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Synopsis  

Oxygen-deficient zirconia (ZrO2-α) holds great promise for applications 

demanding light absorbing materials and has recently become the focus of many 

high-quality studies. Despite various approaches taken to manufacture this 

material, ranging from electrical, chemical, and physical methods, achieving 

commercial success in the production of bulk ZrO2-α has proven challenging to 

date. This project aimed to investigate the feasibility and transformation 

mechanism for plasma-induced blackening of zirconia (ZrO2-α) and to illustrate 

the resulting change in properties and potential for applications. 

Different types of plasma technologies (DC plasma and active-screen plasma), 

variations in DC plasma treatment configurations (contact conditions and cathode 

material), and a range of treatment parameters (potential, temperature, and 

duration) were explored to study the conditions for plasma-induced blackening of 

zirconia and to understand the underlying mechanisms involved in the generation 

of the black oxygen-deficient zirconia. Comprehensively characterisation of black 

zirconia generated through low-pressure plasma treatment, against untreated 

equivalent samples, was characterised in terms of structure, microstructure and 

properties. In addition,  a plasma-induced crack-healing phenomenon was also 

discovered and fully characterised.  

The findings reveal that the bulk-transformed black zirconia can be successfully 

fabricated by low-pressure plasma treatment from industrially available dense 

zirconia and that the oxygen-deficient zirconia formed is structurally unmodified 

from the pristine material. The oxygen-deficient nature of the plasma treated 

zirconia (ZrO2-α) is revealed using a combination of electron paramagnetic 

resonance (EPR), X-ray photoelectron spectroscopy (XPS) and thermal analysis 

(TGA and DSC) characterisation techniques. Light absorption behaviour of 

plasma-treated zirconia, measured via diffuse reflectance spectroscopy (DRS), 

demonstrates >65% absolute light absorption across the tested spectrum (200-

3000 nm). Comparisons of the average absorption across the spectrum indicate 

a substantial enhancement of 66.2% after plasma treatment of the zirconia. 
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Furthermore, plasma treatment is also found to lead to a significant reduction in 

both the direct and indirect bandgap values of zirconia. The direct bandgap 

decreases from 4.84 eV to 2.61 eV, while the indirect bandgap decreases from 

3.19 eV to 1.45 eV. 

The results also elucidate the conditions and the mechanism involved in the 

plasma blackening (reduction) process. The initial location and reduction rate of 

plasma blackening are determined by the contact conditions with the cathode. 

The initiation of blackening in oxygen-deficient zirconia is found to consistently 

arise at locations in direct contact with the cathode, before gradually spreading 

to non-contacting regions. The black areas are always found to expand from the 

cathode-facing surface towards the anode-facing surfaces, and the opposing 

migration of oxygen vacancies and lattice oxygen leads to the hemispherical 

growth of black regions, which differs from traditional current reduction methods. 

Throughout the plasma treatment, the degree of blackening (reduction) of 

zirconia samples varies based on plasma treatment parameters (such as 

temperature, time, voltage, pressure, etc.), with a positive correlation with the 

blackening process being observed for most of them. 

It has also been found that during the plasma reduction of zirconia, indentation-

formed microcracks on zirconia can be healed and microcracks formed by a load 

of 20 kgf are partially repaired under the plasma conditions of N2 gas, 500 °C, 10 

hours, and 3 mbar pressure. The repair of the cracks is attributed to the plasma 

induced transformation of the tetragonal phase around the cracks to the 

monoclinic phase with a lower specific volume as compared with the tetragonal 

phase, which is accompanied by a volume expansion that enables the closing or 

repair of the cracks. Raman mapping and XRD measurements around an indent 

produced by a load of 5 kgf provided strong supporting evidence. Moreover, a 

unique simultaneous increase in both surface hardness and fracture toughness 

is also measured following the plasma-treatment of zirconia and is also attributed 

to the formation of the dispersed monoclinic crystal that pre-stress the material.   
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Chapter 1 Introduction  

Zirconia is a versatile material known for its high hardness, exceptional fracture 

toughness, excellent wear resistance, and good heat insulation properties. It has found 

a wide range of applications as a refractory material, biomedical implant material, and 

for various industrial devices in the last century [1-3]. Introducing metal oxides dopants, 

such as CaO, MgO, or Y2O3, into zirconia can stabilise the high-temperature tetragonal 

(T) and cubic (C) phases, even at room temperature [4]. This advancement has 

significantly enhanced the properties and performance of zirconia and further 

expanded its range of applications [5, 6]. 

As oxygen-deficient zirconia (ZrO2-a) is regarded as a promising material for light 

absorption and photocatalytic applications, it has recently been the subject of some 

high-quality studies [7-15]. The desirable photocatalytic properties of these metal 

oxides photocatalytic materials are related to the abundance of oxygen vacancies 

introduced into the material by defect engineering [8, 15]. This approach has widened 

the application range and potential value of black oxygen-deficient zirconia (ZrO2-a) for 

future energy harvesting, hydrogen generation, decomposition of pollutants, and 

tumour therapy uses [7, 9, 14, 16] (This paragraph was adapted from the work 

previously published in Acta Materialia (Vol 262, 119457) [12]).  

Each of these methods offers alternative pathways to reduce the bandgap of zirconia 

and improve its photocatalysis property. Nonetheless, the current approaches to 

produce blackened zirconia are marked by inherent drawbacks. These include 

prolonged production cycles, the utilisation of dangerous chemical reagents, 

suboptimal efficiency, elevated energy consumption, and environmental concerns [13-

15, 17]. Moreover, most zirconia materials generated through these methods exist in 
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the form of powders, nanotubes or disks. This can create significant barriers to the use 

of dense oxygen-deficient zirconia in future industrial applications. Furthermore, many 

of the approaches involve demanding processing conditions such as high pressures 

and temperatures or the use of strong reducing agents (e.g., acids), thereby creating 

environmental concerns about their safe usage and proper disposal if such methods 

were to be upscaled (This paragraph incorporates work previously published in 

Journal of Materials Research and Technology (Vol 29, Pages 3759-3770) [18]). 

Low-pressure DC plasma treatments, typically employed for surface modifications of 

metallic materials [19-21], involve the applications of a potential difference across 

physically separated anode and cathode electrodes. In the context of low-pressure DC 

plasma treatments, this potential difference induces the creation of a conductive 

medium (plasma), thus completing the circuit between the electrodes. The positive 

ions of the plasma are accelerated towards the cathode while the free electrons move 

towards the anode [22]. As the plasma medium can carry the charge between the 

cathode and anode, low-pressure DC plasma treatments represent a distinctive form 

of electrochemical treatment with no need for a physical connection between the 

electrodes. Therefore, low-pressure DC plasma treatments can be considered a 

unique way that has the potential to bulk-reduce zirconia materials under certain 

conditions (such as pressure, temperature, gas mixture, and voltage) [23, 24] (This 

paragraph incorporates work previously published in Journal of Materials Research 

and Technology (Vol 29, Pages 3759-3770) [18]). 

Therefore, this PhD project aimed to investigate the feasibility and transformation 

mechanism for plasma-induced blackening of zirconia and to illustrate the resulting 

change in properties and potential applications. 
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The specific research objectives were:  

To investigate the potential of low-pressure plasma technologies to produce blackened 

oxygen-deficient zirconia. This has been explored using both DC and active-screen 

plasma treatments with different treatment configurations and contact conditions 

between the sample and the cathode worktable. 

To study the mechanism involved in plasma-induced zirconia blackening by controlling 

different treatment parameters such as voltage, temperature, duration, gas 

composition, and gas pressure. 

To characterise the microstructure and optical properties of plasma-induced oxygen-

deficient zirconia (including XRD, Raman, XPS, EPR, SEM, DRS and STA), providing 

information for understanding the mechanism and laying the groundwork for its 

potential applications. 

To evaluate the change in mechanical properties such as fracture toughness and 

surface hardness and to explore the potential to induce crack-healing behaviour of 

plasma-treated zirconia.  

A brief overview of the following chapters of this thesis is provided below:  

Chapter 2 Literature review of the structure and properties of zirconia, partially 

stabilised zirconia (PSZ), and oxygen-deficient zirconia (ZrO2-a), as well as 

fundamental background of plasma treatment technologies. 

Chapter 3 The key experimental methods used throughout the whole project, which 

include sample preparation, plasma treatments, imaging, XRD and Raman scanning. 

Chapter 4 Content based on the first published paper (Paper I) with supplementary 

materials to report the novel plasma defect engineering approach for the formation of 



4 

bulk oxygen-deficient zirconia (ZrO2-a) supported by detailed microstructure analysis 

and optical absorption characteristics.  

Chapter 5 Content is based on the second published paper (Paper II) with additional 

information to report a systematic study of the conditions and the mechanisms for 

plasma-induced blackening (reduction) of zirconia. 

Chapter 6 Complete draft manuscript (based on which a letter paper is to be submitted) 

devoted to the plasma transformation induced crack-healing phenomena of zirconia 

and a comparative analysis of the mechanical properties between pristine and plasma-

treated zirconia. 

Chapter 7 General discussion that coalesces the findings presented across Chapters 

4-6 to serve as a complete picture of the research project.  

Chapter 8 Comprehensive summary of the key findings of this project and a forward-

looking perspective based on current understanding. 
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Chapter 2 Literature Review 

2.1 History and development of zirconia research 

As an essential part of the ceramic material family, zirconia is widely used in many 

fields, including refractory materials, biological implants, dielectric materials and 

ceramic insulation materials due to its high melting point, high electrical resistivity, low 

thermal expansion coefficient and excellent mechanical properties [1, 25-27]. The first 

discovery of this widely recognised polyhedral material can be traced back to 1789 

when German chemist Martin Heinrich Klaproth accidentally discovered zirconia while 

heating a gemstone. Interestingly, the name “zirconium” is inspired by the Arabic word 

Zargon, meaning the colour of gold, paving the way for zirconia's colourful ceramic 

status [3, 28, 29]. Due to its excellent metallic lustre, zirconia was initially used for 

cosmetic purposes in accessories such as earrings, necklaces, and rings. Zirconia 

was greatly favoured by the public as it was deemed to exude a sense of nobility, 

similar to diamonds [30-32]. 

Early research on zirconia primarily centred on its high melting point and chemical 

stability as a structural ceramic, and therefore garnered limited attention and was 

primarily employed in industrial devices and as laboratory containers [2, 3]. It was not 

until 1972 that the ceramic engineering community confirmed the discovery of partially 

stabilised zirconia (PSZ). By doping with lower valence oxides, such as CaO, MgO, 

La2O3, and Y2O3, the high-temperature cubic (C) and tetragonal (T) phases were able 

to be stabilised at room temperature [4, 5, 33]. On the one hand, this breakthrough 

significantly enhanced the mechanical performance of zirconia (through the 

introduction of transformation toughening behaviour) [34, 35]. On the other hand, 

modifications to the composition of PSZ made it possible to improve its performance 
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and change its colour by adjusting the doping method, including the types and 

concentrations of cations incorporated. PSZ has since emerged as a promising 

engineering material and has received significantly greater research attention [1, 36-

38]. 

As research on zirconia advanced, the distinctive transformation toughening 

characteristics of the material were uncovered in 1975 [39-41]. It was observed that 

zirconia, when subjected to external stress, could induce an internal transformation 

from the tetragonal phase to the monoclinic phase, thereby enhancing its fracture 

toughness [42, 43]. This series of studies further enhanced the understanding of the 

mechanical properties of zirconia. In combination with zirconia's high hardness, 

thermal stability, and biocompatibility, these qualities have made zirconia an ideal 

biomaterial for implantation. Zirconia-based materials have continued to be widely 

utilised as dental implant materials since the late 20th century [44, 45].  

In recent years, the remarkable advancements observed in the performance of black 

titanium dioxide (TiO2-x), particularly in terms of enhanced light absorption and 

photocatalytic behaviour, have sparked substantial interest in the research on oxygen-

deficient zirconia (ZrO2-a) [13, 46]. This type of defect engineering involves the 

introduction of a large number of oxygen vacancies into the crystal structure of zirconia, 

resulting in the creation of donor energy levels between the conduction and valence 

bands [47, 48]. As a result, the electronic bandgap of black zirconia is significantly 

reduced, creating an opportunity for this material's use for photocatalytic and light-

absorption applications [49, 50]. This capacity opens up a promising avenue for 

various metal oxides to play a pivotal role in photocatalysis, facilitating solar-driven 

water splitting for hydrogen generation and providing alternative approaches to 

address the escalating concerns surrounding the future energy crisis. 
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2.2 Structure and properties of zirconia 

2.2.1 Crystalline structure of zirconia 

Zirconia primarily exists in three crystallographic phases: monoclinic (M), tetragonal 

(T), and cubic (C). The equilibrium phase diagram of zirconia with varying oxygen 

content and at different pressures is shown in Figure 2-1. 

