ORR activities

for FexoPtso NWs compared to CogPte. NWs and commercial Pt/C. After 4000 potential cycles,

34



a decreased Fe ratio was observed, suggesting the leaching of Fe, although TEM analysis still
showed very little NW morphology change before and after the durability test. Jiang et al.
demonstrated the advanced structuring of multimetallic PtCoNi NW catalysts through a
solvothermal approach utilising glucose as the reducing agent [150]. The method privileged a
high crystallinity surface and sub-nanometer size 1D nanostructure with a diameter of ~ 1 nm.
The catalyst exhibited an improved ORR mass activity of 4.20 A mg*, which was 4-, 1.4- and
32.3-fold higher than that of Pt NW, PtNi NW and commercial Pt/C catalysts, respectively.
After 30.000 cycles ADT in 0.1 m HCIO4, PtCoNi NW catalyst exhibited 27.6% ECSA loss,
which was attributed to the dissolution of transition metal as confirmed by EDX analysis
presenting a decreased atomic ratio of Ni and Co of up to 40%. During the MEA test, the
transition metals leached out potentially contaminates polymer electrolyte membrane,

accelerating the cell degradation and significant performance loss [151].

The stability issues with the bimetallic nanostructures originate from the atomic mismatch and
different surface energies between two metals, thus tending to segregate at some certain
conditions such as during the ORR process [152]. The DFT showed Pt surface segregation on
PtNi, which was rendered by lower surface energy and much smaller atomic size of Ni than
those of Pt. The trend on the surface segregation and stability toward ORR suggested the highly
unstable structure of bimetallic Pt with 3d elements such as Fe, Co, Ni and Cu due to the lattice
mismatch, inducing a high degree of atomic dissolution [36]. The structuring of more ordered
intermetallic Pt-M alloy with transition metals through high-temperature annealing has been
shown as a practical approach to minimise the segregation and improve stability [61,153].
However, applying such treatment is a challenge for most shape-controlled alloy catalysts, such
as due to the susceptibility of ultrafine 1D Pt-based nanostructures toward the heat treatment,
annealing at a temperature above 200 °C causes sintering and tunes NWs into agglomerated

NPs [149,154]. The DFT predicted better stability of Pt integration with 4d and 5d elements
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compared to 3d transition metals and showed the least segregation with Ag and Au ascribed to

the similar lattice spacing to Pt [36].

2.5.1 Hybridisation of Pt-Ag nanostructures

The interaction of bimetallic Pt and Ag exhibits weaker adsorption of OH species than that on
pure Pt surface [155,156], hence inducing more facile desorption of the intermediates and
accelerating the ORR kinetic through the four-electron pathway. Highly conductive Ag is also
an advantage to alleviate the electron transfer, thus minimising the impedance that induces
voltage losses in PEMFCs [157]. Additionally, the similar lattice constant facilitates the growth
of bimetallic Pt-M alloy with simple control of the atomic arrangement into a specific shape

[158].

The morphology and catalytic activity of bimetallic PtAg hybrid nanostructures are highly
derived by the atomic ratio of Ptand Ag [77,156,159-161]. An optimal atomic ratio in tailoring
20 nm hollow Pt-skin PtesAgs> NPs (Figure 2.10a) resulted to an upgraded mass activity of
0.438 A mgp:! (3-fold higher than Pt/C) measured in 0.1 m HCIO4 electrolyte using the RDE
technique [79]. Employing citrate reduction in colloidal Ag solution, Feng et al. demonstrated
the change of core-shell PtAg NP structures into porous PtAg NPs with an increasing Pt atomic
ratio [156]. A comparable mass activity to commercial Pt/C was obtained with Pt1Ag> NPs
toward ORR in 0.5 M H2SO4, while it showed 1.4-fold higher mass activity in 0.5 M KOH than
that of Pt/C. These outcomes reasonably relate to the superiority of Ag, possessing high
catalytic activity, especially in alkaline media showing a similar ORR Kkinetic and reaction
mechanism to Pt [162]. Therefore, the development of Ag-based catalysts gains more attention
for alkaline fuel cells and is less popular in the acidic media compared to 3d elements. At a low
pH environment (i.e. in PEMFCs) the activity and stability of bulk Ag is an issue, which limits

the oxygen reduction via a two-electron pathway on the surface of Ag (111). Thus additional
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strategies need to be considered to overcome this drawback in preparing AgPt bimetallic

catalysts [163].

Wang et al. demonstrated a one-pot successive co-reduction method to synthesise 3D porous
PtAg hollow nanochain-like network (HNCN) structure (Figure 2.10b) [159]. Based on the
Koutecky—Levich analysis, the direct oxygen reduction through the 4-electron pathway
dominated the ORR process on all the PtAg HNCN catalysts with various atomic ratios. The
highest mass activity of 2.5-times enhancement versus commercial Pt/C was achieved at an
atomic ratio of PtzsAgzs. The excellent stability of PtzsAges was confirmed maintaining its
specific activity of above 70% better than Pt/C of below 50%, which is originated from the 3D
self-supported feature to prevent Ostwald ripening and minimise carbon corrosion. In fuel cell
operation, the integration of Pt and Ag in the form of Ag@Pt core-shell NPs exhibited better
stability compared to that of Pt/C, and a peak power density of 0.47 W cm (30% higher than

Pt/C) was achieved at an Ag and Pt atomic ratio of 1:3 [77].

Figure 2.10 TEM images and EDX mapping of porous PtAg catalysts (a) hollow porous Ag-Pt@Pt
NPs [79], (b) 3D PtAg HNCN structure [159] and (c) porous 1D bimetallic PtAg-4 NTs [164].
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Zhang et al. transformed the porous 1D PtAg structure into 1D PtAg nanotube (NT) with a
diameter of ~100 nm via a galvanic replacement method (Figure 2.10c) [164]. The increasing
Pt ratio to Ag resulted in higher porosity and thinner wall of NTs of ca. 5 nm obtained for PtAg-
4 NTs (with the surface and bulk Pt:Ag atomic ratio of 5:3 and 1:1, respectively). The DFT
model on PtAg-4 NTs (111) predicted a downshift of the d-band centre resulting from the
compressive strain of Pt and Ag. As a consequence, it weakened the binding energy of O
species on the catalyst surface and boosted the ORR Kkinetic, hence positioning PtAg-4 NTs
(111) closer to the peak of the volcano plot. In agreement with the theoretical study, a mass
activity of 0.688 A mgptwas recorded for PtAg-4 NTs/C using the RDE measurement in 0.1
M HCIOgelectrolyte (4.3-fold higher than commercial Pt/C), which has been the highest among
the porous PtAg structures. After 10.000 potential cycles, no obvious degradation was
observed. The same rigid morphology presented by TEM analysis before and after the cycling
test also indicated excellent stability of 1D PtAg-4 NTs. It was believed that the combination
of 1D geometry, thin wall thickness and a good ratio of Pt-Ag alloy structure established the

unique less vulnerable structure toward aggregation and dissolution.

The advancement of PtAg-based catalysts has been explored through structure modification
such as nanocrystal [165,166], interfacial alloy [167], smaller NPs on mesoporous graphene
[168], dendritic nanostructures [160], and even integration with Pd forming 1D PdPt NTs and
Pt/Ag-Pd NTs [131,133]. Among these nanostructures, the 1D bimetallic PtAg NT catalyst is
reported possessing the highest ORR activity [164]. However, transferring such a structure to
practical electrodes will be a challenge considering the requirement of enormous Ag NWs as
the sacrificial template, which is less beneficial for economic reasons. Additionally, the large
amount of PVP used as the capping agent in the synthesis process also interferes with catalytic
performance when trapped inside the MEA [122]. Therefore, the development of a facile
approach for the preparation of ultrafine 1D PtAg nanostructures with a clear catalyst surface
is required to potentially advance the superiority of Pt-Ag alloy structures transferable to
practical electrodes. This is achieved in this PhD research, and the details are demonstrated in

Chapter 4.
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2.5.2 Au integrated 1D Pt-based nanostructures

Referring to the DFT prediction of less metal segregation between Pt and 4d or 5d metal
elements, Au is considered as the next ideal option because of its stability [36]. Au is well
known as a highly stable metal in the acidic environment and proven offering the stabilisation
effect to Pt and transition metals toward ORR [30,169-171]. For instance, the stabilisation of
Pt NPs with Au was reported suppressing the ECSA loss to only 4%, which was much lower
compared to 46% of Pt/C after 30.000 potential cycles [30]. Other studies have also shown the
integration with Au effectively prevented surface segregation and improved stability [169-

171].

In the form of bimetallic 1D PtAu nanostructures, Chang et al. modified a hydrothermal method
to regulate the dominated (111) surface facet of ultrathin PtAu NWs featuring parallel-bundled
Boerdijk—Coxeter helix type of structure (Figure 2.11) [172]. The study found that the atomic
balance between Pt and Au was the key to reach an optimal ORR activity and stability due to
the ligand effect of Pt neighbouring with Au. A higher Au content led to lower Pt active site
exposure and a less d-band shift from the fermi level, hence decreasing the ORR Kinetic activity
on the surface. While too low the Au atomic ratio (e.g. ~10%) provided less effect to modify
the Pt lattice structure. With a composition of PtzeAu24, an enhanced mass activity was obtained
showing 1.9-, 2- and 2.8-fold higher than that of Pt NWs, PtzsAu24 NPs and commercial Pt/C,
respectively. These further demonstrate the enhancement effect by alloying with Au, and better
accessibility of the helix NW structure than NPs. Furthermore, excellent stability was
demonstrated for the PtAu NWs. After an ADT with 10.000 potential sweeping cycles, the

catalyst only showed a degradation rate of ~7% from its initial ECSA and ~6% in mass activity.
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Figure 2.11 (a-c) TEM images of Pt2Auzs NWs and (d) the corresponding model illustration of 1D
nanostructure featuring parallel-bundled Boerdijk—Coxeter helix type of structure [172].

Working with a less complex and more approachable method to obtain 1D PtAu
nanostructures, Liu et al. synthesised PtAu core-shell nanorods (NRs) with Pt- and PtAu-shell
via the formic acid reduction method [173]. A similar diameter and length were observed by
TEM analysis for both catalysts. However, PtAu NRs with the Pt-shell exhibited a higher
ECSA compared to the one with the PtAu-shell, indicating a reduced number of active sites
with the Au attachment. PtAu NRs with the Pt-shell exhibited 1.4-fold higher mass activity
than that one with the PtAu-shell, whereas both catalysts showed similar stability after a test
with 1200 potential cycles. Therefore, it can be concluded that the stabilisation of Au was still
preserved by placing it beneath the surface compared with the PtAu alloying [30]. Park et al.,
showed that CO treatment at 150 °C was able to tune the arrangement of Pt and Au, inducing
Pt surface enrichment and a higher ORR activity [174]. These studies revealed the less
attractive Au surface in promoting the ORR activities. Hence, the placement of Au under the
Pt skin layer has been considered as an effective approach to improve stability of the core

materials (e.g. Ni, Co, Fe, Pd) toward ORR [69,75,76,175-177].

Tan et al. prepared Au/Pt NWs and Au/PtsNi NWs using Au NWs with a diameter of ~10 nm
as the template [178]. Normalised to Pt loading, 2.4- and 5.1-fold mass activities were obtained

for Au/Pt NWs and Au/PtsNi NWs compared to Pt/C, respectively. A comparable ECSA loss
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after 5000 potential cycles was observed for Au/Pt NWs (~7%) and Au/PtsNi NWs (~10%),
which were much smaller compared to 37.9% of Pt/C. 2.5 nm FePtAu NW core with a 0.8 nm
FePt shell has been successfully prepared using a seed-mediated growth method [179]. The
alloying of Au into the core effectively improved the ORR activity and durability of FePt NWs.
The NWSs showed ignorable activity decrease after 5.000 potential cycles in 0.1 m HCIOs,
indicating very little agglomeration or dissolution occurred to change the catalyst structure. A
similar stabilisation effect to the FePt core was also obtained with the alloying of Pd, which
further confirmed the DFT analysis of excellent stability of Pt alloying with 4d and 5d elements
[36]. However, Pd is less electropositive compared to Au, thus the exposure of Pd is more

vulnerable toward ORR than that of Au [179,180].

The improvement of Au alloying to Pt catalysts can be concluded as below: (i) the presence of
Au provides a stabilisation effect through electronic structure modification on Pt-based
catalysts, thus preventing the oxide formation on Pt surface. (ii) The charge transfer effect
induced by a small number of Au atoms potentially reduces the formation of unstable high-
energy Pt sites, improving its stability under ORR condition; and finally (iii) Au also stabilises
the catalyst by weakening the binding of oxygen species on the catalyst surface, suppressing

the segregation of the alloyed metals and Pt.

However, the stability of 1D Pt-based nanostructures with the Au surface layer could be
different. Using the formic acid reduction method, Liang et al. synthesised core-shell 1D Pt@M
(M=Au, Ag or Pd, Pt:M = 3:1) nanostructures [74]. Three types of NRs before and after the
stability test are shown in Figure 2.12, together with their ORR activities measured by the RDE
technique in Og-saturated 0.5 m HCIO4. Both DFT calculation and experimental results
demonstrated the highest ORR activity of the Pt@Au NR catalyst. A similar result indicating
the more active PtAu NR surface than that of PtPd NRs was also reported toward ORR in the
acid electrolyte in a previous study [181]. The ADT demonstrated better stability of PtAg NRs,

exhibiting a much lower mass activity loss of 8.9% than 23.7% of PtAu NRs (Figure 2.12h).

41



However, no details have been provided to explore the mechanisms for the better stability of
PtAg NRs. The further study of alloying Au into 1D AgPt nanostructures is presented in

Chapter 5 and 6 of this PhD thesis.
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Figure 2.12 TEM images of nanorod morphology before and after 1000 cycles of ADT: (a) and (d)
PtAu, (b) and (e) PtPd, (c) and (f) PtAg. () The linear sweep voltammetry (LSV) curves before and
after the ADT, and (h) the corresponding ORR activities from the experiments and DFT calculation for

the measured Pt-M alloys [74].

26  Summary & Perspective

Through the intensive development of ORR catalysts toward successful commercialisation, Pt-
based alloy NPs have attracted the most attention for practical application in PEMFCs.
Hybridisation has been the ultimate strategy to reduce the utilisation of scarce Pt and
successfully established as the new baseline of the-state-of-the-art ORR catalysts possessing a
high catalytic activity. However, catalyst stability is still a major challenge to maintain long-
term performance without activity loss. The dissolution of NPs is identified as the main reason

for the electrode decline along with corrosion of carbon support and segregation of bimetallic
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Pt-alloy. The dissolution of NPs could be minimised through shape-controlled strategies to
construct the catalyst possessing lower surface energy, defect-free plane and preferential

exposure of active sites such as 1D nanostructures.

Recent achievements in tailoring 1D Pt-based nanostructures have demonstrate good efficiency
in suppressing the atomic dissolution and preventing the catalyst coalescence. They offer
improved activities and high resistance against degradation for good durability at the same
time. Concluding from various works, the translation of Pt NWs to practical catalyst electrodes
in fuel cells has been successfully realised through a facile self-assembly formic acid reduction
method and is further advanced for growing Pt NW arrays on GDLs to fabricate 3D ordered
support-free electrodes. This unique support-free 1D NW array structure is considered as the
ideal electrode feature to resolve issues of carbon corrosion and mass transfer resistance
attributing to its high porosity and the thin catalyst layer. The recent development of 1D Pt
NW-based GDEs has been focused on optimising the uniformity of Pt deposition and
distribution as these are the main factors determining electrode power performance in
PEMFCs. Further development of GDEs with hybridisation 1D Pt-based NWs is a promising

approach to enhance ORR performance and reduce Pt loading at the same time.

If hybridisation is considered as an effective approach to improve the intrinsic activity of the
monometallic Pt-based catalyst, the alloying with additional metals should also contemplate
the segregation issue to achieve excellent stability. The numerical studies suggested alloying
with the additional metals having a close lattice constant to Pt such as Au and Ag to mitigate
the segregation and promote stability. Hence, the alloying of noble metals is often applied to
stabilise the transition metal toward depletion. In the form of 1D nanostructures, the integration
of Pt-Ag and Pt-Au forming bimetallic or even multimetallic hybrid catalysts have shown
improved activities and durability toward ORR. However, the performance reported for most

of these catalysts remain in the half-cell measurement in liquid electrolytes, which cannot

43



guarantee high power performance in real conditions in operating PEMFCs because of the mass

transport issue.

Future works should emphasise the catalyst evaluation in operating PEMFCs to move forward
the promising cultivation of 1D Pt-alloy nanostructures as ORR catalysts. The fuel cell
electrode fabrication requires a large amount of catalyst material, which is often a hindrance
for the advanced shape-controlled nanostructures of bimetallic and multimetallic catalysts due
to the complication steps for scalable production. Therefore, the facile method and fundamental
concept to construct 1D Pt-alloy nanostructures should be further highlighted prior to
transferring them to practical electrode fabrication. For these reasons, the deposition and self-
assembly of 1D AgPt catalysts on carbon support in acidic solution are investigated in this
study (Chapter 4) considering their catalytic performance in the single-cell test. Through
understanding the parameters deriving the reduction and growth mechanisms of the metal ions,
it rather extenuates highly scalable synthesis and translation of such mechanisms on other
support media. The controlled alloying of Au to form multimetallic 1D Au-AgPt nanostructures
is explicitly discussed in Chapter 5, including its influence on the catalyst activity and stability
in operating PEMFCs. Finally, the development of support-free 1D AgPt-based nanostructure
electrodes is further explored via direct growing AgPt NRs on GDLs in Chapter 6. The work
is also advanced to Au-AgPt NR GDEs achieving high power performance and durable

electrodes for PEMFCs.
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Chapter 3

Materials & Method
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This chapter introduces the materials used for this PhD research. The detailed experimental
steps of the catalyst synthesis and gas diffusion electrode (GDE) fabrication are presented,
including the methodology for physical characterisation techniques. The procedures of the
membrane electrode assembly (MEA) preparation and tests in single fuel cells are outlined,

including the accelerated degradation test (ADT) to evaluate the electrode stability.