 

Figure 2-1 (a) Equilibrium phase diagram of the binary system Zr-O at atmospheric pressure. 

(b) Temperature-pressure phase diagram of pure zirconia [51]. 

As the most common zirconia phase, the M-phase typically exists between room 

temperature (RT) and 1170 °C under normal atmospheric pressure [52]. As implied by 

the name, the crystal lattice exhibits monoclinic symmetry, and its unit cell has different 

dimensions along the different orientations [53]. Additionally, in the M-phase, each 

zirconium cation is coordinated with only 7 oxygen atoms, resulting in a lower lattice 

density of 5.83 (mg/m3) compared to the other two phases [54]. Due to its irregular 

structural nature, the crystal lattice of monoclinic zirconia often exhibits the relatively 

low mechanical properties and fragile reliability of pure monoclinic zirconia 
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demonstrates. Moreover, under high-temperature and/or high-pressure, the M-phase 

zirconia readily transforms to either the T, C and orthorhombic I phase and has the 

potential to lead to component failure, thus limiting the industrial and biomedical 

applications of monoclinic zirconia [52, 55]. 

As one of the typical high-temperature zirconia phases, the T-phase of zirconia exists 

within the temperature range of 1170 °C and 2370 °C, and possesses tetragonal 

symmetry [41, 53]. In this crystal structure, the lengths of the a and b lattice parameters 

are equal, both measuring 3.64 Å, while the length of the c-axis is larger at 5.27 Å, 

and its lattice density is 6.10 (mg/m3) [56]. Within the T-phase, each zirconium atom is 

surrounded by eight oxygen atoms, classifying its structure as a body-centred 

tetragonal lattice, which imparts a degree of mechanical stability. Usually, the T-phase 

cannot be retained at room temperature (RT), even with rapid quenching [55]. 

However, it is possible to maintain the T-phase at RT with the introduction of various 

stabilisers and further enhancing the mechanical performance of zirconia, as will be 

detailed in the following chapters. 

The C phase is another high-temperature zirconia phase, typically found at 

temperatures ranging between 2370 °C and 2680 °C [53]. This phase is not commonly 

found in nature, but can be stabilised (like the T phase) through the addition of 

stabilisers. The unit cell forms a perfect cube in this phase, exhibiting cubic symmetry. 

All three crystal axes are entirely equal, measuring 5.12 Å, and the unit cell density is 

6.09 (mg/m³) [56]. It's worth mentioning that stabilised cubic zirconia often exhibits 

high light-transmitting properties, unlike the tetragonal and monoclinic phases, which 

are typically white [55]. This transparency makes it an ideal choice for various 

applications. Due to its excellent hardness and chemical stability, it is widely used in 

synthetic jewellery and has become a popular alternative to diamond. A table (listed 
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below) has been compiled containing information on the three typical zirconia phases 

and their key lattice parameters. 

Table 2-1. Summary of the structural characteristics of ZrO2 phases at the atmospheric 

pressure. 

ZrO2 

phase 
Space group Lattice parameters (Å) 

Zr coordination 

number 

Density 

(Mg/m3) 

M P21/c a=5.16, b=5.19, c=5.30 7 5.83 

T P42/nmc a=b=3.64, c=5.27 8 6.10 

C Fm3m a=5.12 8 6.09 

 

When subjected to high pressures, the M-phase of zirconia can undergo two phase 

transitions: above 750 °C, the M-phase transforms into the T phase, while below 750°C, 

it transforms into the orthorhombic phase 1 (O1) [56-58]. The pressure requirements 

for the M-O1 transition decrease as the temperature increases: at RT, the transition 

requires a pressure of 7.5 GPa, whereas, at temperatures near 750 °C, the pressure 

requirement decreases to only 3.75 GPa, approximately half the pressure needed at 

RT. If the environmental pressure rises to 22.5 GPa at room temperature, zirconia 

undergoes two transitions to the orthorhombic phases 2 (O2) [57]. It's worth noting 

that the O2 phase is the only one in zirconia that has the potential to transform directly 

into the T and C phases. While the O1 and O2 phases are not very common, their 

existence enriches the research background of zirconia, providing a foundation for 

understanding zirconia's phase transitions and mechanical properties at different 

temperatures. Moreover, they are significant for the development of specific zirconia-

based materials for tailored applications. 
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In addition, a diagram showing the three normal phase transformations of zirconia is 

shown below (Figure 2-2). Due to the disparity in density between the M and T phases 

of zirconia, a significant volume change occurs during the phase transition from M to 

T, resulting in a volumetric contraction of approximately 3-4% [58, 59]. Conversely, a 

volume expansion of approximately 5% occurs during the phase transition from T to 

M [60]. This phenomenon first leads to the development of microcracks within the 

material, and ultimately leads to macroscopic cracking and total material failure. 

 

Figure 2-2 Temperature-related phase transformation of zirconia (adapted from [1]). 

2.2.2 PSZ (partially stabilised zirconia)  

To overcome the mechanical limitations of the M-phase in zirconia, researchers have 

discovered that doping with metal oxides can stabilise the high-temperature phases of 

zirconia at room temperature [4, 61]. Partially stabilised zirconia (PSZ) ceramics 

typically exhibit a biphasic organisational structure that is characterised by the 

coexistence of cubic ZrO2 (C phase) and a portion of tetragonal ZrO2 (T phase) [4, 5, 

62]. The recognition of the "absorption of energy" during the room temperature T to M 

phase transformation in zirconia was identified as a strengthening mechanism as early 

as 1975 [63]. Unlike the stable C-phase, the T-phase is metastable and can undergo 

a martensitic transformation to form the M-phase under the influence of external force, 
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and therefore can contribute to the development of toughening behaviour in the 

material (to be further discussed in Section 2.2.3). 

In these partially stabilised ceramics, intragranular precipitates of T-ZrO2 exist within 

a matrix of stabilised C-ZrO2. Commonly used dopant elements include Mg, Ca, Sc, Y, 

and Nd. Mg and Y are the most frequently employed, typically in concentrations (2%-

8%) lower than those required for full C-ZrO2 stabilisation [34, 63, 64]. These materials 

intentionally avoid achieving complete stabilisation, and thus give rise to the term 

"partially stabilised zirconia" or PSZ, often with the relevant dopant appended to the 

name (e.g., Ca-PSZ, Mg-PSZ, Y-PSZ) [62]. 

The primary method currently employed for the successful manufacture of bulk PSZ 

materials is high-temperature sintering. This process involves the uniform mixing of 

powdered zirconia with stabiliser powder, followed by sintering of the mixture at 

elevated temperatures to form bulk PSZ  [61, 65, 66]. The primary method currently 

employed for the successful manufacture of bulk PSZ materials is high-temperature 

sintering. This process involves the uniform mixing of powdered zirconia with stabiliser 

powder, followed by sintering of the mixture at elevated temperatures to form bulk PSZ  

[67]. This phase transition has left a disastrous mark in the history of YSZ applications, 

with some medical Y-TZPs remembered as catastrophic failures due to spontaneous 

fractures [68, 69]. Numerous studies have attributed the main source of failure to the 

concentration of Y3+ ions around cubic grains after sintering at 1500 °C, which differs 

from the nearly homogeneous distribution of Y3+ ions when sintered at 1300 °C. [68, 

70, 71]. Where the Y3+ ions are segregated, the cubic phase starts to form from grain 

boundaries and triple junctions. The enrichment of cubic grains with Y3+ ions leads to 

nearby yttrium-depleted regions, and therefore creates less stable tetragonal grains 

and acts as nucleation sites for the (t → m) transformation [5, 71]. 
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Furthermore, depending on the ratio of stabiliser doping, there are numerous PSZ 

variations, each possessing distinct physicochemical properties and corresponding 

applications [72, 73]. Using the dopant Y2O3 as an example, two prevalent types of 

zirconia emerge with different amounts of stabiliser: 3YSZ (97 mol% ZrO2 3 mol% 

Y2O3) and 8YSZ (92 mol% ZrO2 8 mol% Y2O3). The primary phases in zirconia for 

these two types are the T-phase (milky white) and the C-phase (transparent), 

respectively. Among PSZ variants, 3YSZ has been demonstrated to possess 

outstanding mechanical properties and is primarily employed in cutting tools, 

biomedical implants and electrons of SOFC (Solid oxides fuel cells). Conversely, 8YSZ, 

owing to its remarkable enhancements in ionic conductivity and high-temperature 

resistance compared to pure zirconia, enjoys widespread utilisation in fuel cell 

electrolyte materials, turbine blades, and bullet-proof ceramics [74, 75]. The variety of 

properties achievable has led to the widespread use of partially stabilised zirconia as 

both engineering ceramics and biomedical materials. As the core material of this 

project, the relevant values of 3YSZ have been summarised and incorporated into the 

following table as a groundwork for the subsequent studies. 

Table 2-2. Summary of the Key Performance Characteristics for 3YSZ. 

 Average 

crystallite 

size (nm) 

Vickers 

hardness 

(GPa) 

Indentation 

fracture 

toughness 

(MPa m1/2) 

Density 

(g cm− 3) 

Young's 

modulus 

(Gpa) 

Conductivity 

(at 700 °C) 

Ω−1 cm−1 

3YSZ 41 12.7 5.8 5.9 217.46 ± 20 0.0037 
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Depending on the varying charges of the doping ions, partially stabilised zirconia also 

demonstrates distinct properties and stability. It is well-known that Zr ions are generally 

tetravalent. When dopant cations are also tetravalent, such as Ce4+ and Ge4+, they 

replace Zr4+ ions in a one-to-one ratio while maintaining charge neutrality and not 

generating oxygen vacancies or free electrons [76-78]. However, as the ionic radii of 

the dopant metal ions differ, PSZ is still found to exhibit different lattice distortions and 

residual stress. The situation becomes more complex when the dopant metal ions are 

trivalent, such as Y3+, Ga3+, and Gd3+. Figure 2-3 illustrates the doping process using 

Y3+ and cubic zirconia crystalline as an example. Two Y3+ ions occupies two original 

Zr4+ ion position, and to maintain charge neutrality, one oxygen vacancy is generated 

in response to the Y3+ ions. The ionic radius of Y3+ is also larger than that of Zr4+ and 

leads to lattice distortion and compressive stress generation after entering the zirconia 

lattice. Many studies have shown that this distortion effectively counteracts the 

tendency of zirconia to undergo T-M phase transitions in response to external forces, 

thereby maintaining lattice stability [79-82]. Another method involves co-doping 

trivalent and pentavalent metal ions, such as Y3+ and Nb5+. The resulting PSZ is found 

to exhibit superior thermal insulation properties and greater stability than traditionally 

doped PSZ [83, 84].  

Another necessary consequence of the zirconia stabilisation with aliovalent cations, 

particularly trivalent cations like Y3+, is the production of oxygen ion vacancies in the 

zirconia lattice. At high temperatures, oxygen ions diffuse through the vacancies, 

generating new vacancies and producing solid electrolytes with oxygen ion 

conductivity. The ionic conductivity strongly depends on the amount of oxygen 

vacancies in the materials, which is controlled by the dopant concentration.   



14 

In recent studies, it has been suggested that future investigations will primarily 

concentrate on three key aspects. Firstly, given that many stabilisers are relatively 

costly, a primary research focus is on cost reduction to facilitate large-scale production. 

Secondly, enhancing the resistance of partially stable zirconia to low-temperature 

degradation to improve its reliability and stability as a biomedical implant. Thirdly, while 

maintaining the fundamental physicochemical properties, improving the electronic 

conductivity of PSZ to expand its applications in electrochemical devices such as fuel 

cells [5]. 

 

Figure 2-3 Schematic diagram of yttrium-stabilised cubic phase zirconia crystal structure 

[85]. 

2.2.3 Transformation toughening  

As mentioned in Section 2.2.1, the practical applications of pure M-phase zirconia are 

limited due to the inability to produce solid M-phase zirconia components. This 

catastrophic failure of pure zirconia components arises from the volume expansion of 

the material in the T-M phase transition when cooling down, which introduces cracks 
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throughout the material that break the solid component into powder. Therefore, 

stabilising the tetragonal and cubic phases at RT and preventing phase transformation 

during cooling is crucial for utilising zirconia in industrial applications. The concept of 

"Transformation Toughening" in ZrO2 was initially introduced in a paper titled "Ceramic 

Steel?" by Garvie, Hannink, and Pascoe [63]. The deliberate choice of this title aims 

to underscore the similarities between ZrO2-based alloys and steel alloys. This 

comparison develops as both systems undergo martensitic transformations at 

relatively low temperatures. Similar to the formation of martensite in steels, the T ⟶ 

M-phase transformation in ZrO2 can be leveraged to enhance the strength and fracture 

toughness of zirconia by modifying the compositions to control the microstructure [86]. 

Transformation toughening is especially effective in zirconia material that contains 

metastable tetragonal phase (t-phase) zirconia particles that are evenly distributed 

within a matrix. This matrix could consist of  cubic zirconia in the case of PSZ, or other 

ceramic phases such as Al2O3 [86]. When subjected to high stress concentrations of 

stress, such as those near crack tips, the t-phase particles tend to undergo martensitic 

transformmation to the monoclinic phase. This transformation results in volume 

expansion, generating a compressive stress field around the particles. This 

compressive stress impedes crack propagation and may even lead to crack closure, 

thereby enhancing the material's mechanical toughness as demostrated in Figure 2-4. 

The degree to which toughness is improved relies on a multitude of factors. Among 

these, the transformation potential of the metastable tetragonal particles plays a 

crucial role, which is intricately linked to their size and structure [87]. Additionally, the 

structure of the matrix is a pivotal determinant, and it is influenced by various factors 

such as the type and concentration of the stabiliser, particle size, presence of residual 
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impurities in the precursor zirconia, and precise temperature control throughout 

processing stages like heating, sintering, and cooling [5, 63, 88].  

The stabilisation of zirconia has two significant effects on its physical properties. Firstly, 

it greatly enhances the toughness of zirconia ceramics with specific microstructures. 

Secondly, it improves the oxygen ion conductivity of zirconia ceramics at high 

temperatures [44]. The same martensitic transformation from tetragonal to monoclinic 

phase, which degrades the mechanical properties of pure zirconia, actually leads to a 

significant improvement in the mechanical properties of stabilised zirconia. Stabilising 

metastable phases of zirconia at room temperature has opened up a plethora of 

engineering applications. Partially stabilised zirconia, owing to its exceptional 

mechanical properties and unique functional behavior, has emerged as one of the 

most vital industrial ceramic materials for advanced structural and functional 

applications [44].   

 

Figure 2-4 Process of fracture toughening promoted by t ⟶ m martensitic phase 

transformation induced by an external stress resulting from crack propagation in a PSZ 

material [89]. 
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2.3 Black zirconia 

The black zirconia encompasses two distinct types: oxygen-deficient zirconia and 

aesthetically coloured zirconia. They are often confused since they both appear black, 

leading to the assumption that they are of the same type. However, it is crucial to note 

that they possess intrinsic differences: aesthetically coloured zirconia typically involves 

the addition of a colouring agent to zirconia without any structural changes occurring,  

it can still be written as ZrO2. Meanwhile, oxygen-deficient zirconia has an insufficient 

oxygen content, hence it can be denoted as (ZrO2-a). Additionally, this chapter will also 

delve into the general characterisation methods of oxygen-deficient zirconia, which 

holds practical significance in distinguishing between ZrO2-a and coloured zirconia as 

experimental products. 

2.3.1 Aesthetically coloured zirconia  

As a widely form of commercial zirconia, stained zirconia holds a significant position 

in the jewellery, ceramic and watch industries. Leveraging its inherent excellent 

mechanical performance and chemical stability, stained zirconia achieves a wide 

range of colours by utilising specialised dyeing processes, typically involving the 

incorporation of different rare earth elements such as yttrium, erbium, and cerium [90]. 

The colour range is extensive, encompassing blue, green, red, and black [91-93]. 

Interestingly, the colours of the commonly encountered 3 wt% yttria-stabilised zirconia 

(3YSZ) and 4 wt% yttria-stabilised zirconia (4YSZ) predominantly appear milky white. 

However, as the yttrium (Y) content increases to around 8-10 wt%, researchers have 

observed a transformation in the partially stabilised high-temperature phases of YSZ, 

in which the primary high-temperature phase shifts from the tetragonal phase to the 

cubic phase [67]. The most conspicuous change resulting from this transformation is 
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a gradual transition in the colour of the zirconia body from milky white to transparent, 

exhibiting considerable translucency around a Y content of 10 wt% [94-96]. Zirconia 

has a relatively lower cost, good mechanical properties and translucency as compared 

with diamond. Therefore, zirconia has served as a noteworthy alternative to diamonds 

in the jewellery industry for a long time. Additionally, its chemical stability, as opposed 

to traditional gemstones, makes it resistant to corrosion and discolouration, enhancing 

the durability of jewellery and making zirconia a significant choice in producing 

numerous high-end products [2, 97, 98]. 

2.3.2 Oxygen-deficient zirconia (ZrO2-a) 

Oxygen-deficient zirconia, as the name suggests, refers to zirconium oxide crystals 

with an insufficient oxygen content within the crystal lattice. The relationships in the 

zirconium-oxygen system were first in detail reported around 1954 (possibly even 

earlier, but the earliest report found through literature indexing is from 1954) by R. F. 

Domagala [99]. He initially constructed a binary phase diagram from zirconium to 

zirconium dioxide by arc melting and heat treating zirconium iodide. He found that 

Oxygen additions to zirconium raise the transformation temperature as well as the 

melting point. Subsequently, the phase diagram of the oxygen-zirconium system was 

further refined around 1961 through the work of Aronson [100]. He fully investigated 

the efficiency of oxygen-deficient zirconia to fully re-oxidise at different temperatures 

and pressures.  

However, many researchers believe that the attention to the oxygen-deficient zirconia 

(ZrO2-a) study was influenced by the significant improvement in the photocatalytic 

performance of oxygen-deficient titania (TiO2-x) [13, 14]. Since the introduction of 

titania (TiO2) for photocatalysis in 1972, various semiconductors have been employed 
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for photocatalytic water splitting, with TiO2 remaining one of the most effective 

photocatalysts [101, 102]. Although zirconia's electronic bandgap exceeds 5 eV, which 

generally precludes its use as a photocatalyst, its value as an irreplaceable vital metal 

oxide within the same group as TiO2 in the periodic table has already been proven by 

its significance for material coatings, sensors, energy conversion, and biomedical 

applications. Moreover, the introduction of oxygen vacancies in metal oxides is widely 

recognised as a method for producing low-bandgap photocatalysts [103-105]. As the 

approaches for introducing oxygen vacancies into metal oxides became increasingly 

mature since 2000, there was a growing interest in reducing the bandgap of zirconia. 

This material is now being widely explored for its potential applications in 

photocatalysis. Researchers have gradually begun to explore various feasible 

methods for the active synthesis of different types of deoxidised zirconia. 

Zu et al. [17] obtained oxygen-deficient zirconia through a process of molten lithium 

reduction, involving heating, washing, and sonication (described in further detail in 

Section 2.2.3). The resulting oxygen-deficient zirconia powder exhibited a 

characteristic black colour, as shown in Figure 2-5. The XRD patterns of their black 

zirconia and pristine zirconia share the same characteristic peaks, with no discernible 

presence of secondary phases or impurities, which aligns with various studies [12-15]. 

Zu et al. [17] also claimed that the grain size of black zirconia obtained through molten 

lithium reduction was slightly increased, which is inconsistent with most studies. Grain 

size reduction has also been reported during the formation of black zirconia. The 

magnesium-thermal reduction strategy demonstrated in the study by Sinhamahapatra 

et al. [13] revealed a smaller grain size in oxygen-deficient zirconia, as compared with 

the untreated material. Another example of grain size reduction following the formation 

of oxygen-deficient zirconia is the Wang et al. study, which utilised a high-pressure 
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torsion method to modify zirconia [15]. Although differing grain size changes were 

reported, all of the studies were in agreement with the development of lattice distortion 

in black zirconia, which has been attributed to the formation of oxygen vacancies in 

the material. 

 

Figure 2-5 Photograph of the white and black samples indicating the colour and XRD 

patterns [17]. 

2.3.2.1 Characterisation of ZrO2-a 

The key focus for determining whether black zirconia synthesised under various 

laboratory conditions can be classed as an oxygen-deficient form, which has the 

potential to be used for certain photocatalytic applications, lies in the identification of 

the presence of oxygen vacancies within its lattice.  

Since the concept of oxygen vacancies (OVs) was first introduced in 1960, it has been 

continually studied in areas involving gases in contact with solid surfaces [106]. It 

wasn't until 2000 that researchers, utilising theoretical calculations and experimental 

characterisations, gradually discovered that oxygen vacancies might be one of the 
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most reactive sites on metal oxides’ surfaces and that oxygen vacancies can alter its 

crystalline structure and modify the electronic and chemical properties of the surface 

[107-110]. Subsequent extensive research has also demonstrated the significant 

promoting effect of oxygen vacancies on the photocatalytic performance of metal 

oxides [111-113]. This primarily results in the broadening of the absorption spectrum 

and narrowing of the bandgap of the metal oxide. These changes in performance are 

attributed to the formation of structural defects, which can reduce the total bandgap 

value of the metal oxide by introducing impurity bands within the gap. It is worth noting 

that when oxygen atoms are removed from a material (creating vacancies), it 

introduces a charge imbalance in the crystal lattice. In response to the charge 

imbalance caused by the oxygen vacancies, electrons (or sometimes other charge 

carriers) within the material move to new energy levels that emerge within the bandgap. 

These energy levels are often referred to as mid-gap levels because they are located 

between the valence and conduction bands. By occupying these mid-gap energy 

levels, it will balance the charge disparity caused by the absence of oxygen atoms 

[104, 105].  

The characterisation methods for oxygen vacancies are diverse. Currently confirmed 

effective methods include electron paramagnetic resonance (EPR), X-ray absorption 

fine structure (XAFS), positron annihilation lifetime spectroscopy (PALS), X-ray 

photoelectron spectroscopy (XPS), Raman spectroscopy, high-resolution SEM and 

TEM, and thermogravimetric analysis (TG) [114]. Based on current research, most of 

the oxygen vacancy characterisation methods are still qualitative (i.e., capable of 

distinguishing between the presence and absence of oxygen vacancies). Quantitative 

methods that allow for the rapid identification of the position, amount and defect types 

of oxygen vacancies still need to be developed further [114]. 
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The majority of the current research on the characterisations of oxygen-deficient 

zirconia remains relatively limited, primarily involving qualitative analyses to infer the 

presence and estimate the quantity of oxygen vacancies. For instance, in 

thermogravimetric analysis, heating oxygen-deficient zirconia under oxygen 

conditions may result in re-filling oxygen vacancies, especially at high temperatures 

[115]. This difference in mass can be detected through TGA. In a study conducted at 

a heating rate of 10 °C/min under air conditions for both black (oxygen-deficient 

zirconia) and white zirconia (pristine zirconia), it was observed that the mass of 

oxygen-deficient zirconia began to significantly increase around 200 °C, reaching its 

peak at 300 °C, exceeding the weight percentage of pristine zirconia in the same 

temperature (same heating stage) by 1.5% [13]. The researcher claimed this increase 

was due to the re-filling of oxygen vacancies in the oxygen-deficient zirconia, a 

perspective corroborated by similar studies [12, 115].  

Furthermore, EPR is employed as a technique to ascertain unpaired electron spins in 

materials. In the case of pure monoclinic zirconia, the EPR spectrum of oxygen-

deficient zirconia is commonly identified with a distinct signal at approximately 

g = 2.002, with a minor peak at g = 1.977, corresponding to oxygen vacancy and Zr3+, 

respectively, while the pristine sample is not found to exhibit any significant EPR signal 

[13, 50, 116]. However, for partially stabilised zirconia, such as YSZ, the mere 

presence of dopant atoms introduces a non-negligible quantity of oxygen vacancies. 

If oxygen-deficient zirconia is synthesised from partially stabilised zirconia, the EPR 

analysis will become considerably more complex, as compared to pure M-phase 

zirconia [12, 14]. 

2.3.2.2 Properties and applications of ZrO2-a 



23 

The emergence of oxygen-deficient zirconia has created many potential opportunities 

in various fields, such as photocatalysis, pollution degradation, and tumour therapy [7, 

9, 13, 16]. Its application value comes from the change intrinsic change in properties 

of oxygen-deficient zirconia. The most direct enhancement is found in the light 

absorption behaviour of ZrO2-a. Studies on the Ultraviolet-Visible-Near Infrared (UV-

VIS-NIR) reflection spectra (200-1400 nm) of oxygen-deficient zirconia reveal 

impressive results [15, 17, 117]. Owing to the wide bandgap (above 5.0 eV) of pristine 

zirconia (white zirconia), strong absorption is only found in the short-wave ultraviolet 

region (<280nm), while relatively weak absorption occurs in the remaining spectrum. 