3.1 Catalyst Preparation and GDE fabrication
3.1.1 Growing Pt and AgPt NRs on Carbon

Pt nanorods supported on carbon (Pt NR/C) - 50 mg carbon black XC-72R (Fuel Cell Store,
USA) was dispersed in 100 mL H2O (deionised to 18 MQ cm using a Millipore water system,
Milli-Q, Germany) using bath sonication (Ultrawave 300H, 35 W, UK). 1.5 mL H2PtCls (8
wt% in H2O, Sigma Aldrich, UK) in 100 mL H>O was added subsequently to the carbon
suspension, followed by adding 10 mL HCOOH (Sigma Aldrich, UK) dropwise under
sonication over 10 minutes. The solution was then stirred for 96 hours at room temperature to
finish the reaction. The obtained catalyst was washed with H,O for three times and then ethanol
(Fisher Scientific, UK) using a centrifuge (Sigma 3K30, UK) with the speed of 15,000 rpm for

15 minutes followed by drying in the oven at 60 °C for 2 hours.

AgPt nanorods supported on carbon (AgPt NR/C) — The integration of Pt NR/C with Ag
was conducted by adjusting the metal ratio of Pt and Ag while keeping the total metal loading
constant. For a typical synthesis of Ag:Pt1 NR/C (atomic ratio of Ag:Pt = 1:1), the reaction step
was intended to replace 50 at% of Pt with Ag. The same dispersion of carbon black (50 mg in
100 mL H20) was mixed with 1 mL H2PtCls (8 wt% in H20) in 50 mL H20, followed by
adding 10 mL HCOOH dropwise under sonication for 10 minutes. After 5 hours of stirring at

room temperature, 2 mL 0.1 mol L™ AgNOs; (Sigma Aldrich, UK) in 50 mL H2O was added.
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The stirring was then continued at room temperature for a total duration of 96 hours to finish

the reaction. The chemical reactions are shown below:
H,PtCle + 2HCOOH - Pt + 6CI- + 6H* + 2CO> (Eq. 3.4)
2AgNO; + HCOOH - 2Ag° + 2NO3 + 2H" + CO; (Eq. 3.2)

Regardless of close standard reduction potential (SRP) of Pt and Ag ions ([PtCls/Pt%] = 0.75
V, and [Ag+/Ag®] = 0.79 V), Pt ions take more steps to be reduced and form Pt°, inducing a
slower Pt reducing kinetic rate. The difference of the kinetic behaviour between both metal
ions is a challenge to form 1D AgPt alloy, which will be explored in details in Chapter 4. The
same methods of washing and drying as those for Pt NR/C were applied, followed by a heating
step for all AgPt alloy catalysts to improve the catalyst properties further. The heat treatment
was conducted between 120 and 200 °C for 2 hours under 60 mL min™ of 4% H/Ar within a

quartz tube in a tube furnace (Vecstar Ltd., UK).

3.1.2 Synthesis of Au integrated AgPt NR/C

The integration of Au was applied to the Ag:1Pt: NR/C catalyst, keeping the total metal loading
constant. For the synthesis of 5 at% Au integrated AgPt NR/C A catalyst (Au-AgPt NR/C A),
1 mL of H2PtCls (8 wt% in H20) in 50 mL water was added into 100 mL water containing 50
mg carbon black. 10 mL HCOOH was subsequently added dropwise under sonication for 10
minutes. 1 mL 0.025 mol Lt HAuUCI4 (Sigma Aldrich, UK) was then added under stirring. The
stirring was continued at room temperature for ca. 5 hours and then 1.7 mL 0.1 mol L™ AgNOs
in 50 mL water was added. The reaction was kept under stirring for 96 hours at room
temperature. The final product was then washed with water and ethanol, followed by drying in

the oven (60 °C, 2h).
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The atomic arrangement was controlled through the insertion of Au ions along with the growth
of AgPt NR, which will be comprehensively evaluated in Chapter 5. Finally, the varied Au
loading was applied by changing the concentration of Au and Ag precursors, while keeping Pt

and the total metal loading constant.

3.1.3 Growing of Pt NR and AgPt NR on Gas diffusion layer (GDL)

Pt NR GDE (0.4 mgpt cm?) — A piece of 5 x 5 cm? Sigracet 39 BC carbon paper gas diffusion
layer (GDL, Fuel Cell Store, USA) was rinsed with H20 and IPA (Fisher Scientific, UK),
followed by soaking in H20 for 10 minutes. The GDL was then placed in a square petri dish (5
x 5 cm?) and immersed in 16.5 mL H20. 255 pL H2PtCls (8 wt% in H20) and 830 uL HCOOH
were then added followed by bath sonication for one minute. The petri dish was then covered
with a lid and stored in an oven at 40 °C for 72 hours to get Pt NR GDE. The Pt NR GDE was

then washed with H20 and IPA, followed by drying at 40 °C for 2 hours.

AgPt NR GDE (0.4 mgagrt cm?) — To grow AgPt NRs on GDL, the same procedure to prepare
Pt NR GDE was conducted. However, due to the addition of Ag ions, the Pt precursor
concentration was adjusted to keep the total metal loading of 0.4 mgage: cm™. To fabricate
AgsPt; GDE (atomic ratio of Ag:Pt = 3:7), the washed GDL was immersed in 16.5 mL H-0O,
and then 200 pL of H2PtCle (8 wt% in H20) and 830 pL HCOOH were added followed by
storing it at 40 °C. 185 pL of 0.1 mol L™ AgNOs; was added after a fixed time, and then, the
reaction was continued for a total duration of 72 hours. The as-prepared AgsPtz NR GDE was

then washed and neutralised with H20 and IPA, followed by drying at 40 °C.

The growth and formation of 1D AgPt alloy nanostructure on GDL are explicitly explained in

Chapter 6. A crucial parameter such as interval time of mixing both Ag and Pt precursors was
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varied. The influence of the varied atomic ratio of Ag and Pt towards structure, morphology
and catalytic activity was also investigated to optimise the catalytic properties of AgPt NR
GDE. The fabrication steps are shown in Figure 3.1, and the characterisations were consistently

taken from the same piece of AgPt NR GDE, as described in Figure 3.2.

Immersing in H,0 After 72 h

Figure 3.1 Experiment steps for growing AgPt NRs on GDLs.

MEA

5 cm

Figure 3.2 One as-prepared AgPt NR GDE (a) after washing step in petri dish and (b) after drying ready
for further characterisations.

Au-AgPt NR GDE (0.4 mgau-agrt cm?) — ~2 at% of Au integration was adjusted trough the
fabrication of AgsPt; NR GDE by keeping Pt and total metal loading constant. A piece of 5 x
5 cm? Sigracet 39 BC GDL was immersed in 16.5 mL H,0, and then 200 pL HzPtCls (8 wt%
in H20) and 830 pL HCOOH were added followed by bath sonication for 1 minute. 60 pL

0.025 mol L™ HAuCIs was added dropwise during the sonication period. The petri dish was
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then covered with a lid, followed by storing at 40°C. After ca. 3 hours, 162 pL 0.1 mol L*
AgNOs was added. The reaction was continued for a total duration of 72 hours. The as-prepared
Au-AgPt NR GDE was then washed with H20 and IPA, followed by drying at 40 °C for 2
hours. The overview of a preliminary study on Au integrated AgPt GDEs is presented in

Chapter 6.

3.2 Physical Characterisation

3.2.1 Scanning Electron Microscopy - Energy-Dispersive X-ray Spectroscopy (SEM-

EDX)

SEM-EDX (Hitachi TM3030 with an accelerated voltage of 15 kV) was used to obtain the
surface structure and structure, and estimate the atomic ratio of Ag and Pt in the alloy AgPt
catalysts. For quantitative EDX mapping, each sample was taken at least three different spots
for scanning of 150 seconds/spot. For sample preparation of the carbon-supported catalysts, a
small amount of catalyst powder (~ 1 mg) was dispersed onto carbon tape. Similarly, a small
piece of the sample was cut from GDEs and then placed it onto carbon tape followed by loading

it into the sample holder.

3.2.2 Transmission Electron Microscopy (TEM)

TEM analysis was conducted using JEOL 1400 TEM with an accelerated voltage of 80 kV.
And for certain samples, a high-resolution transmission electron microscope (HR-TEM, Talos
F200X, operated at 200 kV) equipped with Super-X EDS system with four silicon drift
detectors (SDDs) (Bruker, USA) was used to obtain the crystallinity and elemental mapping of

NRs. For sample preparation, a small amount of catalyst (powder and GDESs) was dispersed in
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the ethanol by bath sonication for ca. 2 minutes. The suspension was then pipetted onto a TEM
grid (Formvar films-Copper, Agar Scientific, UK) followed by drying in the air for up to 15
minutes. For HR-TEM samples, the drying was conducted of up to 1 hour, followed by storing

it in a vacuum for overnight to minimise the contamination.

3.2.3 Thermo-gravimetric analysis (TGA)

To determine the metal loading of the catalysts, Thermo-gravimetric analysis (TGA,
NETZSCH TG209F1, Germany) was conducted between 20-900 °C under 40 mL min airflow
with the heating rate of 10 °C min™*. For every measurement, ca. 7-10 mg of sample powder
(for carbon-based catalysts) or a 1x1 cm? GDE was loaded into a crucible. The metal loading

was determined from the final mass of the residue.

3.2.4 Inductively coupled plasma — mass spectrometry (ICP-MS)

ICP-MS was conducted to measure the element loading (Pt, Ag and Au) in the catalyst. For
sample preparation, 2-3 mg of sample powder (for carbon-based catalysts) or a piece 1x1 cm?
GDEs were dissolved in 10 mL of aqua Regia solution by sonicating them on bath at 80-90 °C
for 2 hours. In 100 mL of the aqua Regia solution contains 18.9 mL of HCI (37%) and 6.6 mL
HNOs (70%) both purchased from Sigma Aldrich, UK. The samples were allowed to cool
down, and then 20 mL of H2O was added at ca. 30 minutes before the measurement. The testing
vial filled with 10 mL of filtered sample (using 0.22 pum filter syringe) was loaded into The
ICP-MS device (Perkin Elmer Nexion 300X, USA) with a plasma strength of 1500 W. The

result shows the concentration of the metal element in ppm.
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3.2.5 X-Ray Diffraction (XRD)

For the carbon-supported catalysts, 3-4 mg of sample powders were dispersed onto scotch tape
with the area of ca. 1 cm?, or cutting 1x1 cm? of GDE samples, followed by sticking them onto
sample holders. The samples were loaded into D8 Auto-sampler Bruker XRD (USA), equipped
with a Cu Ko X-Ray source (4 = 0.15418 nm) operated at 40 kV and 40 mA. The XRD patterns
were scanned between a 20 range from 5 to 90° with a step size of 0.02° and dwell time of 0.2

seconds.

3.2.6 X-ray photoelectron spectroscopy (XPS)

For XPS sample preparation, Si wafer with a thickness of 0.4 mm was cut 0.5x0.5 cm? layered
with the double tape to deposit the sample. For carbon supported catalysts, ~1 mg of sample
powder was dispersed on it. Otherwise, the same size of a GDE sample was cut and placed on
the Si wafer. A Thermo Fisher Scientific NEXSA spectrometer with a micro-focused
monochromatic Al Ka source (1486.6 eV) and power of 72 W was used to analyse the surface
composition and oxidation state of the catalysts. The XPS data analysis was processed using
the CasaXPS software (version: 2.3.18PR1.0) and sample charging corrected using the C 1s

peak at 284.8 eV as reference.

3.3 Fabrication of Membrane Electrode Assemblies (MEAS)

GDEs made from carbon-supported catalysts - The catalyst ink for the cathode was made
of 0.5 mL IPA, 45.7 pL of 10 wt% Nafion dispersion (D1021, lon Power Inc., USA) and the
catalyst powder required for a Pt loading of 0.2 mge: cm™2. A sonication probe (A Sonics Vibra-

CellTM VCX130, Sonics & Material Inc., USA) was used at a power amplitude of 20% for 10
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minutes to obtain a fine dispersion of the catalyst ink. The ink was then painted onto 4 x 4 cm?

Sigracet 39 BC GDL and then left to dry for 2 hours at 35°C.

Pt NR and Pt-alloy NR GDEs - The ionomer solution with a Nafion loading of ca. 0.4 mg
cm2 was applied to coat the cathode GDEs. The solution was made of 62.5 pL of 10wt%
Nafion and 0.2 mL of IPA mixed together using a sonication bath for 5 minutes. The coated

GDE was then dried at 35°C for 2 hours.

The MEA was fabricated by assembling the as-prepared cathode, commercial gas diffusion
electrode (GDEs, 0.2 mge: cm2, Fuel Cell Store, USA) as the anode and 6 x 6 cm? Nafion®™
212 membrane using hot-press under a 4.9 MPa at 135 °C for 2 minutes. The MEA was allowed

to cool down at room temperature before testing in PEMFCs.

3.4 MEA test in Single Fuel Cells

The MEA was loaded into Biologic-PaxiTech FCT-50S PEM fuel cell test rig (France) with
polytetrafluoroethylene (PTFE, 254 pum in thickness) gaskets used at both the anode and
cathode sides (Figure 3.3). The in-situ MEA test encompasses the polarisation curves and
electrochemical impedance spectroscopy (EIS) to understand the catalytic activities of the
tested catalysts in operational PEMFC. The mass and specific activities were measured along
with cyclic voltammetry (CV) generated using EZStat-Pro (NuVant Systems) integrated to the

PEM device. The general protocol of in-situ testing is described below:
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Figure 3.3 Biologic-PaxiTech FCT-50S PEM fuel cell test rig

Polarisation curves (H2/Air) - Prior testing, the membrane hydration was carried on by
holding the voltage at 0.6 V for about 12 hours or until reaching a stable current. The procedure
was conducted under fully humidified Ho/Air at 80 °C and stoichiometric ratios of 1.3/1.5 with
an absolute pressure of 1.5/1.5 bar at the anode and cathode, respectively. The cell break-in
procedure followed the EU harmonised protocol by cycling the voltage between 0.4 and 0.8 V
for ca. 1 hour, as shown in Figure 3.4a [182]. This step was intended to activate the catalysts
further. Adapting the EU test protocol, polarisation curves were recorded between 0 — 2.0 A
cm at 80 °C and fully humidified Hz/Air and stoichiometric ratios of 1.3/1.5 with an absolute
pressure of 2.5/2.3 bar, respectively. The quick scan was first run with a step size of 0.02 and
0.1 A cm between 0.0 — 0.1 and 0.1 — 2.0 A cm™, respectively. Followed by backward scan
from 2.0 — 0.1 and 0.1 — 0.0 A cm™2 with a step size of 0.1 (150 sec holding) and 0.02 A cm™
(90 sec holding), respectively, (Figure 3.4b). The recorded stable potentials and current outputs
from each stepping point of the backward scan were averaged to obtain the polarisation curve,
as presented in Figure 3.4c. The standard deviations of each measurement were taken into

consideration together with the repeated scans for the same sample to divine the error bars. EIS
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analysis was then conducted at 30 mA cm2, 0.65 V and 0.5 V with the amplitude of 72 mA,

10 mV and 10 mV, respectively, in the frequency range of 10 kHz — 0.1 Hz.
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Figure 3.4 The steps of MEA testing in H2/Air: (a) the cell break-in procedure, (b) the acquisition data
from the first and second scans, which is further proceeded to obtain (c) the polarisation curve. Nyquist
plots of the EIS measurements at (d) 30 mA cm (amplitude of 72 mA) (e) 0.65 V (amplitude of 10
mV) and (f) 0.5 V (amplitude of 10 mV).

The typical Nyquist plots acquired by EIS measurements are presented in Figure 3.4d-f. A
single semi-circle loop (Figure 3.4d) represents the loss induced by the interfacial kinetic of
the electrochemical process, which commonly occurs at a low current density region [183].
The intercept of the arc with the real axis at high and low-frequency corresponds to the internal
ohmic (Rq) and charge transfer resistance (Rct), respectively. Two impedance arcs are
commonly obtained at medium and high current density (Figure 3.4e-f). In this type of EIS
spectra, the charge transfer resistance is shown by the first semi-circle end (medium-
frequency), and the second arc (low-frequency) reflects the loss caused by mass transfer
resistance. In this work, the potentio EIS were recorded at a fixed potential to analyse the

impedance at medium and high current density. This method was intended to anticipate the
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huge voltage drop before reaching a high current density region. Hence, fixing the voltage (e.g.
at 0.5 V) is considered as an effective method to obtain the impedance spectra corresponding

to mass transfer resistance.

Polarisation curves (H2/O2) - This test was performed to evaluate the mass activity of catalysts
in practical electrodes in fuel cell operation. Carried on from the previous step, the gas flow
connected to cathode was then switched to O, and the condition was changed following the
DoE (U.S. Department of Energy) protocols to 2.0/9.5 stoichiometric ratio with an absolute
pressure of 1.5/1.5 bar for H2/Oz, respectively, [12]. The temperature was kept the same at 80
°C with fully humidified H2/O.. The same procedure of cell break-in and obtaining polarisation
curve as of in Ha/Air was applied, including the EIS analysis at the low current density of 30
mA cm2 with the amplitude of 72 mA in the frequency range of 10 kHz — 0.1 Hz. The O
polarisation curve (Figure 3.5a) was then corrected with the internal ohmic resistance
determined from the intercept of the arc with the real axis at high-frequency range (Rq) (Figure
3.5b) and hydrogen crossover current density (iHcross) (Figure 3.5¢), following the method
described by Gasteiger et al. [184]. Both generated values of Rq and iHcross Were then included
to obtain the corrected voltage and current density (blue curve in Figure 3.5a). The measured
current at 0.9 V from the corrected polarisation curve was then applied to calculate the specific

and mass activities (Equation 3.3 and 3.4).

Cyclic voltammetry (H2/N2) - The integrated EZstat-Pro system was then connected to the
single-cell test hardware, and the cathode gas was switched to N2 The cell condition was
maintained the same as the previous test in H2/O2. Before running the CV, N2 purging was
conducted while holding at 0.6 V for at least 1 hour to reach the saturation. 6 quick CV scans
were then run for cleaning purpose at a scan rate of 50 mV s from 0.05 — 1.2 V vs. RHE,
followed by 3 CVs with a slower scan rate of 20 mV s, The last CV from the slow scan (Figure

3.5d) was used to determine the catalyst electrochemical surface area (ECSA). The hydrogen
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crossover current density (iHcross) Was then obtained by holding at 0.5 V for at least 30 minutes

under Hz/N2 feeds (Figure 3.5c).
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Figure 3.5 (a) Polarisation curves obtained in H2/O, with the internal resistance and H, crossover

correction. (b) The corresponding EIS measured at 30 mA cm with the amplitude of 72 mA in the

frequency range of 10 kHz — 0.1 Hz, (c) Hz - crossover current density of the MEA and (d) cyclic

voltammetry (CV).