In contrast, oxygen-deficient zirconia (black zirconia) demonstrates increased light 

absorption across the entire spectrum, particularly in the visible and near-infrared 

regions, as illustrated in Figure 2-6a [17].  

In addition to the studies on the band structure of oxygen-deficient zirconia, 

experiments on the photocatalytic hydrogen evolution activity more intuitively 

demonstrate its potential as an energy material [117-120]. Figure 2-6b illustrates a 

typical time course of hydrogen generation in the full solar spectrum [17]. Results from 

the study by Zu et al. [17] indicated that the hydrogen-evolving capacity of oxygen-

deficient zirconia increased by approximately five times from the untreated material, a 

relatively uncommon phenomenon in hydrogen catalytic materials. In agreement, the 

study by Sinhamahapatra et al. [13] also shows a similar performance change of pure 

monoclinic-phase oxygen-deficient zirconia, which is found to exhibit a significant 

hydrogen-evolving capacity increase, with untreated samples showing limited 

hydrogen generation [13]. In studies involving partially stabilised zirconia as 

experimental samples, the hydrogen-evolving capacity of oxygen-deficient zirconia is 

generally 3-6 times greater than that of untreated samples [14-16]. 
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Figure 2-6 (a) UV–Vis-NIR diffuse reflectance and the (b) photocatalytic hydrogen 

generation of white ZrO2 and black ZrO2 nanoparticles [17]. 

In addition, another noteworthy performance enhancement in oxygen-deficient 

zirconia (black zirconia) is the increase in electrical conductivity [15]. An in-depth 

analysis of the change in conductivity was performed in a study from Ana, and in 

addition to the change in colour (shown to be able to go from white to black and back 

to white again), and found that black (anoxic) zirconia has elevated conductivity. This 

was obtained by simultaneously observing the current values while applying a voltage 

of 50 V to the zirconia poles. When DC-reduction started, a current of more than 650 

mA was observed for oxygen-deficient zirconia, while no current signal was observed 

for untreated zirconia under the same conditions [121]. More importantly, the 

deoxygenation (reduction) process has been found to be rapid and reversible under 

certain conditions, such as flash sintering [122, 123], and the electrical conductivity of 

black zirconia (reduced) is observed to significantly differ from that of white (unreduced) 

zirconia. Currently widely used as electrode materials for SOFC are YSZ (both 8YSZ 

and 3YSZ), which can also appear as solid electrolytes. Given that oxygen-deficient 

zirconia was shown to have a more active conductivity than YSZ, it is believed that it 

also has some potential in the SOFC domain in the future, as well as a sensor for 
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oxygen or humidity, and as a high-temperature material [123-130]. However, 

demonstrations of the potential of oxygen-deficient zirconia for these applications are 

predominantly at the laboratory testing stage, and the feasibility and scalability from 

theory to practice require broader and more in-depth research. 

2.3.2.3 Manufacture of ZrO2-a  

Given the immense potential of oxygen-deficient zirconia across various fields, 

research on the synthesis routes has seen attracted significant interest in recent years. 

However, to fully exploit the superior performance of oxygen-deficient zirconia, the 

primary consideration is the selection and optimisation of manufacture. This relates to 

the crystalline structure and basic physical properties of the produced oxygen-deficient 

zirconia and directly influences its performance for application. Table 2-3 summarises 

the primary reported and notable synthesis methods, providing outlaying information 

on the raw materials, manufacture steps, reaction conditions, cycles, treatment/total 

(treatment + post-processing) duration and products of each published approach. 

These details can assist researchers in gaining a better understanding of various 

methods for preparing and serving as valuable references for future studies, fostering 

continuous exploration and innovation in this field, especially as no published reviews 

have been reported on this topic thus far. 

Based on current research, many methods can successfully synthesise oxygen-

deficient zirconia, demonstrating improved performance in various fields. However, 

most of these methods have significant limitations, including long production cycles, 

use of hazardous chemical reagents, low efficiency, high energy consumption, and 

environmental concerns (e.g., disposal of chemical reagents). For instance, a 

significant portion of these methods, especially those primarily based on reduction 
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processes, involve the use of strong acids (such as hydrochloric acid). Consequently, 

traditional chemical treatment procedures like impurity removal, residual cation 

detection, deionised water washing, and ultrasonic cleaning become unavoidable, 

making synthesising oxygen-deficient zirconia complex. Additionally, most of the 

reduced black zirconia manufactured under these approaches are in powder form and 

require sintering into bulk components for applications demanding structural integrity, 

specific geometries and resistance to mechanical stresses. Re-oxidation is difficult, if 

not impossible, to avoid when sintering oxygen-deficient zirconia, limiting the use of 

the material in the powder form. More importantly, many methods demand harsh 

reaction conditions involving high temperatures, high pressures, or extremely low 

pressures, which undoubtedly impede the large-scale industrial production of zirconia. 

Therefore, exploring a more efficient, cost-effective, and environmentally sustainable 

approach is worth investigating.        
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Table 2-3. The Main Synthesis Approaches for Black Zirconia (Oxygen-deficient Zirconia). 

Treatment 
method 

Raw 
material 

Gas 
Temperature 

(°C) 
Pressure 

(mbar) 

Treatment 
duration 

(h) 

Post-processing 
procedure 

Total 
duration 

(h) 
Product form Reference 

Magnesiother
mic reduction 

Monoclinic 
nano ZrO2 

5% 
H2/Ar 

650 1013 4  
Etch in HCl 

solution, wash 
and dry 

52 Nanoparticles [13] 

High-pressure 
torsion 

Y2O3 
powder 

Air 26.85-400 6*107 0.05 - 0.05 Dishes [14] 

Molten lithium 
reduction 

PSZ 
powder 

Ar 400 1013 0.5 

Wash with HCl 
solution, 

deionised water 
and ethanol; then 

ultrasonication 
and dry. 

2 Nanoparticles [17] 

High-pressure 
spark plasma 

sintering 
 

8%mol 
Y2O3 

powder 

Vacuu
m 

1000-1200 39516 0.05 
Anneal 4 hours in 

air 
4.05 Disks [131] 

Fe2O3 doping 
3 & 8 mol% 
Y2O3 power 

Air 1150 1013 2 

Mix with α-Fe2O3 
powder, disperse 
into ethanol, and 
electrophoretic 

deposition. 

5 Disks [132] 

Ti powder 
interfacial 
reaction 

8%mol 
Y2O3 

powder 

Vacuu
m 

1100 4.9*10-6 2 

Mix with Ti 
powder and then 

react it at 1000 °C 
for 2 h 

4.5 Powder [15] 

Electrochemic
al blackening 

12%mol 
Y2O3 

powder 

Vacuu
m 

800 1013 24 
Apply a voltage of 
100 V and hold T 
at 500 °C for 5 h 

30 Bulk [133] 
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Sol-gel 

Zirconium 
oxychloride 
oxtahydate 

solution 

Liquid 450 1013 24 

Wash with HCl 
solution, 

deionised water 
and ethanol; then 

ultrasonication 
and dry. 

30 Film [134] 

Silver doping 
 

Tetrapropyl 
zirconate 

Liquid 80 1013 10 

Dry in the oven at 
100 °C for 12 h 
and calcine at 

600 °C 

32 Powder [117] 

DC plasma 
treatment 

 

3 mol% 
Y2O3 

cylindrical 
sample 

100% 
H2 

500 3 5 - 
 
5 

Bulk [12] 
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2.4 Plasma & Low-pressure plasma treatment 

Given that the primary experimental technique in this project is low-pressure plasma 

treatment, it is imperative to have a comprehensive understanding of plasma 

composition with different types; plasma formed in laboratory settings due to the action 

of electric fields includes formation conditions, maintenance methods, energy 

propagation processes, as well as various low-pressure plasma treatment setups and 

their limitations. These three aspects will also serve as the main topics of this chapter. 

2.4.1 Plasma 

As the fourth state of matter, distinct from gases, liquids, and solids, plasma is a highly 

ionised state characterised by the loss or gain of electrons by atoms or molecules in 

gases or materials, forming a gaseous mixture of ions, neutral particles and free 

electrons [135]. When gases are subjected to high temperatures, strong potentials or 

strong magnetic fields, free electrons present within the gasses are accelerated. The 

collision of these accelerated electrons with neutral particles in the gas results in the 

removal of electrons from the neutral particles, thus forming new free electrons and 

ionising the neutral particles [136]. The electric field further accelerates the separated 

free electrons, therefore giving rise to further collisions with neutral species, leading to 

a cascade of interactions. This cascade effect strongly relies on the initially accelerated 

(and newly generated) free electrons gaining enough kinetic energy before collisions 

to be able to ionise the elements/molecules [137]. The formation of positive ions 

generates an equal amount of negative charge during this process, which ensures that 

the net charge of negative and positive ions remains consistent at all times, resulting 

in a charge of zero on a large scale [135]. This is this state referred to by researchers 

as “plasma”. 
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This high-energy state is typically generated under elevated temperature conditions 

through gas discharge, laser radiation, strong electric fields, or intense radiation [138-

140]. These harsh conditions make plasma less common in nature than the other three 

forms of matter (solid, liquid, and gas); their occurrences are typically brief yet 

captivating, such as lightning (Figure 2-7a) and aurora (Figure 2-7b) phenomena [141, 

142]. Each lightning strike, usually lasting less than 1 second, releases currents of up 

to 30,000 amperes at voltages around 100 million volts. The plasma temperature 

during a lightning discharge can reach as high as 28,000 K [143, 144]. Auroras, 

typically observed in high-latitude regions as a celestial phenomenon resulting from 

the interaction between the earth's atmosphere and solar winds, can be understood 

as large-scale discharges around the earth [145]. When charged particles from the 

Sun approach the Earth, the Earth's magnetic field guides a portion of them along 

magnetic field lines to concentrate at the North and South Poles [146]. As these 

particles enter the atmosphere, they collide with atoms and molecules, forming plasma 

and releasing light. Due to the different types of atoms involved in the collisions, 

auroras exhibit various attractive and distinct colours; for example, oxygen radiation 

often produces green and reddish-brown colours, while nitrogen radiation tends to 

appear blue and purple [144].   

 

Figure 2-7 Natural plasma in the form of (a) lightning and (b) auroras phenomena. 
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Compared to the grandeur and magnificence of plasmas in nature, the generation of 

plasmas under laboratory conditions often necessitates precise control. To sustainably 

and reliably generate and maintain plasma, numerous environmental parameters such 

as temperature, pressure, power, and gas mixture must be carefully controlled. 

Depending on the working gas pressures, laboratory-generated plasmas are typically 

categorised into two broad types, atmospheric-pressure plasmas and low-pressure 

plasmas [143]. 

Under atmospheric pressure, the arc generated by the lab condition is a good example, 

as shown in Figure 2-9a. When a voltage is applied to dielectric gases (insulators), the 

electric field generated by the voltage pulls negative charges towards the anode and 

positive charges towards the cathode [147]. As the voltage increases, When gas 

experiences electrical breakdown and continues to form plasma, it allows current to 

flow through an insulating medium that would typically not conduct electricity (in this 

example, gas, but it could also be liquid), resulting in the formation of an electric arc 

[148, 149].  

The specific breakdown voltage can be calculated using Paschen's Law, which 

specifically explains that the breakdown voltage for the arc formed between two 

electrodes is a function of the product of gas pressure and electrode distance, 

expressed as V = apd/In(pd)+b. Here, 'a' and 'b' are constants associated with the gas 

composition [150]. At standard atmospheric pressure, a = 43.66 and b = 12.8 [151, 

152]. Additionally, 'p' represents the gas pressure, and 'd' denotes the electrode 

distance. Subsequently, he investigated the breakdown voltage of different gases 

between parallel metal plates as the gas pressure and gap distance varied, and 

obtained Paschen curves as illustrated in Figure 2-8, indicating that, with a constant 
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gap length, the voltage required for arc formation across the gap decreases as the 

pressure decreases, then gradually increases, surpassing its original value [152]. 

 

Figure 2-8 The Paschen curves for Helium, Neon, Argon, Hydrogen, and Nitrogen (adapted 

from [153]). 