The charge associated with the electrochemical process (Qrdes/ C) was measured from the Hges

region (Figure 3.5d) converted to a current vs. time plot [185]. By applying the conversion

factor of 210 pC cm, which corresponds to the charge required to reduce hydrogen atoms on

a polycrystalline Pt surface, the absolute surface area (Area / cm?) was then calculated

following Equation 3.1:
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Area = QHdes
210 puC cm—2 Eqg. 3.1

Normalised to Pt loading used at the cathode (mpt / mg), the ECSA / m? g* was then obtained

based on the calculation below:

Area

ECSA =
-~ Eq. 3.2

The kinetic current (Ix / A) measured at 0.9 V from the corrected polarisation curve in Figure
3.5a was then applied to obtain specific activity (Is / pA cm?) and mass activity (Im / A mget?)

based on the following equations:

L~ k(@09v)

s Area Eg. 3.3
_ L (@097V)
m = Mpe Eq. 3.4

Accelerated Degradation Test (ADT) — The ADT was conducted by applying the same
condition as of the previous step in H2/Nz2, then running 5000 potential cycles from 0.6 — 1.2 V
vs. RHE with a scan rate of 100 mV s (Figure 3.6). The CVs were then recorded, followed by
polarisation curves in Ho/Air to compare the ECSA and power performance loss due to the

ADT.
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Figure 3.6 The potential cycling and current density recorded during the ADT.
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Chapter 4
Carbon Supported AgPt nanorods as Electrocatalysts

for Oxygen Reduction Reaction

This chapter is based on the publication:

E. Fidiani, G. Thirunavukkarasu, Y. Li, Y.-L. Chiu, S. Du, Ultrathin AgPt Alloy Nanorods as
Low-cost Oxygen Reduction Reaction Electrocatalysts in Proton Exchange Membrane Fuel

Cells, J. Mater. Chem. A. 8 (2020) 11874-11883,

doi.org/10.1039/D0TA02748K
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In this chapter, the mechanism of the formic acid reduction method to grow the hybrid one-
dimensional (1D) AgPt nanostructures on carbon support is explored. They are evaluated as
cathode catalysts in proton exchange membrane fuel cells (PEMFCs). The effects of varied Ag
to Pt atomic ratio toward 1D morphology and structure are investigated, in regard to the power
performance in operating PEMFCs. The functionalisation step of post heat treatment is further
demonstrated to enhance the catalytic activities of 1D AgPt nanostructures. A brief discussion
regarding the stability of AgPt alloy catalyst is also enclosed based on the accelerated

degradation test (ADT) in membrane electrode assemblies (MEAS).

4.1 Introduction

The alloying with Ag can be a potentially promising approach for the development of cost-
effective Pt hybrid catalysts to achieve high catalytic activities and a good match between both
atomic structures to preserve the atomic segregation. The PtAg-based catalysts have been
explored in Chapter 2, resuming the attractive alloy feature for highly active and durable
oxygen reduction reaction (ORR) catalysts. The most noticeable 1D PtAg NTs showed an
enhanced mass activity of up to 4.3-fold higher than the state-of-the-art Pt/C in RDE
measurement, advantaging a larger number of the active sites to facilitate the ORR [164].
However, such achievement is less reliable for real application as catalyst electrodes in
PEMFCs, because of the following factors: (i) Scalable synthesis is a hindrance for MEA
fabrication due to the requirement of the immense amount of Ag NWs as the sacrificial
template, which is also less favourable for the low-cost purpose. (ii) Mass transfer issues often
arise with the porous structure limiting by the ionomer pathway to reach the inner tube [93].
Such case is less presentable in half-cell measurement using the RDE technique in a liquid
electrolyte. This behaviour is similar to the remained polyvinylpyrrolidone (PVP) (used as a

surfactant in synthesis) as it may be washed out in the liquid electrolyte during the
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electrochemical measurement process but can be trapped inside MEAs thus interfering the
power performance of PEMFCs [122]. Further development of 1D AgPt alloy nanostructure
should further consider minimising the usage of capping agent and rational morphology with

a simple fabrication method for high-scale production.

Designing a facile method to synthesise 1D AgPt alloy ORR catalysts highly transferable to
fuel cells is the main goal of this chapter. The formic acid reduction method has been reported
as an effective approach to obtain the formation of 1D Pt-based nanostructures. It utilises a
slow reaction rate assisting a self-assembly growth into <111> crystal direction at room
temperature [125,186]. A close standard reduction potential (SRP) of Pt and Ag metal salts
([PtCI#/Pt°] = 0.75 V and [Ag*/Ag®] = 0.79 V) is an advantage to obtain a simultaneous
reduction process in acidic media. In addition, a close lattice constant of Pt and Ag induces
more feasible alloy formation at relatively low temperature [79]. Thus, the formic acid
reduction method was adjusted to derive the nucleation and growth of both Pt and Ag on carbon
support by adopting a slow reaction to configure 1D Pt nanostructure. Room temperature is
applied as it has been reported as an ideal condition for generating 1D Pt nanostructure with a

high crystallinity in this reduction process [125,127].

4.2 Growth of 1D AgPt nanorods

The schematic reaction mechanisms for the preparation of AgPt nanorods (NRs) using the
formic acid reduction method are illustrated in Figure 4.1a. The dehydration of formic acid in
aqueous solution produces formate anion acting to reduce Pt salts. However, there are several
possible mechanisms for assisting the growth to generate 1D nanostructure. The first pathway
suggested the high attraction of formate anion on the Pt surface other than (111) facets [187].
Consequently, the reduced Pt tend to nucleate on the less covered Pt surface resulting in the

growth along the <111> direction. The other studies proposed the poisoning effect by CO
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released from dehydration of formic acid on the Pt surface [188,189]. However, Pt (111) facets
are less sensitive toward CO poisoning, which leads to the growth mechanism into forming 1D
Pt nanostructures. Both possible routes show a similar trend of the less favourable Pt (111)
surface interaction toward formic acid intermediates. Hence, the reaction mechanisms assist
the growth of reduced Pt along the <111> direction and prohibit growth in other directions
forming 1D nanostructures following the illustration in Scheme 1 (Figure 4.1a). A transmission
electron microscope (TEM) image of the Pt NRs supported on carbon support is shown in
Figure 4.1b. At the same solution condition, the reduction process of Ag ions into Ag metal is
expected due to a close SRP of both metal ions. Compared to Pt, Ag surface conducts less
ability to adsorb the dissociated formic acid species limiting its ability to control the growth of
Ag seeds into a specific 1D direction. Finally, large Ag NPs are generated, which is shown in

Scheme 2 and Figure 4.1c.

Reaction Schemes
H,PtClg H,PtCl + AgNO,
% i
£y

Pt NRs/C

& AgPt NPs/C

A 4-Gh

Ag NPs/C Pt seeds/C AgPt NRs/C

b Pt NRs/C

Figure 4.1 (a) The reaction schemes of Pt and Ag growth on supported carbon black conducted at room
temperature with a total reaction duration of 96 hours. (b-e) TEM images of the catalysts obtained from
the reactions shown in Schemes 1-4 in (a).
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In the presence of both Ag and Pt metal salts, the interval time of mixing both precursors is
crucial to derive the shaping of 1D alloy nanostructures. For instance, the reduction of Ag and
Pt ions together leads to the formation of AgPt NPs (Scheme 3 and the TEM image in Figure
4.1d). Despite a close SRP of Ag and Pt precursors, the reduction of Ag™ occurs more
spontaneously compared to the two steps reduction of Pt ions (Pt** and Pt?*). Hence, a faster
reduction rate of Ag ions induces the domination of Ag seeds at the early stage of the reaction.
To facilitate the formation of 1D AgPt alloy nanostructure, the whole chemical reaction still
needs to be dominated by Pt reduction. It is necessary for Pt to be reduced at first to form crystal
seeds to mediate the epitaxial growth of both metals into a specific direction, followed by
adding Ag after a controlled duration of Pt reduction of ca. 5 hours. In this case, the early
reduction of Pt ions allows the formation of Pt seeds introducing the shape and size-controlled
effect for further reduction, finally achieving 1D AgPt nanostructure with an average diameter
of 3-4 nm and length of ~15 nm (Scheme 4 and the TEM image in Figure 4.1e, for AgiPt;
NR/C with an atomic ratio of Ag:Pt = 1:1,). Shorter NRs obtained from the bimetallic catalyst
of Ag:Pt: NR/C compared to Pt NR/C indicates the change of kinetic reaction by replacing 50
at% of Pt with Ag, which further confirms the major role of Pt to derive the formation of 1D

morphology in the acidic media [125].

4.2 Optimisation of Ag-Pt Atomic Ratio

Through the literature study in Chapter 2, the atomic ratio is crucial to optimise the catalytic
properties of Pt-Ag alloys as ORR catalysts. In this section, the atomic ratio is studied to obtain
the ideal bimetallic AgPt alloy catalyst composition, and the total metal loading is fixed to
carbon support. Figure 4.2 shows the TEM images of AgPt NR/C catalysts with different Ag
and Pt ratios. The introduction of Ag changes the morphology of the 1D Pt alloy structure as it

reduces the length of the 1D catalyst nanostructures. Shorter NRs are obtained with the
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increasing Ag content, intensifying the accelerated reaction rate with the less concentration of
Ptions. In the end, a much lower Pt ratio (Ag:Pt = 2:1) results in the domination of NPs formed

on a carbon support, as shown in Figure 4.2d.

Figure 4.2 TEM images of the AgPt NR/C catalysts with different atomic ratios of Ag to Pt: (a) Ag:Pts
NR/C, (b) Ag:Pt2 NR/C, (c) Ag:Pt: NR/C, and (d) AgzPt; NR/C.

The energy-dispersive X-ray spectroscopy (EDX) spectra (Figure 4.3) and inductively coupled
plasma-mass spectroscopy (ICP-MS) analysis were both performed to determine the elemental
contents of the catalysts with various Ag and Pt ratios. The results are listed in Table 4.1, along
with the thermogravimetric analysis (TGA) data, showing a good consistency with the expected

metal ratios deposited on carbon.
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Figure 4.3 EDX spectrum of (a) AgiPts NR/C, (b) Ag:Pt: NR/C, (c) AgiPt; NR/C and (d) Ag2Pt; NR/C

Table 4.1 The metal residue generated by TGA and the corresponding metal content measured by ICP-

MS and EDX.
- 0, - 0, 0,
Catalysts TG_A ICP-MS / wt% ICP-MS / at% EDX/ at%
(metal loading / wt%) Ag Pt Ag Pt Ag Pt
Pt NR/C 58.20 0 100 0 100 0 100
Ag:Pts NR/C 61.20 1153 8847  19.07 8093 2229 77.71
Ag:Pt; NR/C 62.04 21.16 78.84  32.67 67.32  39.95 60.05
Ag:Pt: NR/C 60.98 3223  67.77  46.23 53.77 5554 44.46
Ag2Pt: NR/C 63.22 5282 47.18 66.94 33.06 7047 2953

A typical NR for the Ag:Pts NR/C catalyst is shown by high-resolution (HR) TEM analysis
(Figure 4.4a). The image indicates the single-crystal feature of the 1D nanostructure with a
lattice spacing of 0.23 nm, which is assigned to (111) planes between the bulk Pt (JCPDS: 04-
0802) and Ag (JCPDS: 04-0783) (0.227 nm and 0.235 nm, respectively). The similar

interplanar space of 0.23 nm is observed from Ag:Pt: NR/C (Figure 4.5a), showing the lattice
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orientation, which confirms the anisotropic growth of 1D nanostructure along the <111>
direction. The results of scanning electrode microscopy-EDX (STEM-EDX) mapping analysis
of both Ag:Pts NR/C (Figure 4.4b-e) and Ag:Pt1 NR/C (Figure 4.5b-e) show the distribution
of Ag and Pt along NRs. The good overlapping of both maps without a high content of Ag at

the boundary confirms the alloy structure of the AgPt NR/C catalysts [166].

Figure 4.4 (a) HR-TEM image of AgiPts NR/C (atomic ratio of Ag:Pt = 1:4), (b-e) show the element
mapping by STEM-EDX analysis.

Figure 4.5 (a) HR-TEM image of AgiPt: NR/C (atomic ratio of Ag:Pt = 1:1), (b-e) show the element
mapping by STEM-EDX analysis.
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Figure 4.6 displays the X-ray diffraction (XRD) patterns of the Pt NR/C and AgPt NR/C
catalysts with varied atomic ratios. The main peaks are indexed to (111), (200), (220) and (311)
facets, appointed to the face-centred cubic (FCC) crystal structure. The measured lattice space
of Pt NR/C at (111) is 0.225 nm, which is close but smaller than the bulk Pt (JCPDS: 04-0802)
(0.227 nm), indicating the change of lattice space because of the 1D NR structure. The high-
intensity peaks of Pt NR/C are related to the good crystallinity of 1D nanostructures [143].
These peaks decrease after the introduction of Ag, which can be attributed to the lattice
contraction between Ag and Pt atoms. Similar behaviour of XRD pattern transformation
because of the changed Ag and Pt ratio is also reported in the literature [190], which further
indicates the significant effect of Ag alloying to modify the structure and properties of Pt
nanostructures. In agreement, the increasing of Ag ratio to Pt renders the broader width of XRD
peaks, confirming an enhanced lattice effect which agrees with the change to shorter NRs

observed in the TEM analysis in Figure 4.2.
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Figure 4.6 XRD patterns of the Pt NR/C and AgPt NR/C catalysts with varied atomic ratio.

69



A small peak shift is observed due to alloying with Ag, indicating the change of the interplanar
space. For instance, the (111) peak of the Ag:Pt> NR/C catalyst shows a shift of 0.47 degree at
two theta compared to the Pt NR/C catalyst, which corresponds to an expanded lattice spacing
of 0.228 nm. Further increase of the Ag content (Ag:Pt1 NR/C) shows less shift, while, the
main peaks are in alignment with AgiPts NR/C catalyst, indicating a similar lattice constant
which is in agreement with the HR-TEM analysis results in Figure 4.4a and 4.5a. Moreover,
the formation of a separate extra peak referencing to the Ag metal phase is observed from
Ag1Pt; NR/C and Ag2Pt1 NR/C. The significant increase of Ag metal phase peaks in Ag2Pt;
NR/C catalysts is formed from the excess of Ag ions, which is rationally related to the higher
Ag ratio. Furthermore, a broader (111) peak is obtained with the increase Ag content,
intensifying the smaller size of alloy catalysts referencing to the domination of NPs formation
as shown by TEM image in Figure 4.2d. These results further indicate the complexity of the
formic acid reduction method for the preparation of 1D AgPt nanostructures. Nevertheless, it

concludes the dependency on the whole reaction rate to derive 1D nanostructures.

Doubling the concentration of the Ag and Pt precursors toward formic acid and keeping the
metal ratio of Ag:Pt =2:1 (Ag2Pt1 NR/C -ii catalyst) shows an effective approach to slow down
the kinetic reaction. The growth of relatively longer NRs on the carbon support is shown in the
TEM image in the inset of Figure 4.7. However, it also leads to a higher degree of agglomerated
NRs rendered by a very slow kinetic reaction, which is similar to our previous observation
[142]. Although the Ag metal phase peak is not observed in the XRD pattern (Figure 4.7), an
extra pattern of peaks referencing to AgCl (JCPDS: 31-1238) is exhibited. The formation of
AgCl is potentially ascribed to the excess concentration of metal ions. It further discloses the
limitation of the parameter employed in this work. Thus, the same atomic ratio (Ag:Pt = 1:1)
is considered as the optimal alloy composition to obtain 1D AgPt alloy nanostructures.

Otherwise, acid leaching and high-temperature treatment (e.g. 250 °C) are required to remove
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Cl formed in the high Ag content [191,192]. However, high-temperature treatment of above

150 °C potentially leads to the morphology change of the NR structure [154], which will be

further discussed in section 4.5.
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Figure 4.7 TEM image and the corresponding XRD pattern of AgPt NR/C-ii.
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Figure 4.8 XPS survey of the Pt NR/C and AgPt NR/C catalysts with different Ag contents.
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The X-ray photoelectron spectroscopy (XPS) survey scan of the AgPt NR catalysts (Figure
4.8) distinguishes the strong signal of Pt 4f and Ag 3d confirming the surface composition of
the alloy catalysts. The high-resolution Pt 4f region of the AgPt NR/C catalysts shows a
negative shift in binding energy compared to that of Pt NR/C (Figure 4.9a), following a similar
trend to the change of the XRD peaks (Figure 4.6). The AgiPto NR/C catalyst exhibits the
largest negative shift of 0.41 eV recorded at Pt 4f7,> peak relative to the pure 1D Pt NR catalyst
(70.84 eV). And then the peak slightly shifts back with the increasing Ag content to 70.56 and
70.64 eV for Ag:1Pt: NR/C and Ag2Pt: NR/C, respectively. The same trend is also demonstrated
for the high-resolution Ag 3d spectrum with the largest shift observed at the atomic ratio of Ag
to Pt = 1:2 (Figure 4.9b). These negative shifts signify the change of the electronic structure

after alloying Pt and Ag [159,193].
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Figure 4.9 XPS spectra of the high-resolution (a) Pt 4f and (b) Ag 3d region of the Pt NR/C and AgPt
NR/C catalysts. The band deconvolution for Ag:Pt: NR/C given in the specific high-resolution XPS
regions: (c) Pt 4f and (d) Ag 3d.
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Fitting of Pt 4f peaks for the Ag:Pt: NR/C catalyst (Figure 4.9c) shows the domination of Pt
with a percentage of 94.08% ascribing to the metallic state of Pt and meaning that the low
oxidation state contribution (Pt>* and Pt #*) is less than 6%. The high-resolution Ag 3d spectra
locating at 367.66 and 373.70 eV for Ag 3ds2 and Ag 3ds2 peaks, respectively, (Figure 4.9d)
are composed entirely of Ag®, which indicates that the alloyed Ag ions are completely reduced
to its metallic state. Table 4.2 summarises the Pt 4f and Ag 3d fitting results for the Pt NR/C
and all AgPt NR/C catalysts, presenting the domination of Pt for all NR catalysts (> 94%) and
AgP for all AgPt catalysts (> 97%). These results further demonstrate the high effectiveness of

the formic acid reduction method applied in this work to prepare 1D Pt hybrid catalysts.