The average mean free path of molecules in a gas is the average distance between 

collisions with other molecules. At a given constant temperature, this is inversely 

proportional to the gas pressure. On the right side of the Paschen minimum point (high-

pressure), there are more collisions in the electron path between the electrodes. These 

collisions reduce the energy of the electrons, making it more difficult for them to ionise 

molecules, thereby increasing the difficulty of initiating the avalanche effect [154]. 

Meanwhile, on the left side of the Paschen minimum point (lower pressure), the Pd 

product is small, allowing the electron mean free path to increase. In this scenario, 
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electrons may acquire a significant amount of energy, but the frequency of ionising 

collisions is lower [152]. Therefore, at low pressures conditions, triggering an 

avalanche by applying a higher voltage to ensure sufficient gas molecule ionisation 

can also successfully facilitate the emergence of plasma. A fluorescent lamp, 

illustrated in Figure 2-9b, is a prime example of a uniform direct current or alternating 

current being used between two metal plates, ionising inert gases such as argon or 

neon, producing light with various characteristic colours [155]. 

Due to plasmas' wide range of temperature and density, they find applications in 

various academic, technological, and industrial domains. Examples include extractive 

metallurgy, laser technology, mass spectrometry, space propulsion, plasma surface 

treatment methods, microelectronics etching, medical applications, and nuclear fusion 

research [142]. 

  

Figure 2-9 (a) a filamentary discharge pattern generated by a Tesla coil through plasma and 

(b) a neon gas fluorescent lamp, showcasing the phenomenon of ionisation and visible light 

emission in neon gas when electrified [155, 156]. 
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2.4.2 Low-pressure plasma treatment 

In low-pressure plasma processing, the formation and control of plasma occur at 

relatively low pressures, typically within the range of tens to hundreds of pascals. This 

processing technique finds extensive applications for surface modification of materials, 

thin-film deposition, surface cleaning, and material synthesis [142]. During the 

treatment, interactions between plasma and material surfaces commonly occur 

through excitation and ion bombardment, leading to changes in surface chemical and 

physical properties. Precise control over material can be achieved by adjusting plasma 

parameters and processing conditions, catering to diverse application requirements 

[157]. Consequently, plasma and low-pressure plasma processing play indispensable 

roles in modern technology, providing essential tools and methods for research and 

applications across various fields, including semiconductor manufacturing, thin-film 

technology, biomedical sciences, and energy-related domains [157]. 

As one of the significant applications of low-pressure plasma, plasma carburising and 

nitriding hold prominent positions in the field of surface engineering, providing more 

efficient and precise means to enhance the surface performance of metals [142]. Early 

methods for carburising and nitriding typically involved placing metal samples in a 

target atmosphere, using solid carbon sources or liquid suspension containing carbide 

salts for carburising, and ammonia or nitrogen gas atmosphere for nitriding.  

Typically, to overcome the surface activation energy barrier, these processes normally 

require elevated temperatures, the carbon penetration efficiency also depends on it, 

which might cause high energy consumption [158]. The development of low-pressure 

plasma surface treatment technologies has made carburising and nitriding more 

convenient and efficient. In this approach, plasma treatment begins by ionising the 
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target gases into target ions and free electrons. Subsequently, the target ions are 

accelerated and implanted into the sample surface through an electric field, facilitating 

deeper penetration of nitriding; at the same time, ion bombardment during plasma 

treatment also leads to sputtering of surface material, reaction with the nitrogen-

containing environment and formation, redeposition onto the surface and inward 

diffusion of MxNy compounds [159, 160].  

Compared to traditional methods, low-pressure plasma treatment offers several 

advantages. It requires lower reaction temperatures, reduces energy consumption, 

activates the surface through plasma, facilitates self-cleaning in nitriding/carburising 

processes, and enables uniform and controlled surface modification [158]. This helps 

prevent excessive overheating and material deterioration, ensuring a uniform and 

controlled surface modification. Consequently, the development of low-pressure 

plasma surface treatment technologies leads to the formation of a more uniform and 

dense nitrided layer on metal surfaces, thereby significantly enhancing both nitriding 

and carburising processes. 

It is worth mentioning that the evolution of low-pressure plasma treatment reactors has 

traversed a long period, dating back to the initial report on plasma processing by 

Wehnheldt in 1932 [161]. Through successive advancements in stability and plasma 

processing intensity, Bernard Berghaus and Wehnheldt collaborated in the joint 

development of Klöckner Ionon around 1970, serving as the primary equipment for ion 

nitriding since that time (equipment used within this study are from the same 

manufacturer used; as depicted in section 2.4.2.3). Although the focus of this study is 

the use of such plasma treatments for zirconia ceramics, these commercial plasma 

devices were originally developed for metal nitriding and carburising [161, 162]. 
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2.4.2.1 Glow discharge and arcing  

In the field of low-pressure plasma processing, phenomena such as glow-discharges, 

arcing, and hollow cathode formations are commonly found and can play important 

roles in the outcomes of plasma treatments of materials. Glow discharge is a 

phenomenon normally observed when generating plasma under low-pressure 

conditions; it typically manifests as a continuous glow emitted from the gas discharge 

region [163, 164]. The colour of the glow is characteristic of the composite of the gas 

undergoing excitation and ionisation, with diverse colours formed including blue 

(Xenon), purple (Argon), orange (Neon), purple (Nitrogen), yellow (Helium), and green 

(Krypton). 

The simplest type of glow-discharge is DC glow-discharge; it has a fixed cathode and 

anode in the working tube or furnace, and a target gas such as neon or argon is 

normally present. A potential difference exists between the two electrodes, leading to 

the ionisation of a small fraction of the atoms in the target gas [165]. Simultaneously, 

electrons in the target gas are accelerated by the electric field between the cathode 

and the anode, gaining additional kinetic energy [139, 166]. As these electrons move 

towards the anode, they can collide with other ions or neutral particles in the way, and 

in doing so, they can transfer impart kinetic energy to the impacted particles. When 

the electric field strength reaches a certain level, the kinetic energy of these electrons 

surpasses a threshold, potentially enabling them to liberate additional electrons from 

the impacted particles. Then, these newly formed free electrons are, in turn, also 

accelerated and can contribute to the release of further electrons. This initiates a rapid 

avalanche-like process throughout the entire space (known as the Townsend 

avalanche, as shown in Figure 2-10), leading to a rapid increase in the electron and 

ion density throughout the processing space [166]. 
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Figure 2-10 Townsend avalanche event with cascades of electron-induced ionisation events 

[139]. 

 

Figure 2-11 Typical current-voltage plot for different electric-discharge regimes [139]. 
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This cascading process ultimately leads to the formation of a plasma. Before point E, 

it is known as the dark discharge, where the current is very low, and the discharge 

phenomena are not visible to the naked eye. Only a small amount of corona discharge 

and breakdown phenomena exist, with most charged particles accumulating near the 

cathode (positive ions) and the anode (free electrons) [139, 167]. 

After point E, the voltage has reached the breakdown voltage, and breakdown events 

at the electrodes dissipate the accumulated potential. Therefore, from E to F, a 

decrease in voltage and an increase in current intensity is observed. Notably, the low-

current plasma only forms on a very limited portion of the cathode. As the current 

increases from F to G, the plasma begins to saturate the entire surface of the cathode 

(including recesses and edge regions), and at point G, a brighter and wider glow- 

discharge becomes visible to the naked eye. From point G to H, complete saturation 

of the cathode surface is already achieved, and the potential difference between the 

electrodes begins to increase. Consequently, increases in a current density lead to 

direct increases in the potential difference (referred to as abnormal glow discharge). 

Low-pressure plasma technologies such as plasma nitriding and carburising are 

typically employed within this region [167-169].  

As the voltage continuously increases, the cathode is bombarded by the plasma, 

gradually raising the temperature. After point H, the electrode becomes hot enough to 

emit electrons thermally. With further increasing voltage, arc-discharges replace the 

glow-discharge. Since arc-discharges are more intense than glow-discharge and can 

generate many charges with each arc, resulting in a significant voltage drop and an 

increase in current (V proportional to 1/I) [168].  
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In the plasma treatment, arc-discharges can develop from the build-up of charge in a 

localised area (The presence of organic material (oil) due to poor cleaning or dust), 

leading to the electrical breakdown of the medium [170, 171]. This leads to electrical 

discharge from the charged region to the ground or anodic electrode. Long time arc 

discharge generates extremely high temperatures, causing the metal material in that 

area to melt or sputter, which may lead to the failure of the workpiece. While plasma 

treatment equipment typically comes equipped with rapid automatic arc detection 

devices, which commonly utilise current-limiting resistors combined with LC oscillation 

(a type of electrical oscillation occurring in a circuit containing an inductor (L) and a 

capacitor (C), it is still essential to enhance the pre-cleaning of the workpiece surface, 

including degreasing and dust removal, in order to minimize workpiece arcing during 

plasma treatment [172, 173]. 

2.4.2.2 Hollow Cathode Effect 

The hollow cathode effect refers to the phenomenon that the cathode surface is not 

uniformly covered by a negative glow in a low-pressure plasma environment, 

especially refers to the formation of a higher-density plasma region near the cathode 

when a current passes through a cathode with a hollow or a hollow-like structure [174-

176]. This high-density region is generally believed to accelerate the efficiency of 

plasma processing.  

In the stage from point G to H (Figure 2-11), where the plasma has uniformly covered 

the entire cathode surface, the hollow cathode effect will persist between closely 

assembled components (components are put closer enough but larger than the 

location where the negative glow plasma forms) or on irregularly shaped workpieces 

(or sharp corners, such as those found at the edges of samples or in small holes). 
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Taking small holes as an example, the hollow cathode effect occurs because the 

negative glow regions around the hole walls overlap, leading to a rapid increase in the 

glow current density within the overlapping regions. This results in a significant 

temperature rise in the overlapping regions, and therefore, greater radiation of heat 

towards nearby surfaces. In the case of small holes, this leads to higher temperatures 

near the holes and lower temperatures away from the holes. The formation of hollow 

cathodes on samples can sometimes lead to deformation of samples, unwanted phase 

transformations and potentially melting of the material. Therefore, in the plasma 

processing of workpieces with complex geometries, measures are typically taken to 

pre-cover areas prone to the formation of hollow cathodes before plasma treatment. 

However, this practice can sometimes contribute to increased overall processing time, 

reduced yield of treated materials, and increased cost [172].  

Despite their ambiguous name, the presence of hollow cathode phenomena can 

indeed be directly observed in plasma furnaces. Figure 2-12 illustrates the formation 

of hollow cathodes on an active screen lid used for active screen plasma nitriding. A 

metal-made active screen is positioned within the plasma furnace, enabling the 

observation of a stable glow discharge within the furnace. For each small hole on the 

active screen, as seen in the top-down view (bottom right corner in the figure), a small 

dense region is noticeable at the very centre, indicating the presence of the hollow 

cathode. 
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Figure 2-12 Hollow cathode formation on active screen [177]. 

However, with precise control, the hollow cathode effect can be also employed to 

expedite plasma processing. Many studies have devised highly efficient and simple 

solutions (similar to the plate as shown in Figure 2-13a) to boost processing efficiency 

in the DC plasma treatments [175, 178-180]. Concurrently, hollow cathode gas plasma 

sources with an inherent hollow cathode structure have been extensively developed 

as well, taking the FHC (fused hollow cathode) as an example (as depicted in Figure 

2-13b), When there is gas and the lines/holes are given a cathodic potential, hollow 

cathodes form due to the interaction of the negative glow regions of adjacent 

plates/holes. These have emerged as alternatives to inductively coupled plasma (ICP) 

and microwave plasma (MP) sources, employed in plasma-enhanced atomic layer 

deposition (PE-ALD) and plasma-enhanced chemical vapour deposition (PE-CVD). 
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Figure 2-13 shows (a) An aluminium hollow cathode plate with 2.5 cm diameter of each hole; 

(b) Schematic diagram of the fused hollow cathode cold atmospheric plasma system with the 

rectangular electrode cartridge — HELIOS (hollow electrode linear integrated open 

structure) [178]. 

2.4.2.3 DC and AS Plasma 

In this research, two types of low-pressure plasma treatments have been extensively 

explored, namely the DC (direct current) treatment and AS (active screen) plasma 

configurations (as illustrated in Figure 2-14). As both technologies are fundamental to 

this study, it is valuable to provide a background into the underlying principles and 

applications of the technologies.  

Under DC plasma configurations, samples to be treated are directly in contact with the 

cathodic worktable of the furnace, and therefore (as illustrated in Figure 2-14a held at 

a cathodic potential (i.e., samples are extensions of the cathode). Alternatively, under 

AS plasma configurations, samples are electrically isolated from the worktable (i.e., 

held as a floating potential) while a conductive mesh cage and screen, connected to 

the cathodic worktable, surrounds the samples within the furnace (as illustrated in  

Figure 2-14b). Due to the traditional use of AS plasma treatments for nitriding or 

carburising of stainless steel materials, the mesh cage and screen (also commonly 

referred to as the active screen cage and lid) are composed of AISI 316 austenitic 
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stainless steel (although other materials can also be used such as Titanium) [181]. A 

distance of 20 mm was normally kept between the sample surface and the active 

screen lid. Under both DC and AS plasma configurations, the inner chamber walls of 

the furnace act as the anode electrode [18, 21, 181, 182]. 

As one of the traditional processes in plasma-assisted surface engineering, low-

pressure DC plasma nitriding has been widely accepted within the industry for the 

nitriding of ferrous-based materials over the past four decades. It has found numerous 

advantages compared to alternative nitriding methods such as gas and salt bath 

nitriding, such as reducing energy consumption (as previously described in section 

2.4.2) [183-185]. However, as samples to be treated are held at a cathodic potential 

during DC plasma treatment, plasma is generated and maintained near the surface of 

the samples. Although this direct contact with the plasma species enables in-situ 

cleaning of sample surfaces and brings the species necessary for the treatment of the 

surface (through ionic bombardment), it also creates some undesirable conditions. 

These disadvantages include potential damage to the sample due to the formation of 

arcs directly on the sample surface, inhomogeneous working temperature across the 

sample surface, electrically conductive sample surface requirement, and potential 

hollow cathode formations on samples (e.g., at sharp corners) (as mentioned in 

section 2.4.2.1 & 0). As an approach to overcome these barriers, AS plasma was 

developed in the 1990s to treat samples without the formation of the glow-discharge 

on the sample surface [18]. 

In AS plasma treatments, a mesh frame that connects to the cathode is used, while 

the sample is isolated using electrically insulating materials such as mica crystals or 

alumina (Al2O3) [18]. In this way, the sample can be maintained at a floating potential 

or lower bias voltage, thereby shielding it from direct ion bombardment. At the same 
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time, a high cathodic potential is generated on the metal screen, causing positively 

charged ionised particles in the furnace to bombard the mesh. Since this cage is a 

mesh, this leads to two crucial events: (1) the ions pass directly through the gaps in 

the mesh and are accelerated towards the sample surface, or (2) they impact the 

active screen and induce particles to sputter away and then fall (or travel through the 

gaps) and deposit onto the sample surface. In both cases, it results in the deposition 

of the materials, and for certain materials, can allow for the diffusion of light elements 

(e.g. nitrogen) into the material surface, thereby forming a modified surface layer [183, 

184, 186].  

However, the application of AS plasma treatment is encumbered by several limitations.  

Primarily, it operates under a line-of-sight principle, wherein predominantly the areas 

directly facing the AS lid receive treatment which means that the sample 

edges/surroundings will not equally be treated like DC [181, 184]. Meanwhile, the 

distance between the sample surface and the lid exerts a significant influence on the 

outcomes. The proximity of the sample to the lid may result in heightened ion 

penetration through the screen during plasma treatment, thereby inducing undesirable 

effects reminiscent of DC-related issues. Additionally, proximity to the screen may 

precipitate rapid heating of the sample, attributed to thermal radiation emanating from 

the screen. Conversely, distancing the sample too far from the lid is posited to impede 

the desired nitriding effect. Furthermore, during the carburising processing, it tends to 

engender a layer of soot on the surface, impeding deposition and diffusion [186, 187]. 
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Figure 2-14. Schematic diagram of (a) DC and (b) AS plasma treatment setups [18]. 
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Chapter 3 Experimental Work 

This chapter is dedicated to the core experimental techniques that span across the 

three following research studies as reported in Chapter 4 to Chapter 6, and include 

sample preparation, plasma treatment, imaging, X-ray diffraction (XRD), and Raman 

spectroscopy. It is worth noting that more characterisation methods were used as 

described in the subsequent chapters; however, they only appear within their 

respective chapters, and detailed descriptions of them are provided within their 

respective chapters (Section 3.2 and 3.4 in this chapter were adapted from the work 

previously published in Journal of Materials Research and Technology (Vol 29, Pages 

3759-3770) [18] and Acta Materialia (Vol 262, 119457) [12]). 

3.1 Materials and sample preparation 

The raw material utilised in this project is High purity 3 mol.% Yttria Partially Stabilised 

Zirconia (3YSZ), which was provided by Precision Ceramics (UK) through a high-

temperature sintering process.  

Table 3-1 The core data of the 3YSZ original specimens. 

Properties Values 

Density [g/cm³] 6.05 

Young’s Modulus [GPa] 200 

Hardness HV 0.5 [GPa] 13.5 

Fracture toughness KIc [MPa/m²] 8 

Thermal shock resistance [ΔT °C] 250 

Thermal conductivity [W/mK] 2 
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Yttria-stabilised (3 mol%) zirconia (3YSZ) rods (10 mm diameter) were abrasion cut 

(Struers Accutom 50) using cubic boron a nitride cutting wheel to produce 3 mm thick 

cylindrical samples. Samples were subsequently flattened and ground (up to #4000 

grit size) using SiC abrasive paper. Prior to plasma treatment, samples were polished 

using diamond suspensions (from 9 µm down to 1 µm). Ultrasonic cleaning using liquid 

detergent and acetone was carried out to remove contaminants between each stage.  

Following plasma treatment, sample surfaces were polished using 1 µm diamond 

suspensions for approximately 10 seconds to remove the deposition layer formed 

during the plasma process and to return the surface to a smooth finish. 

3.2 Plasma treatment 

Plasma treatments were conducted using a Klöckner Ionon 40 kVA DC (direct current) 

plasma furnace at a treatment temperature RT-500 °C using the following parameters 

of voltage (< 600V), current (<5A), 100% H2 or N2 gas atmosphere, and working gas 

pressure of 3 mbar (300 Pa). Zirconia samples were positioned directly onto the 

stainless-steel worktable (cathode) and treated for 0.5-10 hours (Figure 3-1). 

The anode of the power supply was connected to the interior furnace wall of the 

plasma chamber (as indicated by the yellow line in the diagram), the inner wall of the 

furnace can be considered as the anode. The cathode of the power supply was 

connected to the worktable where the samples were placed, so the worktable and the 

samples (when they become electrically conductive) can be directly considered as 

extensions of the cathode once the plasma is on. Due to the typically high-temperature 

environment inside the furnace during plasma treatment (in contrast to room 

temperature), circulating cooling water between the inner and outer walls of the 
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furnace to keep the walls cool and aids in cooling down once the treatment is 

completed. 

 

Figure 3-1 Schematic diagram of the DC plasma treatment configuration. 

3.3 Imaging 

In this project, the images provided can be categorised into two types. The first type 

comprises images displaying the appearance of samples at a large scale to 

demonstrate colour variations at the bottom, top, and cross-sections of the samples 

(primarily in chapters 4 and 5). The second type consists of magnified images 

showcasing the surface morphology/indentations of the samples (mainly in Chapter 

6). 

For the first type of image: polished samples were placed under good optical 

conditions (six 60 W daylight bulbs provided adequate illumination from different 

angles), and the background where the samples were placed provided a grid of 
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standard dimensions (10 mm x 10 mm) to allow the formation of a scale bar. The 

images of the samples were captured using a mobile phone camera. 

For the second type of images: optical images near the indentation were obtained 

using a Axioskop 2 Zeiss optical microscope. The illumination setting was adjusted to 

2, while the grating remained in its original mode. To capture comprehensive images 

accommodating various indentation sizes, 5x, 10x, and 20x objectives were utilised as 

needed. 

It is worth noting that the acquisition of the surface morphology images of the samples 

exclusively employed optical instruments instead of SEM (scanning electron 

microscope). This is because zirconia itself is a non-conductor, and during the testing 

process, the accumulation of excess charge on the sample surface leads to poor 

imaging quality. Although the quality of SEM images can be partially improved by 

techniques such as gold coating (sputter coating process), using silver powder and 

silver paste, and employing conductive sample holders, discerning disparities between 

ZrO2 and ZrO2-x remains elusive under SEM. Therefore, only surface topography 

information can be obtained - which is not information that is particularly valuable for 

this study. 

3.4 XRD and Raman 

Crystallographic phase analysis was performed using a Proto AXRD benchtop X-ray 

diffractometer fitted with a Cu radiation source (Kα = 0.15406 nm). Measurements 

were performed between the 2θ values of 20 ° and 80 ° using step increments of 

0.01493 °. XRD spectra were analysed using the PANalytical Highscore Plus and Jade 

6.5, followed by further optimisation and presentation using the OriginLab OriginPro 

software package. 
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Identification of the near-surface chemistry, phase structure (tetragonal to monoclinic 

transformation) and light absorption capabilities of the zirconia materials were 

performed using a Renishaw inVia Raman microscope fitted with a 532 nm excitation 

laser source and groove density of 1800 l/mm. Raman spectra were collected in the 

Raman shift range of 100–800 cm-1. Decomposition of the Raman spectra was 

performed using the Renishaw WiRE software package to determine peak centre 

positions and FWHM (full width at half maximum) of each component before and after 

plasma treatment of the zirconia. Light absorption capability calculations were derived 

by comparing the area of each deconvoluted component of the spectra obtained from 

untreated and plasma-treated zirconia, utilising the CasaXPS software package. 

Subsequently, data were further optimised and presented using the OriginLab 

OriginPro software package. 
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Chapter 4 Plasma Defect-Engineering of Bulk Oxygen-Deficient 

Zirconia 

 

Note: The work presented in this chapter has been published in the peer-reviewed 

journal Acta Materialia (Vol 262, 119457) [12].  

 

Contribution: (Conceptualization: Supporting; Data curation: Lead; Formal analysis: 

Equal; Investigation: Lead; Methodology: Supporting; Validation: Equal; Writing –

original draft: Lead; Writing – review & editing: Equal). 
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Abstract 

Oxygen-deficient zirconia (ZrO2-a) has recently emerged as a promising material for 

light absorption and photocatalytic applications. However, the economic and 

environmentally friendly manufacture of bulk ZrO2-a remains challenging and has 

limited widespread adoption. In this study, we present a novel low-pressure (300 Pa) 

plasma treatment (H2 gas at 500 °C for 5 hours) capable of producing fully-dense bulk 

ZrO2-a without significant structural modifications. EPR (electron paramagnetic 

resonance) and XPS (X-ray photoelectron spectroscopy) characterisation of the 

plasma treated zirconia indicate the formation of Zr3+ ions + (V𝑂
∙∙) centres. The increase 

of oxygen vacancies is also supported by the greater exothermic heat flow and relative 

mass gain observed through TGA (thermogravimetric analysis) and DSC (differential 

scanning calorimetry) analyses. Diffuse reflectance spectroscopy (DRS) reveals a 

substantial enhancement in light absorption, with an average increase of 66.2% 

and >65% absolute absorption across the entire spectrum (200-3000 nm). XPS and 

DRS measurements suggest a significant reduction in both direct (from 4.84 to 2.61 

eV) and indirect (from 3.19 to 1.45 eV) bandgap transition. By effectively enhancing 

the light absorption capability, reducing bandgap transitions, and maintaining the 

structural integrity of zirconia, low-pressure plasma treatments offer a promising and 

scalable approach for the environmentally friendly production of next-generation ZrO2-

a materials. 
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4.1 Introduction 

Semiconductor-based technologies hold great promise for meeting the increasing 

demands for renewable and green energy. Significant research efforts have been 

directed towards developing future solutions, at both material and device levels, 

capable of harvesting or producing energy from sustainable sources [188-190]. 