Table 4.2 Composition of Pt and Ag elements obtained from the Pt 4f and Ag 3d XPS region

Pt4f/ % Ag 3d/ %
Catalysts
PtO Pt Pt Ag° Ag*
Pt NR/C 100 0 0 0 0
Ag:Pts NR/C 96.23 2.19 1.58 100 0
Ag:Pt: NR/C 94.48 2.82 2.7 100 0
AgiPt: NR/C 94.08 3.50 2.42 100 0
Ag2Pt: NR/C 94.03 3.08 2.86 97.99 2.01

4.3 MEA Testing

The catalytic performance of the as-prepared 1D AgPt alloy catalysts is evaluated in PEMFCs
through the test of MEAs with an active area of 16 cm?. Benchmarking to the as-made Pt NR/C
and commercial Pt/C catalyst (TEC10E50E, TKK), the varied atomic ratio of AgPt NR/C
catalysts were employed as cathode catalysts to fabricate gas diffusion electrodes (GDES) with
the same Pt loading applied (0.2 mge: cm). The polarisation and power density curves for all

MEAs are shown in Figure 4.10, and they exhibit a similar open-circuit voltage (OCVs) above
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0.9 V. The power densities at 0.6 V are similar (0.42 W cm) for the GDE made of the Pt/C,
Pt NR/C and AgPt NR/C catalysts with the Ag:Pt ratio of up to 1:2. The attachment of the Ag
content of ~50 at% (Ag:Pt: NR/C) shows a higher power density of 0.48 W cm at 0.6 V and
a maximum power density output of 0.55 W cm, which is 1.14 fold higher than that of Pt/C.
The enhanced power density with the increasing Ag content indicates a positive effect of the
Ag integration toward the ORR activity. However, a further increase of the Ag content (Ag2Pt:

NR/C) results in a lower peak power density of 0.43 W cm™.

The electrochemical impedance spectroscopy (EIS) analysis was conducted at the low current
density of 30 mA cm to understand the catalytic behaviour of the AgPt NR/C GDEs (Figure
4.10d). The charge transfer resistance shown by the diameter of the semi-circle is comparable
for the Pt NR/C GDE and AgPt NR/C GDEs. It indicates a similar kinetic reaction, which is in
agreement with the polarisation curve in Figure 4.10a. The unexpected larger impedance is
observed from Pt/C GDE due to an unknown error. In this case, the polarisation curve is more

reliable to determine the ORR performance of the GDE.

EIS analysis results at the lower potentials of 0.65 and 0.5 V (Figure 4.10e-f) support the trend
of polarisation curves in Figure 4.10a. The smallest impedance at a large current density
dominated by mass transfer resistance was generated from the GDE made of AgiPt: NR/C
catalyst (Figure 4.10f). The less aggregated shorter NRs (Figure 4.2c) provide an improved
porosity in the catalyst layer structure to enhance gas transport [35]. Additionally, the feasible
amount of Ag facilitates good electron transfer advantaging of its high conductivity [157].
However, too high the Ag content (Agz2Pt: NR/C) results in the formation of Ag metal phase
(Figure 4.3). It is less advantageous for the ORR kinetic activity because of the limited two-
electron reduction pathway on the Ag surface in acidic media [163]. Hence, a larger charge

transfer resistance is observed for the Agz2Pt1 NR/C GDE, indicating its lower ORR activity.
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Furthermore, the NP morphology is more dominant for the Ag2Pt1 NR/C catalyst, leading to
poorer mass transport behaviour cf. the NR GDEs, which is shown by the EIS spectra at 0.5 V

(Figure 4.10f).
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Figure 4.10 MEA testing results of the as-prepared Pt NR/C and AgPt NR/C GDEs in comparison to
Pt/C GDE with the same Pt loading of 0.2 mge: cm2: (@) polarisation curves, (b) power density curves
and (c) the corresponding power densities recorded at 0.6 V and the peak power densities. The
corresponding EIS spectra measured at (d) 30 mA cm2 (e) 0.65 V and (f) 0.5 V.

The cyclic voltammetry (CV) plots of the tested MEASs are shown in Figure 4.11a. The GDE
made of the 1D NR/C catalysts show lower hydrogen desorption (Hdes, below 0.4 V) peaks

compared to OD Pt/C. The large aspect ratio and bulk size of 1D nanostructures result in the
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decreased surface area, thus lower ECSA values. The measured ECSA for the Pt NR/C GDE
is 14.68 m? geit, which is very close to the data reported in the previous study [142]. The
number of active sites increases with the Ag content obtaining the largest ECSA of 24.26 m?
geit for AgiPt: NR/C GDE. It is related to the morphology change following the higher Ag
content. It further confirms the contributing factor in upgrading the power performance
obtained in Figure 4.10. However, a higher atomic ratio of Ag (e.g. Ag:Pt = 2:1) induces much
less exposure of Pt active sites, leading to a slightly reduced ECSA of 23.66 m? gerl. These
results suggest that the same atomic ratio of Ag and Pt (Ag:Pt: NR/C) can be considered as the
ideal composition to optimise the ECSA of the 1D AgPt catalyst surface and enhance the AgPt

alloy catalytic activity towards the ORR.
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Figure 4.11 (a) CV plots of the Pt/C, Pt NR/C and AgPt NR/C GDEs with different Ag and Pt ratios
and (b) the corresponding ECSA values measured from the CVs.

The ORR mass activity of the GDE made of the Ag:Pt: NR/C catalyst was further evaluated
under H2/O2 following the U.S. Department of Energy (DoE) protocol to minimise the
influence of mass transport, with the benchmarking to Pt/C and Pt NR/C. The recorded
polarisation curves and the ones after the corrections of the ohmic resistance losses and H»-
crossover are presented in Figure 4.12. A mass activity of 0.098 A mge:* at 0.9 V is obtained
from the Ag:Pt: NR/C GDE, which is 1.22 and 1.51 fold higher than the Pt NR/C and Pt/C

GDEs, respectively, demonstrating the activity enhancement effect towards ORR by alloying
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Pt with Ag. At the high current density region above 0.3 A cm, because of the reduced mass
transport resistance resulting from the longer NRs [194], better power performance is achieved
for Pt NR/C compared to Ag:Pt: NR/C. The activity values are summarised in Table 4.3. A
larger specific activity (SA) from the NR catalysts further confirms the benefit of 1D
nanostructure catalysts to improve the ORR activity. Finally, considering the relatively low
cost of Ag (2% of Pt), the mass activity normalised to Pt remains highly sensible in practical

application, with which AgiPt; NR/C exhibits strong superiority.
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Figure 4.12 Recorded and corrected polarisation curves obtained under H,/O; testing.

Table 4.3 Comparison of catalytic activities for the tested catalysts in the MEA test

Catalysts Ik (@0.9V)/A Im/ A mgpt Is/ uA cm
Pt/C 0.21 0.065 130.29
Pt NR/C 0.26 0.080 544.91
Ag:Pt: NR/C 0.30 0.098 391.63
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The nature of 1D structures and the involvement of Ag as the alloyed metal has successfully
modified the intrinsic Pt catalyst to enhance its catalytic activity towards ORR. The formation
of single-crystal along the <111> direction facilitates the preferential exposure of highly active
crystal facets with improved ORR activities [195]. A positive shift of the Pt-O reduction peak
in the CV plots is observed for the GDEs made of 1D catalysts compared to Pt/C (shown by
arrows in Figure 4.11a). The Pt NR/C GDE exhibits a Pt-O reduction peak at 0.889 V vs RHE
as compared to 0.805 V vs RHE for the Pt/C GDE. This shift indicates the weakening bond
between O-containing species and the catalyst surface caused by the smooth atomic surface of
1D NRs, which is expected to contribute to an improved ORR activity [127]. This improvement
is boosted by the synergistic effect between Ag and Pt in the alloy form. The introduction of
Ag induces more positive shift as observed from the Ag:Pt: NR/C GDE, for which the Pt-O
reduction peak is at 0.913 V (with a shift of 0.108 V), indicating a higher ORR catalytic
performance compared to the Pt NR/C GDE. The alloy causes tensile strain on the Pt lattice
because of the different lattice constants of Pt and Ag (3.92 and 4.09 A, respectively), hence,
changing the Pt d-band centre and modifying the electronic structure, which is confirmed by
the XPS analysis (Figure 4.5) [196,197]. These changes lead to weaker binding of Pt surface
with O-containing species formed in the ORR process, thus facilitating the desorption of
oxygen for increased ORR Kkinetics [193]. Furthermore, fewer surface defects of the NRs (cf.
NPs) also contributes to less interaction with O-contained species. Therefore, a good balance
of Ag and Ptin the alloyed NR catalysts (i.e. AgiPt: NR/C) provides a harmony of O-H bonding

formation and O-O bonding cleavage, finally leading to enhanced catalytic activities.

4.4 Accelerated degradation test (ADT)

The superiority of the AgiPt: NR/C cathode is further examined against durability testing to

evaluate the stability of the alloy catalyst in the fuel cell environment. After 5000 potential
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cycles of ADT under Ha/Nz, a significant performance drop of the tested catalysts is observed
(Figure 4.13a). The maximum performance loss follows the trend of Pt NR/C < Pt/C < Ag:iPt;
NR/C with the percentage degradation of 41.41%, 44.19% and 46.32%, respectively, as shown

in Figure 4.13b.
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Figure 4.13 Comparison of the Pt/C, Pt NR/C and Ag:Pt: NR/C GDEs after using 5000 potential
sweeping cycles of ADT in the MEA test: (a) polarisation and power density curves, (b) peak power
density showing the declines ratios after the ADT, (c) CVs and (d) the corresponding ECSA declines
ratios after the ADT.

To understand the reasons of the power performance decline during the ADT, e.g. by the
degradation of the electrode structure or from the catalyst itself, or even both, CV analysis was
conducted after the ADT, and the corresponding ECSA change is shown in Figure 4.13c-d.
Although with the highest power density drop, the Ag:iPt: NR/C GDE suffers a less ECSA
decline of 62.03% compared to the Pt/C GDE of 76.61%. However still larger than the Pt NR/C
GDE (52.04%). Immense power and ECSA loss of the Ag:Pty: NR/C GDE after the ADT is

attributed to the dissolution of Ag, as shown in Figure 4.14. Regardless of the close lattice
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constant of Ag and Pt, the segregation of Ag cannot be fully avoided in the severe acidic
environment in the PEMFC operation condition. Finally, it leads to the redeposition of Ag at
the interface between the cathode and electrolyte membrane inducing the large performance
drop after the ADT. The higher ECSA loss because of the alloy with Ag is unavoidable
considering the poor stability of Ag in the acidic environment [198], although the final power
performance is still reasonable for application in practical devices taking the advantages of the

hybrid 1D AgPt nanostructure.
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Figure 4.14 Cross-sectional SEM-EDX mapping of the Ag:Pt: NR/C MEA after the ADT

4.5 Impact of the heat treatment on the catalytic performance of AgPt NR/C

The tested AgPt NR/C catalysts in this chapter have been heat-treated at 120 °C for 2 hours
under 60 mL min* of 4% Ha/Ar prior the MEA testing. The heat treatment has been reported
as a necessary step to remove the impurities after the synthesis processes, maximising the

dispersion of catalysts on the support material to optimise catalytic activities [199,200]. It has



also been revealed as an effective step to achieve a good Pt alloying degree and optimise the
catalyst surface properties to improve the ORR activity and stability [201]. However, the
optimisation of treatment temperature is limited in this work due to the susceptibility of the
ultrafine 1D Pt nanostructure toward the heat treatment of above 200 °C [154]. TEM images
in Figure 4.15 show the morphology change of the NR structures after the heat treatment. Even
a treatment temperature of 150 °C induces sintering of the 1D nanostructures to form large

particles.

No treatment

Figure 4.15 TEM images of AgiPt: NR/C treated at a different temperature under 60 mL min™ of 4%
Hz/AI’.

The TEM images in Figure 4.15a-b exhibit the same structure of AgiPt: NR/C before and after
the heat treatment at 120 °C, which is in agreement with the XRD patterns presented in Figure
4.16a. The identical XRD peaks suggest little influence of the heat treatment effect toward the
crystallinity and lattice constant of the AgPt alloy catalyst. However, the high-resolution XPS

peaks at the Ag 3d region exhibits a tremendous negative shift of ca. 0.3 eV prior the heat
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treatment (Figure 4.16f), confirming a significant heating effect toward the Ag properties

compared to that Pt. A positive shift is commonly ascribed to the higher oxidation state of Ag.

Here, the peak position for both catalysts is more negative than the pure Ag 3ds/, reference

(368.3 eV), emphasising charge transfer phenomena of the bimetallic structure [202,203].

Close values were obtained for the Pt® and AgP state prior (93.28% and 100%, respectively)

and after the heat treatment (the data present in Table 4.2), indicating also the subtle effect of

this heating step to minimise the impurities and oxidation species, further confirming the

effectiveness of ion reduction method with formic acid.
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The heat treatment exhibits an obvious improvement in minimising the potential loss,
especially at a higher Ag loading, as shown in Figure 4.17. A noticeable power density increase
is observed for the GDEs with a high Ag loading of above 50 at% after the heat treatment at
120 °C, upgrading 6.6% and 23% of the peak power density of the Ag:Pt1 NR/C and Ag2Pt;
NR/C GDEs, respectively. Meanwhile, only a very small increase is exhibited for the AgiPts
NR/C and Ag:Pt> NR/C GDEs, suggesting a reduced effect of the heat treatment on the catalytic

performance for the catalysts with a low Ag content.
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Figure 4.17 MEA testing results of the GDEs made of the AgPt NR/C catalysts in comparison to those

of the same catalysts prior heat treatment: (a) polarisation and (b) power density curves.
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A comparative analysis of the EIS spectra for the Ag:Pt> NR/C and Ag:iPt: NR/C GDEs are
shown in Figure 4.18. The EIS at a low current density (30 mA cm-2) shows a similar reduction
of the semi-circle diameter for both GDEs after the heat treatment. At the lower potentials of
0.65 and 0.5 V (Figure 4.18b-c) the decreased charge transfer resistance because of the heating
process is more significant for the catalyst with the higher Ag loading (Ag1Pt: NR/C), asserting
the better improvement of the ORR kinetic. Similarly, the decrease of the mass transfer
resistance is more prominent for the Ag:Pt: NR/C GDE, which further confirms the notable

performance increase in Figure 4.18 after the heat treatment.
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Figure 4.18 EIS plots of the Ag:Pt, NR/C and Ag:Pt; NR/C GDEs recorded at (a) 30 mA cm2 (b) 0.65
Vand (c) 0.5V.

The effects of the heat treatment on the catalyst stability are presented in Figure 4.19. The CVs
show a very close ECSA for AgiPt: NR/C before and after the heat treatment, as well as a

similar ECSA drop after the ADT. These indicate a small influence of the heat treatment effect
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in preventing the surface area loss. However, the heat-treated catalyst is able to slightly reduce

the power performance loss (by ca. 3.4% after 5000 cycles of durability testing) (Figure 4.19b).

The stability of Pt alloy catalysts has been long reviewed as the major issue in PEMFCs, which

mainly related to the segregation and dissolution of the alloyed metals [204]. The heat treatment

can partially improve the Ag and Pt alloy contributing to prohibiting the segregation.
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ECSA loss (inset) and (b) the peak power density decline after the ADT.
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4.6 Conclusions

The formic acid reduction method for growing AgPt alloy NRs on carbon support was
demonstrated in this chapter. The physical characterisation results showed that the time interval
(i.e. 5 hours) of mixing both metal precursors was a crucial step to achieve uniform 1D
nanostructures. In the formic acid reduction process, Pt works not only as a size control role in
the Ag reduction, but also providing a shape inducing effect leading the growth of AgPt alloy
to form single-crystal NRs along the <111> direction. The atomic ratio of Ag to Pt (from 1:4
to 2:1) plays a significant role in determining the morphology and distribution of the AgPt NRs

on the carbon support, which also shows a large impact on their catalytic activities.

The MEA test in PEMFCs shows an enhanced power density of 0.549 W cm for the Ag:Pt;
NR/C GDE, which is 1.14- and 1.16-fold higher than that of the GDEs made of Pt/C and Pt
NR/C catalysts, respectively. The improved catalytic performance of the AgPt NR alloy
catalyst is attributed to the superiority of the 1D metal nanostructure and the high electrical
conductivity of Ag, which is boosted after the heat treatment. A larger ECSA measured from
Ag:Pt1 NR/C is a contributing factor to the catalytic performance induced by the uniformly less
aggregated NRs, which provides enhanced access of reactants throughout the catalyst layers.
The ADT test shows its slightly poorer stability compared to the 1D Pt NR, but still much better
than the 0D Pt NP. The dissolution and redeposition of Ag is observed at the interface of
electrolyte and electrode during the ADT test, and a further approach is required to resolve this

issue to really improve the electrode durability.
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Chapter 5
Carbon Supported Au Integrated 1-D AgPt
Nanostructures as Electrocatalysts

for Oxygen Reduction Reaction

The work presented in this chapter is unpublished at the time of writing
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In this chapter, Au is introduced to form one-dimensional (1D) Au-AgPt nanorod (NR)
structures to improve the stability of the AgPt NR/C catalyst, as well as enhancing their
catalytic activities. The formic acid reduction method is deployed and further explored to adjust
the Au deposition along with the growth of 1D AgPt alloy structures on the carbon support.
The metal ion reduction procedure is precisely controlled to optimise the atomic arrangement.
The influence mechanisms of Au on the morphology, structure and catalytic performance are
investigated based on the physical characterisation and proton exchange membrane fuel cell
(PEMFC) test results. Finally, the accelerated degradation test (ADT) is performed to evaluate

the stabilisation effect of Au on the 1D AgPt alloy catalyst in the PEMFC operating conditions.