Numerous studies have already demonstrated the potential for semiconducting 

materials to act as solar energy harvesters or photocatalytic materials, for instance for 

the efficient generation of hydrogen from water [191, 192]. However, when compared 

to commonly studied materials such as silicon and titanium dioxide, pristine zirconia is 

not typically considered an attractive solution for energy applications. The relatively 

wide bandgap of zirconia (approximately 5-6 eV) does not readily facilitate the initiation 

or catalysis of typical reactions involved in these applications [193-198]. Fortunately, 

recent breakthroughs using defect-engineering techniques have demonstrated the 

possibility to reduce the bandgap of zirconia by introducing large densities of oxygen 

vacancies (e.g., down to 2.52 eV in a study by Sinhamahapatra et al. [199]). Such 

modifications can create new donor energy levels between the valence and 

conduction bands (known as mid-gap states), and consequently, transforms the 

electrically insulating zirconia into an n-type semiconducting material [200]. The 

narrow bandgap of oxygen-deficient zirconia (ZrO2-a) enables the absorption of 

photons with longer wavelengths, which also increases the photocatalysis range of the 

material. This has generated substantial interest for the use of ZrO2-a as a future 

photocatalytic material for the splitting of water to generate clean hydrogen, for the 

decomposition of CO2  to reduce greenhouse gases, and for the formation of reactive 

oxygen species (e.g., superoxide ions, hydroxyl radicals and peroxides) [201-205]. 
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Although oxygen-deficient zirconia has many encouraging properties, the challenges 

to efficiently produce oxygen vacancies in zirconia have limited its widespread 

adoption. This barrier corresponds to the high energy requirements, of the order of 

7.8-9.1 eV (753–880 kJmol−1), to dissociate Zr-O bonds [199, 206-210]. Consequently, 

oxygen deficient zirconia has largely been confined to research environments, where 

significant efforts have been dedicated to developing new highly efficient and cost-

effective manufacturing  routes. Two promising approaches are the Zu et al. [200] and 

Wang et al. [211] methods, both of which make use of zirconia particle/powder 

precursors. In the Zu et al. [200] method, oxygen-deficient zirconia nanoparticles are 

produced through molten lithium reduction of pure zirconia disks at 400 °C under high-

purity argon gas. Once the zirconia turns black, impurities are removed by repeated 

washing with HCl, ethanol, and deionised water, followed by ultrasonication to return 

them to nanoparticles. The Wang et al. [211] approach produces black oxygen-

deficient zirconia through high-pressure torsion straining (6 GPa for 2 turns at 400 °C) 

of yttria-stabilised zirconia powders, which forms a thin, dense, and highly distorted 

layer of material (due to plastic deformation, lattice defects and phase transformation 

events). 

In addition to the above mentioned approaches, various other techniques have also 

been explored for introducing oxygen vacancies into zirconia, including electric (or 

flash) sintering,[196, 212, 213] high-temperature carbon reduction,[214] cationic 

doping,[215-217] Ar+ bombardment,[218] magnesiothermic reduction,[199, 202] and 

electrochemical reduction [219-225]. Each of these methods offer alternative 

pathways to reduce the bandgap of zirconia and improve its photocatalysis property. 

It is important to note that, other than the electrochemical reduction methods, the other 

listed approaches have only been demonstrated to work with zirconia in the form of 
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powders, nanotubes, or disks. This can create significant barriers for use of dense 

oxygen-deficient zirconia in future industrial applications. Moreover, many of the listed 

approaches involve demanding processing conditions such as high pressures and 

temperatures or the use of strong reducing agents (e.g., acids), thereby creating 

environmental concerns about their safe usage and proper disposal if such methods 

were to be upscaled [199, 226]. 

Electrochemical reduction techniques, which can form oxygen vacancies in solid 

zirconia, have shown promising results for rapidly forming dense sheets of oxygen-

deficient zirconia. By applying a voltage difference at two ends of the material, it is 

possible to generate oxygen vacancies at the anode-facing end and propagate them 

towards the cathode-facing end [23, 196, 213, 219, 222]. As the electrodes must be in 

direct contact with the ends of the material, this can generate a tri-layer junction across 

the specimen when applying large potential differences, leading to the potential 

development of n-type conductivity at the cathode-end, p-type conductivity at the 

anode-end, and a largely unchanged bulk [227, 228]. High-temperature 

electrochemical reduction methods utilising voltage biases and manipulating boundary 

conditions have been shown to be able to effectively bypass this tri-layer configuration 

[229]. The major advantage of the electrochemical reduction approach is the ability to 

utilise commercially available solid zirconia sheets for the transformation into 

identically shaped and sized oxygen-deficient zirconia sheets. In this way, it is more 

convenient and cost-effective to showcase the potential of oxygen-deficient zirconia, 

as well as to significantly reduce the barriers to future upscaling and industrial adoption. 

In addition, the direct production of solid products bypasses the challenges related to 

the efficient sintering of oxygen-deficient zirconia powders without re-oxidation. 

However, existing electrochemical reduction routes pose challenges for the 
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homogeneous treatment of components with complex geometries (non-uniform 

potential difference) or the low-temperature formation of fully n-type or p-type 

semiconducting oxygen-deficient zirconia (due to the directional growth and the 

potential tri-layer structure). 

Low-pressure direct current (DC) plasma treatments, which are traditionally used to 

modify the surfaces of metallic materials,[19-21] also involve the use of a potential 

difference across an anode and a cathode. In the case of low-pressure DC plasma 

treatments, this potential difference leads to the formation of a conductive gas medium 

(plasma), which completes the circuit, and enables the acceleration of positive ions 

(towards the cathode) and electrons (towards the anode). As the gas medium can 

carry the charge across the cathode and anode, there are no requirements for the 

physical connection of the electrodes [22]. Therefore, low-pressure DC plasma 

treatments can be considered a unique form of electrochemical treatment that has the 

potential to bulk-reduce zirconia materials under certain conditions (such as pressure, 

gas mixture, and power) [23, 24]. However, as electrically conductive materials are 

traditionally required for DC plasma treatments, no studies have explored the 

feasibility of DC plasma treatments to transform pristine zirconia into oxygen-deficient 

zirconia [22]. 

Thus, the aim of this study is to investigate the potential of low-pressure DC plasma 

treatments to reduce solid polycrystalline zirconia into oxygen-deficient zirconia. As 

the feasibility of the plasma treatment and the comprehensive characterisation of the 

treated material is the focus of this study, a simple plasma treatment protocol has been 

chosen (100% hydrogen plasma treatment under a fixed temperature of 500 °C and 

gas pressure of 300 Pa).  
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4.2 Methods 

4.2.1 Sample Preparation 

Yttria-stabilised (3 mol%) zirconia rods (10 mm diameter; Precision Ceramics UK) 

were abrasion cut (Struers Accutom 50) using cubic boron nitride cutting wheels to 

produce 3 mm thick cylindrical samples. Samples were subsequently flattened and 

ground (up to #4000 grit size) using SiC abrasive paper. Prior to plasma treatment, 

samples were polished using diamond suspensions (down to 1 µm). Ultrasonic 

cleaning using liquid detergent and acetone was carried out to remove contaminants 

between each stage. 

4.2.2 Low-pressure DC Plasma treatment 

Plasma treatments were conducted using a Klöckner Ionon 20 kVA DC plasma furnace 

at a treatment temperature of 500 °C using the following parameters of 550 V, ≈1 A, 

100% H2 gas atmosphere, and working gas pressure of 3 mbar (300 Pa). Zirconia 

samples were positioned directly onto the stainless-steel worktable (cathode) and 

treated for 5 hours (Figure 4-1). After the plasma treatment, samples were gently 

polished using 1 µm diamond suspensions to remove loose deposited material (due 

to sputtering from the worktable). 
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Figure 4-1 Schematic diagram of the DC plasma treatment configuration (a). Initially, the 

glow-discharge plasma only forms on the cathodic worktable (b). However, as the treatment 

progresses, (c) the glow-discharge also begins to form on the zirconia specimen (as 

indicated by the hollow cathode formation). 

4.2.3 X-ray diffraction (XRD) 

Crystallographic phase analysis was performed using a Proto AXRD benchtop X-ray 

diffractometer fitted with a Cu radiation source (Kα = 0.15406 nm). Measurements 

were performed between the 2θ values of 20 ° and 80 ° using step increments of 

0.01493 °. XRD data was analysed using the PANalytical Highscore Plus software 

(with the ICDD PDF-2 database). 

4.2.4 Raman spectroscopy 

Identification of the near surface chemistry, phase structure (tetragonal to monoclinic 

transformation) and light absorption capabilities of the zirconia materials was 

performed using a Renishaw inVia Raman microscope fitted with a 532 nm excitation 

laser source and groove density of 1800 l/mm. Raman spectra were collected in the 

Raman shift range of 100–800 cm-1. Decomposition of the Raman spectra was 
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performed using the Renishaw WiRE software package to determine peak centre 

positions and FWHM (full width at half maximum) of each component before and after 

plasma treatment of the zirconia. Light absorption capability calculations were 

obtained by comparing the area of each deconvoluted component of the spectra 

obtained from untreated and plasma treated zirconia (using the CasaXPS software 

package). The relative change in area under the curve for each fitted component 

following plasma treatment was compared with untreated zirconia to calculate the 

average percentage change in total emitted light. 

4.2.5 Electron paramagnetic resonance (EPR) spectroscopy 

Paramagnetic centres in the zirconia were investigated using EPR spectroscopy 

(ELEXSYS-II EPR spectrometer) at room temperature using an N2 atmosphere at an 

X-band frequency of 9.84 GHz, modulation amplitude of 1 G (0.1 mT) and microwave 

power of 3.99 mW. Patterns were generated around a 3500 G central magnetic field, 

with a sweep width of 150 G and sweep time of 30 s. 

4.2.6 X-ray photoelectron spectroscopy (XPS) 

Changes in the bonding environment of Zr and O atoms within the zirconia samples 

following plasma treatment were investigated using XPS spectroscopy (Thermo 

Scientific Nexsa XPS) fitted with a monochromatic Al X-ray Kα (1486.6 eV) X-ray 

source. Valence band (VB) energy levels of the zirconia samples were revealed by low 

energy XPS spectroscopy (up to 10 eV with an energy step size of 0.1 eV). High 

resolution scans (energy step size of 0.05 eV) were used to characterise the bonding 

environment of Zr 3d (178-188 eV) and O 1s (526-538 eV) electrons. C1s (284.6 eV) 

scan correction was performed for all spectra to account for the charging of the 

samples. Deconvolution and analysis of XPS spectra were performed using the 
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CasaXPS software package. Monte Carlo error analysis was used to test the validity 

of the modelled components and to calculate the standard deviation of the area 

compositions. Further information regarding the fitting parameters and error analysis 

can be found in section 4.5 of the supplementary information. 

4.2.7 Thermal analysis 

Simultaneous thermal analysis (STA) measurements were carried out to determine 

the mass and heat flow changes of the samples upon heating. Both thermogravimetric 

analysis (TGA) and differential scanning calorimetry (DSC) data were measured on 

untreated and plasma treated zirconia (recorded simultaneously) using a Netzsch STA 

449F3. STA measurements were performed in air using plate samples of dimensions 

of 2 mm in length, 2 mm in width and 0.5 mm in thickness (placed in a platinum 

crucible). Samples were heated to 500 °C at a heating rate of 10 °C/min, and then 

held at 500 °C for 10 hours, before passively cooling down to room temperature. An 

empty run was performed to account for the background noise contributions of the 

measurements (e.g., due to weight and heat flow errors within the system). To reduce 

the initial influence of contaminants (e.g., adsorbed moisture) during the heating up 

process, relative mass change was normalised to the measured mass at 100 °C for 

the heating up stage and to the measured mass at the beginning of the holding stage 

(at 500 °C). 

4.2.8 Optical absorption measurement 

The photon absorption behaviour of untreated and plasma treated zirconia were 

measured by diffuse reflectance spectroscopy (DRS) across the UV-Vis-NIR-SWIR 

(ultraviolet – visible – near-infrared – shortwave infrared) range with a Shimadzu 

SolidSpec-3700 spectrophotometer fitted with an integrating sphere. DRS was utilised 
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to bypass the opaque nature of the material, with spectra being obtained between 

wavelengths of 200-3000 nm, using a step size of 1 nm and medium scan speed. As 

suggested by several recent studies,[230-232] a combination of the Tauc method and 

Kubelka-Munk function were used to determine the allowed direct and indirect 

transitions (further information regarding the method and justifications are provided in 

section 4.5.3 of the supplementary information). 
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4.3 Results and Discussion 

Dense sintered oxygen-deficient zirconia with a small bandgap has tremendous 

potential to create new opportunities for the development and expansion of zirconia 

as an energy harvesting and oxygen sensing (particularly at lower temperatures) 

material of industrial interest. To explore the potential for low-pressure DC plasma 

treatments to bulk reduce dense 3 mol% yttria-stabilised zirconia, the findings of this 

study structured to discuss (1) the visual, crystallographic, and structural 

characteristics of the plasma treated zirconia, (2) to confirm the formation of oxygen 

vacancies and the reduction of the zirconium ions, and (3) to characterise the 

electronic band structure and light absorption capability of the plasma treated zirconia. 