5.1 Introduction

Following the atomic segregation of AgPt NR catalysts inducing power and surface area loss
during the ADT, the surface modification to prevent Ag depletion and dissolution should be
further implemented to maintain stability. The integration of the third metal such as Au [170],
Rh [205], Mo [206] and Ga [207] has been demonstrated as a promising approach to improve
the stability of the Pt-based hybrid catalysts. Therefore, the introduction of Au cluster into AgPt
NR/C catalysts is explored in this chapter, considering the nature of metal stability and a closer
lattice match to Pt and Ag. Au has been known as an effective doping metal to improve the
stability of alloy catalysts [69,169-171]. In Chapter 2, the utilisation of the Au cluster was
widely reviewed, which generally provides the stabilisation effect through the electronic
structure modification of Pt-based catalysts. It weakens the binding of oxygen species on the
catalyst surface, thus suppressing the segregation of the alloyed metal such as Pd, Co and Ni

[75,76,170]. Hence, the integration of Au with the AgPt NR catalysts can be a promising
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strategy to minimise the atomic segregation and upgrade its stability for practical application

in PEMFCs.

The introduction of Au forming multimetallic hybrid catalysts has been demonstrated as an
effective stabilisation approach [69,179]. However, most of the studies focused on the ex-situ
half-cell measurement in liquid electrolytes, and the Au stabilisation effect based on the MEA
test in PEMFCs is hardly reported. To meet the practical and commercial application purpose,
rational design and scalable synthesis manner is the main consideration factor. In this chapter,
we further explore the self-growth formic acid reduction method to control the formation and
deposition of Au onto the 1D AgPt alloy structure. The alloying of Au as the third metal is a
challenge because of its different standard reduction potential (SRP) compared to two other
involved metal ions of Pt and Ag. Hence, it is essential to find the mechanisms to adjust the

integration of Au into the growth of the 1D AgPt alloy nanostructure.

5.2 Synthesis of Au integrated AgPt NR/C

The synthesis of the Au-AgPt NR/C catalysts via the formic acid reduction method adapts the
growth of the AgPt NRs on the carbon described in Chapter 4. The reduction potential of the
metal ions was carefully considered in controlling the whole reaction rate to obtain the 1D
nanostructures. For the stabilisation content, the placement of Au along the AgPt NR is crucial,
which potentially influences catalytic activities of the catalyst. According to Zhang et al., the
attachment of Au on the surface interferes with the catalytic activity as it potentially blocks the
active site of the catalyst (e.g. the ORR active sites on Pt) [30]. Meanwhile, the Au stabilising
effect is not prevented by displacing it beneath the surface atomic layer [75]. Therefore, to

achieve highly active and stable electrocatalysts, the deposition of Au is investigated through
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controlling the interval time of adding Au precursors along with the growth of the 1D AgPt

alloy NRs, which is schematically shown in Figure 5.1.
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Figure 5.1 The growth scheme of Au integrated AgPt NRs on the carbon via the formic acid reduction

method.

The introduction of Au ions at the early reactions stage (Figure 5.1-A) leads to the formation
of harmonised ultrafine alloy NRs with an average diameter of 3-4 nm and length of ~20 nm
on the carbon support, which is shown by the transmission electron microscope (TEM) and
scanning electron microscope — energy-dispersive electron microscopy (STEM-EDX) analysis
results in Figure 5.2. A high-resolution-TEM (HR-TEM) image captures a single NR with an
interplanar spacing of 0.23 nm (Figure 5.2c), which is close to the lattice space of (111) planes
of the bulk Pt-JCPDS: 04-0802 (0.227 nm), Ag-JCPDS: 04-0783 (0.235 nm) and Au-JCPDS:
04-0784 (0.235 nm), indicating the growth along the <111> crystal direction. Uniform lattice
orientation shown in the image is expected due to the close lattice constant of Ag, Pt and Au,
which also signifies the harmonised alloy structure of these metals. The STEM-EDX mapping

results show the distribution of Pt, Ag and Au within the NRs (Figure 5.2d-g). The overlay
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element map exhibits a homogenous distribution of the three elements without any boundary,
representing well alloying behaviour within the NRs. Meanwhile, by delaying the Au addition
together with the introduction of the Ag precursors (Figure 5.1-B), more Au and Ag atoms
deposit on the outer of the NRs, as shown in Figure 5.3c. This morphology partially blocks the
Pt active sites [30]. These results thus confirm the importance of controlling the metal ions
reduction process in deriving 1D multimetallic alloy nanostructures using the formic acid

reduction method.

Figure 5.2 TEM images and EDX element maps of the Au-AgPt NR/C A catalyst (synthesised
following the reaction scheme A).
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Figure 5.3 TEM images and EDX element maps of the Au-AgPt NR/C B catalyst (synthesised
following the reaction scheme B).

With the formic acid reduction process, the growth of 1D Pt nanostructures is based on a slow
reaction rate and selectively weaker adsorption of formic acid species products on Pt (111)
surface [187-189]. It has been shown in Chapter 4 that the replacement of 50 at% Pt with Ag
resulted in the formation of dominated shorter NRs of ca. 15 nm. This outcome is caused by
the change of the reaction rate due to the different reduction potential of the Pt and Ag ions.
Comparing with the Pt and Ag ions, the higher redox potential of Au ([AuCl4/Au’] = 0.93 V)
(cf. Pt and Ag ions) implies a much faster chemical reduction rate under the same
environmental condition. Thus, the introduction of the Au precursors with the Pt ions results
in dominating Au reduction at the early reaction period (Figure 5.1-A) and thus the slowing
down of the Pt reduction step [208]. It induces the sluggish kinetic reaction in the system,
leading to longer NRs of ca. 20 nm (Figure 5.2 and 5.3) and more Pt deposition on the NR
surface. On the other hand, if Pt ions are left for the reaction for 5 hours at first, (Figure 5.1-

B), most of them have been reduced and form Pt seeds [127]. The introduction of Au ions at
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this point induces a slower Ag reduction and prevents the embedding of Ag in the inner side of
NRs. Consequently, most Au and Ag are attached at the outer atomic layers of NRs, as shown
in Figure 5.3. Although the ratio of Au is much smaller than that of Pt and Ag, the reaction
kinetic is slow enough in the reduction reaction using a weak reducing agent, such as formic
acid here. Therefore, a small amount of Au (i.e. ca. 5 at%) plays a significant role in changing

the chemical reaction rate for the formation of longer NRs.

Peaks with the X-ray diffraction (XRD) patterns of the AgPt NR/C and 5 at% Au integrated
AgPt NR/C catalysts are indexed to (111), (200), (220) and (311) planes (Figure 5.4a). These
are the typical face-centred cubic (FCC) structure of Pt, Ag and Au based on the references of
Pt (JCPDS: 04-0802), Ag (JCPDS: 04-0783) and Au (JCPDS: 04-0784), respectively. The
increased peak intensity and reduced width after the introduction of Au (cf. AgPt NR/C) can
be ascribed to the improved crystallinity resulting from the longer NRs, which is in agreement
with the TEM analysis results. The introduction of Au also leads to a reduced Ag metal phase
peak intensity observed at 38.35° for the (111) plane, indicating an improved alloying degree.
Such peaks barely observed from Au-AgPt NR/C B tuned by reducing together of more Au

with Ag and remained Pt ions during the second reduction step (Figure 5.1-B).

Comparing surface composition (Table 5.1) measured from the X-ray photoelectron
spectroscopy (XPS) survey scan in Figure 5.4b confirms the higher ratio of Pt deposition
rendered by the introduction of Au. A very small amount of Au (0.26 %) was detected on the
surface of Au-AgPt NR/C A, whereas a high Au composition of 4.34 at% is obtained from Au-
AgPt NR/C B. Hence, strong Au 4f7»> and 4fs, peaks are observed at 83.46 and 87.12 eV,
respectively, close to the high-resolution Pt 4f region (Figure 5.4c). This further confirms the
higher Au content on the surface of the NRs synthesised according to scheme B, which agrees
well with the TEM analysis results (Figure 5.2 and 5.3). The fitting of the two Pt 4f peaks
shows the domination of Pt° with the characteristic Pt 4f7, and Pt 4fs, peaks, which are

recorded at 70.60 and 73.88 eV for Au-AgPt NR/C A and 70.42 and 73.72 eV for Au-AgPt
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NR/C B, respectively (Figure 5.4c). Similarly, the two Ag 3d peaks are completely fitted with
the metallic state of Ag®, and a positive shift is recorded for Au-AgPt NR/C A with Ag 3ds, at
367.58 eV compared to 367.34 eV for Au-AgPt NR/C B (Figure 5.4d). Generally, the binding
energy of the main elements with both Au-AgPt NR/C catalysts shifts negatively compared to
the monometallic Pt, Ag and Au. However, the shifting degree is varied depending on the Au
deposition, which is related to the charge transfer phenomena because of the interaction of the
multimetallic structure [203]. The electronic interaction such as electron transfer from the metal
atoms results in the change of the binding energy, which further confirms the modified

electronic properties of the AgPt alloy catalyst because of the integration with Au [165].
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Figure 5.4 (a) XRD pattern and (b) XPS survey of AgPt NR/C and Au-AgPt NR/C. The corresponding
high-resolution XPS spectra of the (c) Pt 4f and (d) Ag 3d region.
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Table 5.1. Catalysts surface composition measured by XPS

Catalysts Au/ at% Ag / at% Pt/ at%

AgPt NR 0 49.75 50.25
AU-AgPt NR 5% A 0.26 41.68 58.06
Au-AgPtNR 5% B 4.34 43.17 52.49

5.3 Influence of the Au content

The effect of the Au content on the morphology and structure of Au-AgPt NR/C A is evaluated
following the reaction scheme A. The Pt ratio and total metal loading were fixed, while Ag is
reduced with the increasing Au. Figure 5.5 shows that longer NRs are formed from the catalyst
with a higher Au content. However, increasing the Au loading of up to 12 at% renders serious
agglomeration, and the TEM images (Figure 5.5e-f) show a similar NR length as of Au-AgPt
NR/C with a lower Au content of 5 at%. This finding suggests that the presence of a high
amount of Au induces higher surface energy of Pt nuclei, thus leading to the aggregation
because of the trend for minimising the interfacial energy [125]. Else, a slower reduction step
tends to induce heavy agglomeration of 1D nanostructures as reported in the previous study
[142]. Quantitatively, the metal contents of the catalysts were determined by inductively
coupled plasma-mass spectroscopy (ICP-MS) along with thermogravimetric analysis (TGA).
The results are presented in Table 5.2, which are in a close agreement with the theoretical

values.
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Figure 5.5 TEM images of (a) Pt NR/C, (b) AgPt NR/C, (c) Au-AgPt NR/C 2%, (d) Au-AgPt NR/C
5%, (e) Au-AgPt NR/C 8% and (f) Au-AgPt NR/C 12% synthesised following the reaction scheme A.

Table 5.2. Metal contents of the Au-AgPt NR/C catalysts measured by TGA & ICP-MS

TGA-Residue / ICP-MS / wt% ICP-MS / at%
Catalysts
wit% Au Ag Pt Au Ag Pt
AgPt NR/C 60.98 0 32.23 67.77 0 46.23  53.77
Au-AgPt NR/C 2% 61.27 230  30.07 62.53 1.92 4563 5245
Au-AgPt NR/C 5% 60.52 6.77  28.56 64.67 5.45 4197  52.58
Au-AgPt NR/C 8% 62.08 992  25.46 62.08 8.16 38.22  53.62
Au-AgPt NR/C 12% 60.66 13.84  24.00 63.06 1156 3525 53.19

XRD patterns of the Pt NR/C (as the reference), AgPt NR/C and various Au integrated AgPt
NR/C catalysts are shown in Figure 5.6. The (111) peak of the 1D alloy catalysts shows a
negative shift of ~0.1 degrees at 2-theta compared to the Pt NR/C catalyst, implying an
expanded lattice spacing resulted from the alloying with Ag / Au. These peaks are in a close

alignment regardless of the different Au contents, indicating an identical interplanar space.
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Increasing the Au loading leads to a weaker Ag metal phase (111) peak at 38.35°, indicating
an improved alloying degree. These findings confirm that the alloying degree of Au-AgPt
NR/C can be adjusted by both controlling the interval time of introducing Au ions and changing

the atomic ratio of Au in the reduction process.
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Figure 5.6 XRD patterns of the Pt NR/C, AgPt NR/C and various at% Au integrated AgPt NR/C
catalysts synthesised following the reaction scheme A.

The XPS analysis in Pt 4f region (Figure 5.7) shows that the Au signal is hardly distinguished
with a very low Au content of 2 at%. The two Au 4f peaks are detected from the background
of the high-resolution Pt 4f region with Au content of 5 at% and above. Stronger Au 4f signals
are recorded for the catalyst with Au content of 12 at%, suggesting a higher Au loading derives
a higher Au deposition on the catalyst surface. The Pt 4f7,> peaks of the 1D alloy catalysts shift
negatively compared to the Pt NR catalyst (Figure 5.7), indicating the changed Pt electronic
properties because of the alloying [193]. The small amount of Au below 8 at% renders a small
positive shift of up to 0.14 eV. For instance, the Pt 4f7> peak of 5% Au doped AgPt NR/C

locates at 70.60 eV, which is more positive than AgPt NR/C at 70.50 eV. The catalyst with 12
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at% Au shows a more negative shift of the Pt 4f7,> peak, suggesting the dependency of the Au

loading toward the electronic properties of the Au-AgPt NR/C catalysts.
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Figure 5.7 High-resolution XPS spectra of the Pt 4f region for the Pt NR/C, AgPt NR/C and various
at% Au integrated AgPt NR/C catalysts synthesised following the reaction scheme A.

Similarly, the Ag 3ds/, peaks of the Au integrated AgPt catalysts gradually shift in a positive

direction with the increasing Au content of up to 8 at% (Figure 5.8). It indicates that the Ag
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chemical property is also comprehensively influenced by the Au attachment. The Ag 3ds.
peaks of the Au-AgPt NR/C catalysts with the Au loading of 5 and 8 at% are in close alignment
and show the largest shift of ca. 0.3 eV from AgPt NR/C. The fitting of Pt 4f peaks exhibits the
domination of Pt° of above 92% for all catalysts (Table 5.3) confirming the domination of the
Pt metallic state. Similarly, Ag 3d peaks region is completely fitted with AgP, implying 100%

reduction of Ag ions into the metallic state.
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Figure 5.8 High-resolution XPS spectra of the Ag 3d region generated from the AgPt NR/C and various
at% Au integrated AgPt NR/C catalysts synthesised following the reaction scheme A.
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Table 5.3. Composition of Pt and Ag states obtained from the Pt 4f and Ag 3d XPS region

0, 0
Catalysts PLT% Ag /%
Pt° Pt Pt Ag° Ag*

Pt NR/C 100 0 0 0 0
AgPt NR/C 93.28 3.66 3.05 100 0
Au-AgPt NR/C 2% 94.56 2.94 2.50 100 0
Au-AgPt NR/C 5% 93.01 4.02 2.97 100 0
Au-AgPt NR/C 8% 92.86 3.92 3.23 100 0
Au-AgPt NR/C 12% 93.88 6.12 0 100 0

5.4 MEA testing

The membrane electrode assemblies (MEAS) fabricated from Au-AgPt NR/C A and B as the
cathode catalyst are evaluated in single fuel cells to understand the effects of the atomic
structure and arrangement of the 1D Pt hybrid catalysts on the practical catalytic performance.
The commercial Pt/C catalyst is employed as the benchmark together with Pt NR/C and AgPt
NR/C (Ag:Pt =1:1). Furthermore, the influence of the Au content towards the catalytic

performance and durability of the electrodes is also examined.

5.4.1 MEA testing of Au integrated AgPt NR/C

The MEA test is conducted to evaluate the performance of the as-prepared catalysts toward
ORR in the cathode in PEMFCs. Figure 5.9a shows the polarisation and power density curves
of the MEAs tested in Ha/Air with the cathode catalyst made of the Pt/C, AgPt NR/C and 5
at% Au integrated AgPt NR/C gas diffusion electrodes (GDESs) with a Pt loading of 0.2 mgpt

cm2. The performance follows an order of Au-AgPt NR/C B < Pt/C < AgPt NR/C < Au-AgPt
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NR/C A with a peak power density of 0.41, 0.48, 0.52 and 0.58 W cm, respectively. The

enhanced power performance for Au-AgPt NR/C A indicates a positive effect of the Au

integration for the AgPt alloy NR catalyst towards ORR, which also depends on the

arrangement of Pt, Ag and Au atoms within the NR. For instance, Au-AgPt NR/C B containing

the same composition as Au-AgPt NR/C A exhibits the lowest power density because of the

higher percentage of Au and Ag on the NR surface.
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Figure 5.9 Power performance comparison of the MEAs with the cathode GDE made of the Pt/C, AgPt

NR/C and 5 at% Au integrated AgPt NR/C catalysts: () polarisation and power density curves. The
corresponding EIS spectra at (b) 30 mA cm, (c) 0.65 V and (d) 0.5 V.

The electrochemical impedance spectroscopy (EIS) analysis results at a low current density of

30 mA cm are present in Figure 5.9b. The MEA made of the AgPt NR/C, and Au-AgPt NR/C

A GDEs show a very similar diameter of the semi-circles, confirming a similar charge transfer

resistance, which is smaller than that of the Pt/C GDE. The largest impedance recorded for the
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Au-AgPt NR/C B GDE indicates its poor Kinetic activity. At a medium current
density/potential of 0.65 V (Figure 5.9¢), the charge transfer loss is more significant following
the trend of polarisation curves in Figure 5.9a. This output confirms that the enhanced ORR
performance in operating fuel cells is mainly derived from the superior intrinsic properties of
the catalyst induced by the single-crystal 1D structure and alloy composition. The EIS at a low
potential of 0.5 V (Figure 5.9d) dominated by mass transfer resistance is inconclusive due to
high fluctuation in the low-frequency range. The improved power performance at the large
current density region for the MEA made of the Au-AgPt NR/C A GDE is potentially related
to the longer and less aggregated NRs, providing a higher porosity to facilitate mass transport

in the fuel cell operation [35].

The CV of the GDEs are shown in Figure 5.10, and the calculated ECSA values are listed in
Table 5.4. The smaller ECSA of the NR GDEs is ascribed to the anisotropic morphology of the
1D nanostructures, which is in agreement with our previous study [142]. The enlarged ECSA
of Au-AgPt NR/C A is attributed to the higher Pt distribution on the NR surface (by 8%)
compared to AgPt NR/C (Table 5.1). Meanwhile, a lower ECSA of Au-AgPt NR/C B is related
to the higher distribution of Au on the NR surface blocking the active sites, which was also
reported in the other studies [30]. These results demonstrate that a large ECSA is responsible

for the NR catalyst minimising potential losses and achieve enhanced power performance.

102



5 -
0 -
IS
o
T 5 l
- Pt-O reduction
10 —Pt/C
T —— AgPt NR/C
Au-AgPt NR/C A
Au-AgPt NR/C B
-15 4
T T T T . T T T . T . T
0.0 0.2 04 0.6 0.8 1.0 1.2

Evs. RHE/V

Figure 5.10 CVs of GDE made of the Pt/C, AgPt NR/C and 5 at% Au integrated AgPt NR/C catalysts.

Table 5.4. Catalytic activities of the catalysts determined in the MEA test.

Catalysts ECSA / m? gprt Im/ A mgeit Is/ uA cm
Pt/C 50.67 0.065 130.29
AgPt NR/C 24.17 0.095 378.57
Au-AgPt NR/C A 25.98 0.110 425.22
Au-AgPt NR/C B 21.73 0.050 204.76

Figure 5.11 shows the polarisation curves obtained under H2/O-, and they were corrected with
the Hx-crossover and ohmic resistance losses based on the method described by Gasteiger et
al. [184]. The measured current densities and mass activities at 0.9 V are summarised in Table
5.4. The highest mass activity is 0.110 A mgectat 0.9 V for Au-AgPt NR/C A, which is 1.15

and 1.70-fold higher than that of AgPt NR/C and Pt/C, respectively. The enhanced catalytic
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activity of Au-AgPt NR/C A is firstly related to the increased ECSA after the integration of
Au, providing a larger area for ORR activities. Secondly, the presence of Au renders the tensile
strain of Pt and Ag lattice, resulting in a modified electronic structure as shown by the XPS
analysis results (Figure 5.4c-d). It has been a strategy to optimise the binding affinity of O-
containing species on Pt at a certain degree to improve the Kinetic activity [47,193]. This is
reflected with the CV (Figure 5.10), where a positive shift of the Pt oxygen reduction peak is
recorded than that of Pt/C (0.805 V vs RHE), linking to a weakening bond between the O-
containing species and Au-AgPt NRs for the enhanced ORR performance. More specifically,
the Pt-O reduction peaks of AgPt NR/C and Au-AgPt NR/C A are at 0.894 V and 0.901 V vs
RHE, respectively, revealing the positive effect of the Au integration towards ORR. Apart from
the enhancement provided by the Au deposition, the architecture of 1D morphology is also
contributed to the improved catalytic activity. It offers the preferential exposure of less low-

coordination surface atoms facilitating faster ORR Kinetics [127].
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Figure 5.11 Recorded and corrected polarisation curves GDE made of the Pt/C, AgPt NR/C and 5 at%
Au integrated AgPt NR/C catalysts obtained under H2/O».
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5.4.2 MEA test of varied at% Au integrated AgPt NR/C

To understand the influences of the Au content, the polarisation and power density curves of
the GDEs made of the Au-AgPt NR/C A catalyst with various Au contents were recorded and
are shown in Figure 5.12a-b. Enhanced power performance is shown with the integration of
Au, reaching the highest power output at 5 at% Au. The power densities at the operational
voltage of 0.6 V are 0.48 and 0.52 W cm™ for the catalysts containing 2 and 5 at% Au,
respectively. Further increasing the Au content results in a decreased power density, and this
drops to 0.41 W cm at 12 at%, which is even lower than 0.42 W c¢m of the Pt NR/C GDE.
Despite the alloying degree is influenced by the contents of Au and Ag, their effect on the
catalytic activity is less apparent compared to the arrangement of the metal atoms along with

the NR catalyst.

EIS recorded at the low current density of 30 mA cm show very similar semi-circles for the
Au-AgPt NR/C GDEs with various Au contents and the benchmark GDEs made of Pt NR/C
and AgPt NR/C catalysts (Figure 5.12d), signifying their similar charge transfer resistance. At
the low potentials of 0.65 and 0.5 V (Figure 5.12e and 5.12f), the transition of the EIS spectra
follows the same trend as shown in the polarisation curves. This further signifies the negative

effect of applying the high Au content to the 1D Pt alloy catalyst.
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Figure 5.12 Power performance comparison of the MEAs with the cathode GDEs made of Au-AgPt
NR/C catalysts with various Au contents synthesised following reaction scheme A, benchmarking to
the Pt NR/C and AgPt NR/C GDEs: (a) polarisation and (b) power density curves, and (c) comparison
of the power densities at 0.6 V and peak power density. The corresponding EIS spectra at (d) 30 mA
cm?, (e) 0.65V and (f) 0.5 V.

CVs of the cathode GDEs made of Au-AgPt NR/C catalysts with various Au contents are
presented in Figure 5.13a. The measured ECSA normalised to the Pt loading determined from
the H> desorption peak are compared in Figure 5.13b, and it shows the effectiveness of the 5
at% Au attachment to expand the surface area. A higher Au content of above 5 at% results in

decreased ECSA values of 21.37 and 18.34 m? get for Au-AgPt NR/C 8% and 12%,
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respectively. Apparently, the lower surface area with the higher Au insertion is caused by the
higher deposition of Au on the surface, as shown by the XPS analysis results (Figure 5.7). This
outcome is coherent with the obtained results for the Au-AgPt NR/C B catalyst that a high Au
deposition on the NR surface renders a negative effect on the catalytic activity as it may block
the active sites, finally leading to a lower ECSA. Additionally, the severe agglomeration
observed at the high Au content partially blocks gas transport with the catalyst layer, thus
leading to a lower catalyst utilisation ratio and poor ORR performance. These results further
suggest the limitation of applying a high quantity of Au to continually improve the catalytic

performance for the 1D Au-AgPt alloy catalysts.
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Figure 5.13 (a) CVs of the Pt NR/C, AgPt NR/C and Au-AgPt NR/C GDEs with various Au contents
synthesised following the reaction scheme A, and (b) the corresponding ECSA normalised to the total

Pt loading.
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5.4.3 Accelerated degradation test (ADT)

The main enhancement of the Au-AgPt NR/C GDE is more significant on its stability in fuel
cell operation. This was evaluated using the ADT in MEAs by potential sweeping between 0.6-
1.2 V at a scan rate of 100 mV s for 5000 cycles. Comparison between the polarisation curves
before and after the ADT is shown in Figure 5.14. The recorded peak power densities after the
ADT are 0.28, 0.26 and 0.35 W cm™ for the MEAs with the cathode catalyst made of Pt/C,
AgPt NR/C and 5 at% Au-AgPt NR/C A, respectively, indicating the positive effect of the Au
deposition toward the electrode durability. The degradation decreases with the increase of the
Au content, and the power density decline compared to the initial value is only 39.17% at 8

at% Au after the ADT, which is much lower than that of Pt NR/C (41.41%).
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Figure 5.14 (a) Polarisation and (b) power density curves recorded after the ADT and (c) the
corresponding peak power density declines for the MEAs with the cathode GDEs made of the Pt NR/C,
AgPt NR/C and Au-AgPt NR/C catalysts with various Au contents synthesised following reaction

scheme A.
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To further understand the degradation of the as-prepared catalysts, comparison of the CV plots
recorded before and after the ADT and the ECSA decline is shown in Figure 5.15. The GDE
made of the NR alloy catalysts show a smaller ECSA decline than that of the Pt/C GDE,
intensifying the higher stability of the 1D nanostructures. The ECSA loss is improved to
51.20% at 5 at% Au from 62.12% of AgPt NR/C, and this is further minimised to 47.59% at 8
at% Au. This finding explains the role of Au in preventing the surface area loss, which
contributes to minimise the power performance drop during the ADT in the MEA test.
However, balancing the catalytic activities and stability should be considered to define a good

catalyst, thereby, 5 at% is suggested as the optimum Au insertion content for the Au-AgPt

NR/C catalyst.
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Figure 5.15 Comparison of CVs and the corresponding ECSA decline after the ADT of the MEAs with
the cathode GDE made of the Pt NR/C, AgPt NR/C and Au-AgPt NR/C catalysts with various Au

contents synthesised following the reaction scheme A.
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The introduction of Au clusters changes the chemical and electrical properties of the 1D AgPt
NR/C catalyst as shown by the XPS analysis results (Figure 5.4c-d), which contributes not only
to the catalytic activity but also stability. A positive shift of the Pt binding energy after
combining with 5 at% Au can be an indication of the increased Pt interaction (i.e. Pt-Pt, Pt-Ag
and Pt-O) [209]. Consequently, it decreases the instability of the high-energy of Pt and Ag
sites, which promotes the immunity to surface area loss during the ADT in the fuel cell
environment. Therefore, the NR structure of Au-AgPt NRs is more retained compared to AgPt
NRs after the ADT (Figure 5.16). Meanwhile, the destruction of the 1D AgPt nanostructures
and aggregation are highly distinguished in the absence of Au, resulting in a larger surface area
loss and power performance drop after the ADT, which further confirms the stability issue of
the alloy catalysts. Despite that catalyst degradation and power performance decline cannot be
fully avoided in the PEMFC operation, Au integration has successfully improved the ECSA
loss, which has been a major contribution to minimise the durability issue. Furthermore, the
effectiveness of combining Au with the AgPt alloy catalyst to upgrade its catalytic activity and
stability highly depends on the atomic arrangement and quantity of the Au content, and a good

strategy is necessary to balance the enhancement in both the activity and stability.
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After ADT

After ADT

Figure 5.16 TEM images of AgPt NR/C and Au-AgPt NR/C A before and after the ADT.

5.5 Conclusion

A promising strategy for the development of 1D Pt alloy catalysts with high catalytic activities
and stability in operating PEMFCs has been demonstrated via Au integration by expanding the
formic acid reduction method for 1D AgPt alloys. The adjustment of Au adding period is
crucial to control the metal atom arrangement along with the 1D structure. Hence, the addition
of Au ions at the early reaction stage is preferred to optimise the Pt deposition on the NR
surface. The inclusion of the Au ions tunes the reduction process during the growth of 1D AgPt
alloy, leading to longer NRs and thus enhanced mass transport performance for an improved
power density. The Au-AgPt NR/C A GDE with 5 at% Au generates 1.12- and 1.20-fold power
density compared to the GDEs made of the AgPt NR/C and Pt/C catalysts. The introduction of

Au ions derives a slower kinetic reaction rate, which potentially adjusts the placement of more
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Pt atoms to the surface, leading to a large ECSA. Testing under Ho/O2, a mass activity of 0.110
A mgpitis achieved for 5% Au-AgPt NR/C A, which is 1.15- and 1.70-fold higher than AgPt
NR/C and Pt/C, respectively. A significantly enhanced effect for the Au integration is observed
with the catalyst stability in PEMFCs. 5 at% Au-AgPt NR/C A GDE exhibits a power density
and ECSA decline of 39.63% and 51.20% after the ADT, respectively, which are much less
compared to 49.71% and 62.12% of the AgPt NR/C GDE and 44.19% and 76.61% of the Pt/C
GDE. The increasing of the Au content can effectively reduce the ECSA decline during the
ADT, but a content higher than 5 at% reduces the number of catalyst active sites due to a higher
Au deposited on the surface of the NRs and their severe aggregation, which finally induces the

lower power performance.

The understanding obtained with the Au integration for the NR catalysts can help the design
and development of practical shape-controlled Pt alloy catalysts for PEMFCs. It also highlights
the importance of controlling the reaction rate and alloying behaviour by alloying with Au. The
development of GDEs with 1D Au-AgPt catalyst arrays grown on GDLs will be further
explored in the next chapter to optimise the catalytic activities and stability of the ORR

electrode.
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Chapter 6
Gas Diffusion Electrodes
from 1-Dimensional AgPt-based Nanorods

Grown on Gas Diffusion Layers

The work presented in this chapter is unpublished at the time of writing
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This chapter demonstrates the preparation of gas diffusion electrodes (GDEs) with one-
dimensional (1D) AgPt-based nanorods (NRs) grown directly on gas diffusion layers (GDLS),
adapting the methods developed in Chapter 4 and 5. The parameters controlling the growth of
AgPt NRs on the GDL such as temperature, time interval and the atomic ratio of Ag and Pt are
explored considering the electrode power performance towards oxygen reduction reaction
(ORR) in PEMFCs. Additionally, the integration of Au to construct Au-AgPt NR GDEs is also
investigated, which is intended to tune the atomic arrangement and minimise the atomic
segregation for enhanced stability. Finally, the catalytic performance is evaluated in PEMFCs

condition along with the ADT.

6.1 Introduction

Support-free GDEs constructed from single-crystal 1D Pt nanostructure arrays have been
intensively studied in our group, and demonstrated as an advanced design for highly active and
durable electrodes, outperforming the conventional electrodes made of Pt/C nanoparticles in
PEMFCs [130,139,140,143]. The extended active site exposure and thin catalyst layer with
improved mass transfer performance are the privileges of the open structure within the three-
dimensional (3D) ordered electrodes made from 1D nanostructure arrays. The superiority of
the 1D nanostructures and elimination of the supported carbon minimise the degradation
mechanism, which has been long studied as a major challenge contributing to the performance
loss especially at the high potential region [210,211]. Such an attractive feature motivates this
PhD research to advance the fabrication of 1D Pt hybrid NRs, by translating the method applied
from the previous two chapters to directly grow the alloy catalysts directly on the GDL surface

constructing AgPt or even Au-AgPt NR GDEs.
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It is a challenge to achieve a good 1D nanostructure distribution with little agglomeration on
the GDL surface. Throughout the study in our group, it was revealed that a uniform distribution
of 1D Pt nanostructures is prominent to fabricate a high power performance GDE in PEMFCs,
which has been optimised by conducting Pt nanowire (NW) growth at 40 °C rather than in
room temperature to achieve Pt NW array GDEs [142]. A high reaction temperature at 40 °C
can increase the wettability of the GDL surface, which is superhydrophobic because of the
polytetrafluoroethylene (PTFE) treatment in manufacture for preventing water flooding in fuel
cell operation. Additionally, a high reaction temperature also induces a faster kinetic reaction
rate and reduces the Pt nanowire length for a smaller aspect ratio to increase the specific surface
area. In this chapter, the moderate temperature of 40 °C is therefore applied to grow AgPt and

Au-AgPt NRs on the GDL surface.

6.2 Time interval-controlled growth of 1D AgPt NRs on GDLs

Since the reaction is conducted at a moderate temperature of 40 °C, it potentially changes the
reduction rate of both metal ions. Therefore, adjusting time interval (i.e. 1, 3 and 5 hours) of
mixing Pt and Ag precursors is evaluated to optimise the properties of 1D AgPt alloy
morphology. In this section, a constant concentration of formic acid (1.2 m) and metal loading

of 0.4 mg cm at an atomic ratio of Ag:Pt = 3:7 are deployed for all GDEs.

The structure of AgPt grown on the GDL surface with different intervals of 1, 3 and 5 hours,
for adding the Ag precursor is presented in Figure 6.1. The reduction of Ag is presumed more
spontaneously at 40 °C. Hence, the inclusion of Ag ions after 1 hour reaction results in the
formation of agglomerated particles observed by transmission electron microscope (TEM)
image (Figure 6.1a-b) due to less Pt seeds formed at this stage. After 3 hours, the reduction Pt

ions is sufficiently configured Pt seeds, and the introduction of Ag ions at this stage induces a
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slower reaction rate generating longer 1D AgPt NRs (Figure 6.1c-d), as the consequence of an
optimum balance of the Pt and Ag ions. After 5-hours, the enormous amount of Pt seeds have

been formed, and the involvement of Ag results to only the construction of shorter NRs (Figure

6.1e-f).

Figure 6.1 TEM images of the AgPt GDEs grown at 40 °C with different intervals of introducing the
Ag precursor at (a-b) 1 hour, (c-d) 3 hours and (e-f) 5 hours after the beginning of the reaction.
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X-ray diffraction (XRD) patterns of the AgPt GDEs are shown in Figure 6.2. The peaks are
indexed to (111), (200), (220) and (311) plane, appointed to the face-centred cubic (FCC)
crystal structure of bulk Ag (JCPDS-04-0783) and Pt (JCPDS-04-0802). The main (111) peaks
are in alignment indicating the similar lattice space. The peaks are representing the Ag metal
phase decline with the shorter interval time of adding the Ag precursor. Within 1 hour interval
applied, there is a larger chance for the remaining Pt ions to collaborate with the introduced Ag
ions to form an alloy. Hence, the Ag metal phase amount is the lowest. With a longer reaction
interval, less amount of Pt ions remained to interact with the Ag ions results in the formation
of a higher amount of the Ag metallic state. Both TEM and XRD analysis result further suggest

to shortening interval time of 3 hours to generate a fine structure of AgPt NR GDE.
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Figure 6.2 XRD patterns of the AgPt GDEs grown at 40 °C with different intervals for the introduction

of the Ag precursor.
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6.3 GDEs from 1D AgPt NRs with various metal atomic ratios

With an optimal reaction temperature at 40 °C and interval time of ca. 3 hours for adding Ag
precursor after the beginning of the reaction, the atomic ratio of Ag and Pt are further
investigated to determine an ideal alloy metal composition, keeping the total metal loading

constant at 0.4 mg cm for the AgPt NR GDE.

6.3.1 Physical characterisation

Figures 6.3a-b display the TEM images of Pt NRs (0% Ag) grown on the GDL surface at 40
°C. The agglomerated NRs in a 3D cubic like structure with an average size of ca. 80-100 nm
agrees with our previous work [142]. The average NR diameter is ~ 4 nm with a length of ca.
15-25 nm, which is also comparable to the size of the Pt NRs grown on the carbon support in
the previous chapter (Figure 4.1b). The alloy catalyst with 10 at% of Ag exhibits a similar
morphology, but with some areas showing huge cubic shape agglomerates of NRs of ca.120
nm (Figure 6.3c-f). A high-resolution TEM (HR-TEM) image of a single NR (Figure 6.3f)
shows an ordered plane into the same orientation ascribed as a single crystal with the FCC
structure. The crystallinity of the 1D nanostructure with a measured d-spacing of 0.23 nm is

assigned to the [111] facets aligned along the NR.
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Figure 6.3 TEM images of (a-b) Pt NRs and (c-f) Ag:Pts NRs grown on the GDL surface at 40 °C and

3 hours of interval for adding the Ag precursor.

Generally, AgPt NR GDEs with a similar catalyst structure and morphology are observed with
the varied Ag content of up to 30 at% (Figure 6.4). At this point, it is agreed that the physical

structure of the 1D NRs is less affected by alloying Ag of up to ~30 at%.
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e | =
Figure 6.4 TEM images of (a-b) AgiPts NRs, (c-d) AgsPtz NRs grown on the GDL surface at 40 °C
and 3 hours interval for adding the Ag precursor.

The increase of the Ag content up to 50 at% (Ag:1Pt: NR) leads to the formation of dominated
short NRs with a length of ca. 10-15 nm as shown in TEM images (Figure 6.5). It is attributed
to the low Pt content inducing a high reduction rate at the first stage of the reaction. Such
behaviour has been previously observed with the high Ag content for preparing the AgPt NR/C
catalyst in Chapter 4. However, lots of unstructured agglomerates are observed (Figure 6.5b-
c). Itis potentially formed from the limited Pt seeds and also Ag particles rendered by the faster
reduction rate at 40 °C, as well as the limited remaining Pt ions to assist the growth into <111>
direction. This finding is supported by the XRD analysis results (Figure 6.6) showing broader
Pt peaks with the increasing Ag content at 30 at% and above, which is attributed to the
domination of the short NRs. The significantly high and narrow Ag peaks of the AgiPt: NR

GDE suggest the excessive presence of Ag grains.
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50 nm

Figure 6.5 TEM images of AgiPt: NR grown on the GDL surface at 40 °C and 3 hours interval for
adding the Ag precursor.

For the AgPt GDEs with various metal ratios, the main peaks on the XRD patterns (Figure 6.6),
except those from the GDL, are well indexed to the FCC crystal structure of bulk Pt (JCPDS:
04-0802) and Ag (JCPDS: 04-0783). With the alloying of Ag, even at 10 at%, the peaks are
shifted negatively indicating a larger interplanar space compared to the Pt NRs, but this shift
is kept at the same two theta position with the increasing Ag content. The peaks referencing to
the Ag metal phase are detected from 20 at% Ag, and the intensity increases with the increasing
Ag ratio to Pt, exhibiting the highest intensity at 50 at% Ag. This finding suggests that an
optimum lattice contraction is achieved at 10 at% Ag, and more Ag leads to the formation of
the Ag metal phase instead of alloying with Pt. The quantitative measurement of the metal

contents was performed by the inductively coupled plasma-mass spectroscopy (ICP-MS)
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analysis along with the thermogravimetric analysis (TGA), and the results are presented in

Table 6.1.
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Figure 6.6 XRD patterns of the Pt NR and AgPt NR GDEs with different atomic ratios of Ag and Pt in

comparison to the GDL and the reference of bulk Pt and Ag.

Table 6.1 Metal contents for the NR GDEs measured by TGA & ICP-MS

ICP-MS / wt% ICP-MS / at%
GDE TGA / mgcm™

Ag Pt Ag Pt

PtNR 0.41 0 100 0 100
Ag:PtyNR 0.38 5.44 94.56 9.42 90.58
Ag:PtsNR 0.42 12.83 87.17 21.03 78.97
AgsPtz NR 0.41 21.05 78.95 32.54 67.46
Ag:Pt: NR 0.39 35.79 64.21 50.20 49.80

Apparently, the alloying behaviour of AgPt NRs grown on the GDL is different to those on the

carbon presented in Chapter 4. At a moderate reaction temperature of 40 °C, the reduction of

Ag and Pt occurs less simultaneously. Proposing that the reduced Ag tends to pile up on the
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top of Pt, limiting the formation of harmonised alloy structure, especially at the higher Ag

atomic ratio of more than 10 at%.

6.3.2 MEA testing

The Pt NR and AgPt NR GDEs with various atomic ratios of Ag and Pt were tested as cathodes
in Ho/Air single cells along with the Pt/C GDE as the benchmark. The metal loading was the
same for all the GDEs of 0.4 mg cm™. Polarisation and power density curves recorded are
shown in Figure 6.7a. At 0.6V, the power densities for the AgPt NR GDEs with various Ag
contents of 0-30 at% are comparable to the Pt/C GDE of 0.49 W cm™. However, a higher
potential loss at the larger current density region is observed with the increasing Ag content,
showing a dropping peak power density. The significant performance drop is observed at 50
at% Ag (the Ag:Pt: NR GDE). The Pt NR GDE exhibits the highest power density of 0.54 W
cm2at 0.6 V (Figure 6.7b), demonstrating the superiority of support-free Pt NR GDE compared
to that of the Pt/C GDE which agrees with the previous studies in our group. Meanwhile, AgsPt7

NR GDE shows the highest power output at 0.6 V normalised to Pt loading (Figure 6.7c).

Electrochemical impedance spectroscopy (EIS) analysis at the low current density of 30 mA
cm is presented in Figure 6.7d. The charge transfer resistance shown by the diameter of the
semi-circle is comparable for most of the GDEs. The larger EIS spectra of AgiPt; GDE is
ascribed to the lower Pt loading in the cathode. It is identical to the obtained results for the pure
Pt nanowire GDEs reported in the literature [145]. It also indicates the less significant influence

of the Ag alloying on the charge transfer performance of AgPt NR array GDE.
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Figure 6.7 (a) Polarisation and power density curves of the Pt/C, Pt NR and AgPt NR GDEs with

different metal ratios. (b) Comparison of the corresponding peak and power density at 0.6 V, (c)

comparison of the corresponding power output at 0.6 normalised to Pt loading. The corresponding EIS
spectra recorded at (d) 30 mA cm (e) 0.65 V and (f) 0.5 V.

At the medium and low potential of 0.65 and 0.5 V (Figure 6.7e and 6.7f), the first arc

impedance for the NR GDE increases with the Ag loading. It means the charge transfer

resistance is more dominant to affect the potential loss. At the low potential of 0.5 V, all NR

GDEs display a smaller impedance than that of the Pt/C GDE. In this case, the polarisation

curve (Figure 6.7a) provide a more reliable parameter to determine the voltage loss caused by
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limited mass transport. The smaller performance loss of Pt NR GDE than of Pt/C GDE can be
ascribed to the superiority of the 1D nanostructures and the reduced mass transfer resistance of
the NR GDEs because of the smaller thickness and larger porosity, which facilitate the gas

transport within the catalyst layer.

The cyclic voltammetry (CV) plots are shown in Figure 6.8, and as in previous chapters, much
smaller hydrogen desorption (Hges) peaks are recorded for the NR GDEs compared to the Pt/C
GDE. The electrochemical surface area (ECSA) measured for the Pt NR GDE is 22.73 mp g
1 (Table 6.2), which is close to the data reported from the previous studies [142,143]. A lower
ECSA value is obtained for the AgPt NR GDEs compared to the Pt NR GDE due to the reduced
number of the active sites with the lower Pt content. Similar to the previous observation in
Chapter 4 and 5, a large positive shift is observed with the Pt-O reduction peak for the NR

GDEs. This shift is also more positive for the AgPt GDEs, indicating a better ORR activity in

PEMFCs.
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Figure 6.8 CVs of the Pt/C, Pt NR and AgPt NR GDEs with different metal ratios.
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The catalytic activity of the AgPt GDEs is further explored in the MEA test under H2/O-
following the DoE protocol and the method described by Gasteiger et, al. [184]. Figure 6.9
presents the initial and corrected polarisation curves for the Pt NR and two AgPt NR GDEs.
With minimised mass transfer polarisation, the Pt NR and Ag:iPts NR GDEs exhibit a similar
behaviour because of the identical crystallinity and morphology of the 1D catalyst
nanostructures. With a high Ag content, the Ag:Pt1 NR GDE exhibits a much lower current
density. Normalised to the Pt loading (Table 6.2), the ORR activity of the NR GDEs decreases
with the increasing Ag content (decreasing Pt loading). The mass activity obtained for the
Ag:Pt; NR GDE is 0.066 A mgett, which is slightly lower than that of the Pt NR GDE of 0.072

A mget?, but still higher than 0.064 A mger * of the Pt/C GDE.

Table 6.2 Catalytic activities of the GDEs determined in the MEA test.

GDE ECSA / m? gyt Im / A mgei? Is/ A cm?

Pt/C 51.71 0.064 122.83

Pt NR 26.64 0.072 316.59
Ag:Pts NR 19.32 0.070 361.13
Ag:Pts NR 16.52 0.066 397.65
AgsPt; NR 17.20 0.064 372.69
Ag:Pt; NR 19.12 0.066 346.02
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Figure 6.9 Original and corrected polarisation curves of the GDEs made of Pt NR, AgiPty NR and
AglPtl NR.

Compared to the results of the AgPt NR/C catalysts obtained in Chapter 4 (Table 4.3), the
catalytic activities of the AgPt NR GDEs are much lower in the MEA test. The measured mass
and specific activities of the Ag:Pt: NR/C catalyst GDE are 1.5 and 1.13-fold higher than of
support-free Ag:Pt1 NR GDE with the same ratio of Ag and Pt. A similar trend is also observed
for the Pt NR/C GDE, which also shows a higher mass and specific activity than the Pt NR
GDE. These findings suggest a better ORR activity with the support of carbon. The inert GDL
surface usually leads to the formation of large catalyst agglomerates which reduce the catalyst
utilisation ratio. The lower ORR activity of the AgPt GDE is also potentially ascribed to the
less harmonised alloying behaviour of Ag and Pt, as shown by the XRD analysis results in
Figure 6.6. It is induced by the faster reduction rate of Pt and Ag at 40 °C compared to the
room temperature for growing the AgPt NRs on the carbon support. Hence the reduced Ag°
tends to pile up on the top of Pt, partially blocking the active sites on the catalyst surface

resulting in low catalytic activity.
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6.4 Au-AgPt NR GDEs

Observed in Chapter 5 is that the including of Au affected the reduction of Pt ions and rendered
the placement of Pt on the NR surface. In this section, such method is adjusted to control the
arrangement of Pt and Ag on the GDL surface. The influence of the Au addition on the
morphology, structure and catalytic performance are investigated based on the physical

characterisation and PEMFC test results.

6.4.1 Physical characterisation

The preliminary study of the Au integrated AgsPt; NR GDE is conducted at 40 °C with a metal
loading of 0.4 mg cm™. 2 at% Au is introduced together with the Pt precursor at the early
reaction stage, followed by adding Ag ions after 3 hours of the reaction. The structure and
morphology of the Au-AgPt NRs from the GDE are presented in TEM images in Figure 6.10,
showing a fine distribution of the catalysts with some agglomerates on the GDL surface. The
HR-TEM image displays an ordered plane with an interplanar space of 0.23 nm referring to the
growth of the NR along the <111> direction. Such presentation is similar to the Pt NR GDE

and AgPt NR GDE with a low Ag loading.

Figure 6.10 TEM images of the Au-AgPt NRs scraped from the GDE with 2 at% Au.
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The XRD pattern of the Au-AgPt GDE is shown in Figure 6.11. Compared to the AgsPt; NR
GDE, the Au-AgPt GDE shows peaks at the same two theta position with a slightly higher
intensity because of the longer NRs. The main difference is that the Ag metal phase peaks are
disappeared on the pattern of the Au-AgPt NR GDE. This indicates the replacement of 2 at%

Ag with Au significantly improves the alloying degree of Ag with Pt.

Au-AgPt NR
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Figure 6.11 XRD patterns of the Au-AgPt NR GDE in comparison to the Pt NR and AgsPt; NR GDEs,
GDL and the references of bulk Pt, Ag and Au.

Further evaluation with the X-ray photoelectron spectroscopy (XPS) analysis exhibits a
significant change of the surface composition (Table 6.3) with ~2 at% of Au, measured from
the XPS survey scan in Figure 6.12. XPS detects 57.24 at% of Ag and 42.76 at% of Pt on the
surface from the AgsPt; NR GDE. After alloying with ~2 at% of Au, Pt dominates the surface
composition of 65.46 at%. This changes further confirms the effectiveness of Au alloying to

control the arrangement of Pt and Ag along with the NR catalysts, resulting in a high Pt
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deposition on the surface. While, a very low Au concentration of 0.3 at% is measured,

suggesting that most of Au are deposited beneath the surface of the NRs.
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Figure 6.12 XPS survey of the GDL, Pt NR, AgsPt; NR and Au-AgPtNR GDEs.

Table 6.3 Comparison of the quantitative measurement results for the AgsPt; and Au-AgPt NR GDEs

by ICP-MS and XPS.

ICP-MS / at% XPS / at%
GDE Au Ag Pt Au Ag Pt
AgsPt; NR GDE 0 3254 67.46 0 57.24 42.76
Au-AgPt NR GDE 248 26.27 71.25 0.30 34.28 65.42

The corresponding high-resolution XPS spectra of the Pt 4f and Ag 3d regions are shown in
Figure 6.13. Small Au 4f peaks are detected for the Au-AgPt NR GDE within the high-
resolution Pt 4f region (Figure 6.13c). Compared to Pt 4f spectra of the Pt NR GDE (Figure

6.13a), the Pt 4f peaks of the AgsPt; NR and Au-AgPt NR GDEs (Figure 6.13c and e) shift
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more negatively (~ 0.2 eV), referring to the change of the Pt binding energy. This confirms a
similar change as before of the electronic structure of Pt because of the interaction with Ag/Au,
inducing modification of the Pt surface after the formation of 1D Pt alloy structures [78]. A
closer observation of the Pt 4f region of the Au-AgPt NR GDE shows a very small positive
shift of ~0.04 eV compared to the AgsPt; NR GDE, indicating the change of the electronic
property due to alloying with a small amount of Au. Similarly, Ag 3d peaks of the AgsPt; NR
and Au-AgPt NR GDEs are shifted negatively of ~0.1 eV from the referenced Ag/GDL (Figure
6.13Db), indicating charge transfer phenomena due to formation of the bimetallic Ag and Pt
alloy, causing the change of the binding energy of AgP® [165]. Nevertheless, both Ag 3d peaks
of the Ag:Pts NR and Au-AgPt NR GDEs are in alignment, indicating a similar Ag binding
energy and less influence of the Au alloying on Ag properties. Furthermore, the Pt 4f and Ag
3d peaks are completely fitted to Pt° and AgP for both the Ag:Pts NR and Au-AgPt NR GDEs

(Figure 6.13c-f), implying domination of the metallic state composition.
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Figure 6.13 High-resolution XPS spectra of Pt 4f region for (a) the Pt NR GDE and (b) Ag 3d region
of Ag grown on the GDL. Pt 4f and Ag 3d region of (c-d) the AgsPt; NR GDE and (e-f) the Au-AgPt
GDE.

6.4.2 MEA testing

The polarisation and power density curves recorded under Ha/Air are shown in Figure 6.14a.
The power density trend of the GDEs at 0.6 V follows Au-AgPt NR > Pt NR > AgsPt; NR. The
peak power density of the Au-AgPt NR GDE reaches 0.61 W cm, which is higher than that
of the Pt NR GDE (0.58 W ¢m2) which contains ~20 wt% more of Pt loading. A relatively
close charge transfer resistance obtained for all GDEs from EIS spectra recorded at the low

current density (Figure 6.14b) agrees with the comparable OCV. However, the more significant
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reduced charge transfer resistance is observed for the Au-AgPt NR GDE at the medium voltage
of 0.65 V compared to AgsPtz NR (Figure 6.14c). It follows the polarisation curve trend
showing a larger voltage drop for AgsPt; NR GDE with the increasing current density (Figure
6.14a), which also confirms the improved intrinsic catalytic activity towards ORR because of
the Au alloying effect. The positive impact becomes more pronounced at the low potential. The
EIS recorded at 0.5 V shows the lowest impedance of the Au-AgPt NR GDE as a consequence
of the much reduced mass transfer resistance, resulting from the good distribution and less

aggregation of the NR catalysts formed on the GDL surface (Figure 6.10).
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Figure 6.14 (a) MEA testing results of the Pt NR, AgsPt; NR and Au-AgPt GDEs. The corresponding
EIS spectra recorded at (b) 30 mA cm (c) 0.65 V and (d) 0.5 V.

A very similar CV plot is recorded for the Au-AgPt NR GDE as compared to the AgsPt; NR
GDE (Figure 6.15). Normalised to the Pt loading the ECSA measured are 26.64, 17.20 and
17.35 mp? gt for the Pt NR, AgsPt; NR and Au-AgPt NR GDEs, respectively. A comparable

ECSA of the AgPt NR GDE before and after the Au alloying indicates a similar number of
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active sites regardless the higher Pt deposition on the catalyst surface with the Au-AgPt NR
GDE as presented by the XPS analysis results in Table 6.3. It is potentially related to the larger
bulk size with the longer Au-AgPt NRs (cf. AgPt NRs). The effectiveness of replacing ~2 at%
Ag with Au to tune the atomic arrangement rendering an increased current density at 0.9 V

(Figure 6.16). It results in higher Pt mass and specific activities than those without Au (Table

6.4).
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Figure 6.15 CVs of the Pt NR, Ag:Pts NR and Au-AgPt NR GDEs.

Table 6.4 Catalytic activities of the GDEs in the MEA test.

GDE ECSA/m gyt Im / A mgpt Is/ pA cm
Pt NR 26.64 0.072 316.59
AgsPt; NR 17.20 0.064 372.69
Au-AgPt NR 17.35 0.080 460.97
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Figure 6.16 Original and corrected polarisation curves of Pt NR, AgsPt; NR and Au-AgPt NR GDEs.

These achievements demonstrate a promising attempt of a preliminary study on the Au
integration to optimise the atomic arrangement of Pt and its alloy for growing NR GDEs. The
Au content may be adjusted depending on the atomic ratio of Ag and Pt. For instance, for the
Ag-AgPt NR/C catalysts in Chapter 5, a higher Au content of 5 at% showed more significant
improvement than 2 at% Au, which rationally ascribed to the higher Ag ratio of above 40 at%.
In this section, the lower Ag ratio of ~30 at% is applied, thus with a lower Au content of 2 at%,
it provides a large positive impact on the catalytic performance. Further evaluation on
influences of the Au content towards the catalytic activity of the AgPt NR GDE with various

atomic ratios can be conducted in future to obtain the optimum composition (i.e. minimise Pt

| I L |
1.2 14 1.6

and maximise the Ag loading), which is reasonable for the economic perspective.
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6.5 Accelerated degradation test (ADT)

To evaluate the durability of the GDEs made of the 1D Pt and Pt hybrid NRs, the ADT was
performed in single-cell PEMFCs benchmarking to the Pt/C NP catalyst. The ADT was
conducted with 5000 potential cycles between 0.6 — 1.2 V at a sweep rate of 100 mV s under
the N»-saturated cathode. As shown in Figure 6.17, the performance loss of the support-free
GDEs is lower than that of the Pt/C GDE, assigning to the better resistance towards the
degradation in PEMFC operating conditions. The power decline of the 1D Pt-based GDE
becomes larger with the higher Ag content following a trend of AgsPt7 > Ag:iPts NR > Pt NR.
This suggests a higher degree of dissolution with the higher Ag content, which is potentially
related to the segregation of Ag as previously observed in Chapter 4. Nevertheless, such loss
is prevented with the integration of 2 at% Au leading to the highest power output and lowest
decline of 37.09% after the ADT. It is much lower than that of the monometallic Pt NR GDE
(43.62%), which further signifies the positive contribution of the Au alloying towards the

electrode durability.

The minimum power density decline of the Au-AgPt NR GDE is related to the least ECSA
loss, as presented in Figure 6.18. The trend of decreased Hqes area from the CVs is in agreement
with the decline of the power performance output (Figure 6.17), suggesting the surface area
loss as the main contributing factor to the poor ORR activity after the ADT. The larger ECSA
decline with the higher Ag loading is related to the stability of Ag in acidic media [198]. The
ECSA loss of the AgsPt; NR GDE after the ADT is minimised of up to ~14% with the presence
of Au. This finding further suggests the stabilisation effect of Au in minimising the atomic

segregation and surface oxidation during the potential cycling.
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Figure 6.17 Comparison of (a) polarisation and (b) power density curves, and (c) the corresponding

power density declines after the ADT recorded for the MEAs made from different catalysts.

The ECSA loss of Pt NR GDE is 47.14% compared to 78.99% of Pt/C (Figure 6.18), which is
mainly ascribed to the anisotropic 1D nanostructure and carbon support-free GDE feature. The

better stability of 1D Pt NR/C over OD Pt/C has been evaluated in the previous chapters,
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confirming the superiority of 1D nanostructure to maintain durability in fuel cell operation.
Furthermore, after the elimination of the carbon support, the ECSA loss is better suppressed,
reducing the ECSA loss by ~5% for the Pt NR GDE compared to Pt NR/C (Figure 4.16, Chapter
4). Similarly, with the same Au loading, the decline of the Au-AgPt NR GDE is much lower
compared to 2 at% Au-AgPt NR/C (Chapter 5), exhibiting less power performance and ECSA
decrease by 10.49% and 8.85%, respectively. The lower Ag content may also contribute to the
better durability of the Au-AgPt NR GDE. Nevertheless, these findings indicate a successful
approach to combine the advances of 1D Pt hybrid nanostructures and eliminating carbon

support at the same time.
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Figure 6.18 Comparison of CVs and the corresponding ECSA decline after the ADT for the Pt/C, Pt
NR, a varied ratio of AgPt NR and Au-AgPt NR GDEs.

Although a successful approach to improve the durability of ORR electrodes has been achieved

through the development of the 1D NR GDEs, the power performance is compromised in the
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absence of the carbon support, partially with the integration of Ag. The hydrophobicity of the
GDL requires high-temperature reaction (i.e. 40 °C) to facilitate better catalyst nucleation and
distribution of the catalysts. However, it leads to a faster kinetic reaction changing the alloying
behaviour of Ag and Pt as observed by the XRD analysis results in Figure 6.6. This
phenomenon affects the catalytic performance of the AgPt alloy GDE towards ORR, which is
also induced by the decreased ECSA. The alloying of Au has successfully controlled the kinetic
reaction and adjusted a better atomic arrangement and alloying degree to optimise the active
site number of the catalyst. This approach has demonstrated an efficient strategy to control the
atomic arrangement via a facile route of one-step wet-chemical reduction method. Although
the ORR activity has successfully improved with the presence of Au, the optimum mass activity
achieved for the Au-AgPt NR GDE is still lower than that of 5 at% Au-AgPt NR/C (Chapter
5). Therefore, further efforts to adjust the Au content toward the Ag and Pt ratio are required
to optimise the ECSA. The integration of 50 at% Ag (AgiPt: NR GDE) has shown effectively
minimising the aggregated 3D cubic like structures and expanding the ECSA. If the formation
of the Ag metal phase can be suppressed, i.e. through a higher Au content, a further enhanced

ORR activity may be achieved.

6.6 Conclusions

In this chapter, the development of the AgPt NR GDE has been briefly demonstrated via the
formic acid reduction method. The reaction temperature of 40 °C is considered as an ideal
parameter to optimise the growth of the AgPt NRs on the GDL surface. Shortening the interval
time (ca. 3 hours) of mixing the metal precursors has been shown as an effective method to
improve the 1D morphology and increase the alloying degree of the AgPt NR. However, the

formation of Ag and Pt alloy structure occurs less harmonious at the high temperature of 40
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°C, limiting the formation of a uniform alloy structure, especially at the higher Ag ratio.
Increasing the Ag content of up to 50 at% results in the higher Ag metallic phase, suggesting
the formation of Ag grains dominating the catalyst surface. This is supported by the decreasing
ECSA in the presence of Ag, leading to a poorer catalytic performance at the higher Ag content.
The alloying of 2 at% Au has successfully controlled the kinetic reaction rate and led to a better
atomic arrangement to optimise the number of active sites on the catalyst surface. As a result,
an improved mass activity of 0.080 A mge? is achieved, which is 1.12 and 1.26-fold higher
than that of the Pt NR GDE and AgsPt; NR GDE (containing a similar atomic ratio of Ag and
Pt), respectively. The durability improvement is also observed for the Au-AgPt NR GDE,
which is contributed from the lower ECSA loss (by up to 14%) with the presence of 2 at% Au.
These outcomes demonstrate a successful approach to combine the advanced 1D
nanostructures and eliminating the carbon support to develop high power performance and

durable GDEs.
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Chapter 7

Conclusions and Perspective
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This thesis focuses on the development of high performance and durable catalyst electrodes for
proton exchange membrane fuel cells (PEMFCs) through the hybridisation of one-dimensional
(1D) Pt nanostructures. The approach involved the alloying with Ag and Au owning a close
lattice constant to Pt, minimising the metal segregation issues for achieving high stability. The
fundamental concepts to construct 1D Pt hybrid nanostructures via the formic acid reduction
method were comprehensively investigated to understand the reduction of the metal ions and
1D nanorod (NR) growth. This approach provided a highly scalable synthesis solution and
translated to fabricating gas diffusion electrodes (GDES) through directly growing NR arrays

on the gas diffusion layer (GDL) surface.

The growth mechanism of AgPt NRs on carbon support - The process for growing 1D AgPt
NRs on carbon support using the formic acid reduction method was explored in Chapter 4. The
method utilised a slow kinetic reaction at room temperature and preferential adsorption of
formic acid species on certain Pt crystal facets leading to the growth of NRs along the <111>
direction. TEM analysis revealed the importance of applying interval time of ca. 5 hours in
introducing Ag ions to achieve uniform 1D AgPt nanostructures. In the formic acid reduction
process, Pt works not only as a size control role in Ag reduction, but also providing shape
inducing effect leading the growth to form single-crystal AgPt alloy NRs. The atomic ratio of
Ag to Pt (from 1:4 to 2:1) affected both the morphology and distribution of AgPt NRs on the
carbon support. A higher Ag content induced a faster reduction reaction yielding shorter and
less agglomerated NRs, which also delivered an enormous impact on their catalytic
performance as cathode catalysts toward oxygen reduction reaction (ORR) in fuel cell

operation.

Catalytic performance of AgPt NR/C in the MEA test - The optimum power performance
was obtained in the membrane electrode assembly (MEA) test for the GDE made of the Ag1Pt;

NR/C catalyst. A peak power density of 0.55 W cm™ was achieved, which was 1.14- and 1.16-
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fold over that of the GDE made of the Pt/C and Pt NR/C catalysts, respectively, with the same
Pt loading of 0.2 mge: cm™. This was mainly ascribed to the large electrochemical surface area
(ECSA) of AgiPti NR/C resulting from the uniform and less aggregated shorter NRs.
Moreover, the high electrical conductivity of Ag also contributed to the power performance
improvement, which was boosted after 2 hours of heat treatment at 120 °C. The untreated
Ag1Pt; NR/C catalyst possessed a similar structure and catalytic activity as of AgiPti NR/C.
However, mass transfer resistance was slightly decreased after the heat treatment improving

the power output at a high current density region.

Durability issue - Despite the close lattice constant between Ag and Pt, the atomic segregation
and dissolution of Ag were unavoidable in the severe acidic environment in PEMFC operation.
After the ADT, the GDE made of the Ag:Pt: NR/C catalyst showed a large ECSA drop. Severe
redeposition of Ag is also observed at the interface between the cathode and polymer
electrolyte membrane. These degradation mechanisms finally resulted in a huge power

performance decline rate.

Au integration effect toward AgPt NR/C - Au was then introduced for the growth of Au-
AgPt NRs on carbon support to suppress the metal segregation with AgPt NRs. As presented
in Chapter 5, the introduction of Au ions at the early reaction stage, together with Pt is preferred
to minimise Au deposition on the surface. With 5 at% Au included, longer NRs were formed
with a high ratio of Pt deposition on the catalyst surface, and the ECSA was increased by 7%
compared to AgPt NR/C determined by cathode cyclic voltammetry (CV) scan in the MEA
test. The GDE made of 5 at% Au-AgPt NR/C catalyst showed 1.15- and 1.70-fold higher ORR
mass activity than that of AgPt NR/C and Pt/C, respectively. 1.12-fold power density versus
that of AgPt NR/C as the cathode catalyst was demonstrated in the MEA test in Ho/Air
PEMFCs. The enhanced ORR performance is mainly derived from the superior intrinsic

properties of the catalyst induced by the architect of the single-crystal 1D nanostructure and
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alloy composition. Applying a higher Au content (8-12 at%) resulted in a decreased ECSA,
caused by the severer agglomeration of the NRs and the higher Au deposition on the catalyst
surface blocking the number of the active sites. Consequently, it leads to decreased power

performance.

The enhancement of the Au-AgPt NR/C catalyst is more significant toward its stability in fuel
cell operation. The degradation decreases with the increasing Au content, and the power density
decline is only 39.17% at 8 at% Au after the ADT, which is lower than that of monometallic
Pt NR/C (41.41%) and Pt/C (44.19%). Such achievement is related to the less surface area loss
prevented by the alloying with Au. Considering a good balance between the catalytic activities

and stability, the optimum Au content was determined at 5 at%.

Transferring the growth of 1D Pt hybrid NRs on the GDL - Finally, the growth of Pt and
Ag was transferred directly onto the GDL substrate to develop the advanced support-free 1D
AgPt-based NR array GDE. This approach was firstly attempted to eliminate the degradation
mechanism contributed by the carbon support. Secondly, the direct growth of AgPt NRs on
GDLs offers a thinner, highly porous catalyst layer, which facilitates an efficient gas transfer
for a reduced mass transport resistance. A moderate reaction temperature of 40 °C was applied
to grow AgPt NRs on the GDL surface. While shortening the interval time (ca. 3 hours) of
adding Ag ions was adjusted to improve the alloying degree of AgPt NRs and their distribution
on the GDL surface. A comparable power density at 0.6 VV was recorded for the AgsPtz NR
GDE as that of the Pt/C GDE. However, the high reaction temperature at 40 °C results in a
poor alloying degree between Ag and Pt, thus a large ratio of the Ag metallic phase is detected
at 50 at% Ag content (Ag:Pt: NR GDE). As a consequence, a low ORR activity was recorded

under the MEA test.
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The introduction of ~2 at% Au into AgsPt; NRs GDE to develop Au-AgPt NR GDE is a game-
changing approach. It led to harmonised alloying of all metals and inducing a high degree
deposition of Pt by 22 at% on the NR catalyst surface of Au-AgPt NR GDE than that of the
AgsPt; NR GDE. Hence, 1.25-fold improved ORR activity was generated. The MEA test in
Ha/Air recorded an enhanced peak power density of 0.61 W cm, surpassing the Pt NR and
Pt/C GDEs containing a higher Pt loading (20 wt% more). Furthermore, the MEA with the
Au-AgPt NR GDE demonstrated significantly improved durability, losing only 37.09% of the
peak power density after 5000 potential cycles, which is the least power decline recorded in
this work after the ADT. It is attributed to the effectiveness of the Au alloying to prevent the
ECSA loss, which is ~8 and ~14% less than that of the monometallic Pt NR and AgsPt; NR

GDE, respectively.

Limitations of the support-free Pt hybrid NRs array GDE feature — The optimum catalyst
density on the GDL surface is a key to achieve a high power performance electrode, which
limits the Pt NRs loading of 0.4 - 0.5 mg cm™ [140]. Reducing Pt amount is possible via
hybridisation with the other metal. However, reaching the DoE target of 0.125 mg: for both
anode and cathode is a huge challenge, considering the optimum Pt reduction achieved in this
work was only ~35 wt% by replacing it with Ag and Au. Generally, the Pt hybrid NR/C GDEs
with a lower Pt content possessed a better ORR activity than of support-free Pt hybrid NR array
GDEs (Table 7.1), which can be ascribed to the larger surface area provided by carbon support.
Thus, the limitation of support-free Pt hybrid NR array GDE should further be addressed either
by modification of GDL surface or employing an alternative support material owning high

surface area and good stability.
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Perspective - Compared to the GDEs made of the 1D NR/C catalysts, the ECSA losses during
the ADT is significantly improved for the support-free 1D NR array GDEs with the Au alloyed
NRs (Table 7.1). These results demonstrate an efficient strategy for the fabrication of highly
active and durable electrodes by developing 1D Pt hybrid NR array GDEs. There are a few

propositions to advance the development of 1D Pt hybrid NR array GDEs for the future:

1.  The effect of Au alloying may vary depending on the ratio of Ag and Pt with the Au-
AgPt NRs. Demonstrated in Chapter 5 that the optimum activity enhancement was
achieved with 5 at% Au-AgPt NR/C, reaching a 1.34 fold higher mass activity than the
2 at% Au-AgPt NR GDE. Therefore, further effort to tuning the Au content based on
various Ag and Pt ratios is important to extend the ECSA and ORR activities of the 1D
Pt hybrid NR array GDE.

2. The Au-AgPt NR GDE has effectively reduced the usage of Pt by 20 wt% compared to
the Pt NR GDE (0.4 mgp: cm2). However, it is still considered too high in regard to the-
state-of-the-art catalyst loading to meet the DoE target of 0.125 mgp: cm in PEMFCs.
Surface functionalisation step should further be conducted to the GDL substrate, e.g. acid
treatment or plasma nitriding [143] to increase the catalyst utilisation ratio and further
reduce the catalyst loading.

3. The alloying of Au has been shown as an effective approach to improve the stability of
1D AgPt nanostructures, further Au integration with other catalysts in 1D Pt hybrid GDEs
(e.g. PtNi) potentially induce a stabilisation effect and minimise segregation as of
observed from the 1D PtNi GDE in operating PEMFCs [212].

4. The growing method applied in this thesis has shown transferable to be adapted in
different media (e.g. from the carbon support to the GDL). Employing other support
material such as carbon nanotubes can be a promising future work according to our

previous study [194].
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This thesis has shown a comprehensive study to establish a scalable method to fabricate 1D
AgPt NRs. Such an approach is adaptable to integrate other potential alloyed metals, e.g. Ni
and Co, into 1D Pt hybrid nanostructures, followed by fully leaching the transitional metals to
prepare ultrafine jagged Pt nanorods [31]. This will be a highly scalable approach for preparing

extremely active and stable catalysts for practical applications in next-generation PEMFCs.
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Table 7.1 Resume of catalytic activities and stability of the GDEs in the MEA test

Pt loading / ECSA/ ORR Performance / W cm™ ORR activities Stability (loss) / %
Catalyst - GDE mget cM™2 m? gpet Pat0.6V P maximum Im/ A mget? Is/ HA cm? P maximum  ECSA
Pt/C (TKK) 0.20 50.67 0.42 0.48 0.065 130.29 44.19 76.61
Pt NR/C 0.20 14.68 0.42 0.47 0.080 544.91 41.41 52.04
Ag:Pt: NR/C 0.20 24.26 0.48 0.55 0.098 391.63 46.32 62.03
Ag:Pt: NR/C (no treatment) 0.20 24.17 0.44 0.52 0.095 378.57 49.71 62.12
Au-AgPt NR/C A 2% 0.20 24.47 0.48 0.53 0.098 402.25 47.58 58.94
Au-AgPt NR/C A 5% 0.20 25.98 0.52 0.58 0.110 425.22 39.63 51.2
Au-AgPt NR/C A 8% 0.20 21.37 0.45 0.5 0.090 420.80 39.17 47.59
Au-AgPt NR/C B 5% 0.20 21.73 0.34 0.41 0.050 204.76 - -
Pt/C (TKK) 0.40 51.71 0.49 0.57 0.064 122.83 49.43 78.99
Pt NR 0.40 26.64 0.54 0.58 0.072 316.59 43.62 47.14
Ag:Pts NR 0.37 19.32 0.49 0.56 0.070 361.13 45.52 47.66
Ag:Pts NR 0.34 16.52 0.49 0.53 0.066 397.65 - -
AgsPt; NR 0.32 17.20 0.49 0.52 0.064 372.69 45.67 52.60
Ag:Pt; NR 0.25 19.12 0.36 0.41 0.066 346.02 45.90 51.14
Au-AgPt NR 0.32 17.35 0.54 0.61 0.080 460.97 37.09 38.73
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