4.3.1 Visual, crystallographic, and structural changes 

The complete colour transformation of the zirconia, going from a pure white to a 

metallic black, is the most striking visual modification following plasma treatment 

(Figure 4-2). The through-depth nature of the blackening process (i.e., entire 

transformation of the sample) was revealed by cross-sectional observations (Figure 

4-2b2). The gradient of blackening, with darker colours near the bottom surface 

(cathode-facing), suggests a similar directional growth route as other electrochemical 

reduction approaches (growth from the cathode towards the anode) [219]. The colour 

variations between the centres and edges of the sample also suggest a preferential 

transformation mechanism during the treatment, potentially arising due to electrical 

potential variations across the cathode-facing surface. Although the distinct colour 

transformation of zirconia implies that oxygen-deficient zirconia has formed, more 

direct confirmation of the transformation was revealed via EPR, XPS and DSC/TGA 

analysis can be found in section 4.5 [233]. 
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Despite the remarkable morphological change in colour, no formation of new phases 

could be identified under XRD analysis (Figure 4-3a). The varying densities of oxygen 

vacancies across the untreated and plasma treated zirconia samples gave rise to 

different localised stoichiometries (i.e., ZrO2-a, where x varies but remains <2), which 

could not be wholly indexed by any single XRD reference pattern. However, no 

unidentifiable (or satellite) peaks belonging to structures other than tetragonal phase 

zirconia or yttria-stabilised zirconia were found. Moreover, no significant large shift in 

d-spacing or broadening of peaks were observed, with no change or only minor 

change of the long range order developed following the plasma treatment of zirconia 

[200, 211, 234]. 

The Raman spectra of the untreated and plasma treated zirconia (Figure 4-3b) 

indicated no detectable change in the chemical structure, formation of new peaks, or 

significant displacement of existing peak centres. Both untreated and plasma treated 

zirconia only exhibited characteristic peaks assigned to the different vibrational modes 

of 3 mol% yttria-stabilised zirconia (Figure 4-3b), including three Eg modes (260.2, 

464.8, 642.7 cm-1), two B1g modes (147.0, 323.0 cm-1) and one A1g mode (609.2 cm-

1), which all belong to the P42/nmc space group [217, 235]. Deconvolution and fitting 

of the spectra suggests no consistent or obvious displacement or broadening of the 

peaks (outlined in section 4.5 of the supporting information) and suggests that there 

is no significant long-range distortion of the lattice, which aligns with the XRD 

measurements [236]. The most noticeable difference between the two zirconia 

samples is the significant reduction in reflected light intensity observed in the plasma 

treated sample, which will be discussed in 4.5. 
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Figure 4-2 Camera images of (a) untreated and (b) plasma treated zirconia from the bottom 

surface (labelled 1) and cross-sectional (labelled 2) views are shown. The bottom surface 

images (a1 and b1) clearly illustrate the complete transformation of zirconia from white to 

black after plasma treatment. The cross-sectional views reveal an internal colour gradient, 

with the bottom surface facing the cathode appearing darker and the top surface facing the 

anode appearing lighter. 

 

Figure 4-3 The (a) XRD and (b) Raman spectra of untreated and plasma treated zirconia are 

shown. The typical locations of the B1g (dotted), Eg (dashed), and A1g (dotted and dashed) 

vibrational modes of zirconia are indicated within the Raman spectra. No change in structure 
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or peak shift can be observed under either XRD or Raman spectroscopy. However, the 

measured light intensity under Raman spectroscopy is significantly reduced following plasma 

treatment, resulting in a poor signal-to-noise ratio under the same settings.  

 

4.3.2 Confirming the oxygen-deficiency of plasma treated zirconia 

4.3.2.1 EPR detection of F centres & reduced zirconium 

Oxygen vacancies are common phenomena in many oxides, with their formation 

giving rise to properties such as increased ionic conductivity and light absorption 

capability. Despite their classification as a crystallographic point defect of the material, 

the controlled existence of vacancies can give rise to beneficial physical and 

mechanical properties, zirconia doped with yttria (Y2O3) being an excellent example 

[208]. The difference in oxidation states of zirconium (Zr4+) and the yttrium (Y3+) ions 

means that, for every two yttrium ions that displace zirconium ions (2𝑌𝑍𝑟
′ ), an oxygen 

vacancy (𝑉𝑂
∙∙) must be formed in the lattice to preserve charge neutrality  (Equation 4-1) 

[237]. The combination of the larger ionic radii of yttrium and the reduction of 

interlaminar stresses (due to the vacant oxygen sites) gives rise to the “pinning” of the 

tetragonal or cubic phase at room temperature [238]. The stability (or metastability) of 

these high temperature phases give rise to many of the advantageous properties (e.g., 

high fracture toughness) that differentiate zirconia to other ceramics.  

𝑌2𝑂3
𝑍𝑟𝑂2
→   2𝑌𝑍𝑟

′  + 𝑉𝑂
∙∙ + 3𝑂𝑂

𝑋  (Equation 4-1) 

Due to the profound influence that these oxygen vacancies have on the overall colour 

of the material, such defects are typically called F centres or colour centres [225]. F 

centres are primarily identified according to their relative charge (as compared with 

the occupation of the site with an O2- ion), and therefore three main configurations 
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exist: the F2+ (V𝑂
∙∙; 0 trapped electrons), F+ (V𝑂

∙ ; 1 trapped electrons), and F centres (V𝑂
𝑋; 

2 trapped electrons) [224]. Further subcategorisation of the F centres can also be 

performed depending on the location (e.g., surface or bulk), vicinity to other vacant 

sites (e.g., neighbouring oxygen vacancies), and the displacement of neighbouring 

cationic sites [239]. 

Electron paramagnetic resonance (EPR) spectroscopy presents as the most 

commonly used method to identify F centres; however, as EPR signals depend on the 

presence of unpaired electrons, only paramagnetic F+ centres with single trapped 

electrons can be measured, while F and F2+ centres remain invisible to EPR [198, 223, 

240, 241]. 

Depending on the oxidation state of neighbouring cations, EPR spectra can also help 

to detect the presence of cations with unpaired electrons. In the case of zirconia, this 

can allow the presence of Zr3+ ions to be detected. Although there are many more 

pathways for forming Zr3+ ions (dehydration of OH- groups), we showcase 2 possible 

routes for their formation in the presence of F+ (equation 4-2) and F2+ (equation 4-3) 

centres [196, 214, 233]. 

𝑍𝑟𝑂2 → 𝑍𝑟
3+ +𝑂𝑂

𝑋 + 𝑉𝑂
∙ + 

1

2
𝑂2 (equation 4-2) 

2𝑍𝑟𝑂2 → 2𝑍𝑟
3+ + 3𝑂𝑂

𝑋 + 𝑉𝑂
∙∙ + 

1

2
𝑂2 (equation 4-3) 

Figure 4-4 displays the EPR spectra, and reveals significant formation of new 

paramagnetic centres after plasma treatment of the zirconia. The decomposition of the 

spectra indicates the presence of two underlying signals at g-tensor values of g⊥ = 

1.9785 (signal 2) and g∥ = 1.9763 (signal 3). These values closely align with previous 

reports of Zr3+ ions (d1 ion) within bulk tetragonal phase zirconia [198, 211, 223, 234, 



67 

242-246]. Moreover, both untreated and plasma treated zirconia exhibit an isotropic 

peak (signal 1) at g-tensor values of 2.0040 (g1(U)) and 2.0039 (g1(PT)), respectively. 

EPR studies on zirconia in powder form typically associate signals close to this g-

factor with surface adsorbed superoxide ions (O2
-
), which can result from the oxidation 

of Zr3+ back to Zr4+ (equation 4-4). If this signal corresponded to superoxides, an 

increase of the signal would be expected following the reduction of the zirconium ions 

after plasma treatment. Therefore, as this trend is not observed, this suggests that the 

signal does not correspond to the adsorption of superoxides. Furthermore, 

superoxides usually exhibit a set of three peaks at g-factors approximately equal to 

2.0336 (gzz), 2.0096 (gyy), and 2.0034 (gzz), which are also not found in the zirconia 

samples of this study [198, 244]. 

𝑍𝑟3+(𝑠𝑢𝑟𝑓)  +  𝑂2(𝑔𝑎𝑠)  → 𝑍𝑟
4+
(𝑠𝑢𝑟𝑓)  +  𝑂2

−
(𝑎𝑑𝑠)

  (equation 4-4) 

F+ centres have also been suggested to exhibit peaks between g-tensor values of 

2.002 and 2.004 and can be expected to form following the plasma treatment of 

zirconia (equation equation 4-2) [216, 244, 247, 248]. The lack of an increase in signal 

1 can be explained by the preferential formation of diamagnetic F2+ centres under 

plasma treatment (equation equation 4-3) [249]. These F2+ centres would give rise to 

EPR-elusive vacancies that would not contribute to the intensity of the measured 

spectra. However, given the significant increase in Zr3+, this suggests that F2+ centres 

must form in the bulk of plasma treated zirconia, while F+ centres are confined to defect 

sites on the surface or in the bulk (e.g., grain boundaries) of the material [247]. 

As signal 1 is present (and at a similar intensity) in untreated zirconia, the conversion 

of any pre-existing F+ centres to F2+ centres would be expected to result in a reduction 

of signal 1. However, no noticeable change in signal 1 is observed following plasma 
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treatment of the zirconia. This suggests that either the site of the paramagnetic centres 

corresponding to signal 1 are not affected by the plasma treatment or they are re-

established when the samples are exposed to atmospheric conditions [250]. This 

supports the idea that these paramagnetic centres correspond to surface defects 

(especially as both tested sample types have similar surface areas). However, a more 

in-depth evaluation of these paramagnetic sites is necessary to identify the origin of 

these signals (e.g., by way of scanning tunnelling microscopy or environmentally 

controlled EPR measurements). 

 

Figure 4-4 EPR spectra of untreated and plasma treated zirconia are displayed, showing the 

raw data as dots and the fitted data as lines. In both untreated and plasma treated zirconia, 

a peak (signal 1) is observed near the g-tensor of a free electron (ge) with fitted g-factors of 

2.0040 (g1(U)) and 2.0039 (g2(PT)), respectively. The inset in the top left provides a 

magnified view of the dashed region corresponding to this signal. Following plasma 
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treatment, new paramagnetic centres (signals 2 and 3) associated with the formation of Zr3+ 

are detected at g-tensors of 1.9785 (g2) and 1.9763 (g3). The similar intensity of signal 1 for 

both untreated and plasma treated zirconia suggests that the reduction process 

preferentially leads to the formation of diamagnetic F2+ centres, as indicated by equation 

equation 4-3. 

 

4.3.2.2 XPS evaluation of oxygen and zirconium bonding environment 

In agreement with the EPR analysis, the XPS (X-ray photoelectron spectroscopy) 

measurements also suggest the reduction of zirconium ions (Zr4+ → Zr3+) and the 

increased formation of oxygen vacancies.  

Deconvolution of the O 1s spectra in Figure 4-5 reveals the presence of three distinct 

peaks, labelled as O1, O2, and O3, for both untreated and plasma treated zirconia 

[200]. Consistent with the literature, which is reviewed in section 4.5 of the supporting 

information, these peaks have been assigned to specific components. Specifically, O1 

corresponds to lattice oxygen in zirconia, O2 corresponds to surface adsorbed 

hydroxyl groups, and O3 corresponds to surface adsorbed molecular water. 

Non-dissociative adsorption of water occurs through hydrogen bonding with occupied 

zirconia lattice sites and is not typically associated with the reduction (or oxidation) of 

the adsorption site. On the other hand, in the presence of oxygen vacancies, molecular 

water can undergo dissociation, resulting in the formation of a hydroxyl group that 

occupies the vacant site and a hydrogen atom that bonds with a nearby lattice oxygen, 

thereby forming another hydroxyl group. This dissociative adsorption of water onto 

zirconia surfaces containing oxygen vacancies (𝑉𝑂
.  and 𝑉𝑂

𝑋) can lead to the reduction 

of zirconium ions, as shown in equations 4-5 and 4-6, respectively [250].  
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Under ambient conditions, dissociative adsorption of water is energetically more 

favourable than non-dissociative adsorption. Therefore, surfaces with higher densities 

of oxygen vacancies are expected to exhibit lower amounts of adsorbed molecular 

water (O3) but higher concentrations of surface adsorbed hydroxyl groups (O2) and 

Zr3+. Therefore, when analysing oxygen vacancies using XPS, it is important to 

consider changes in both the oxygen and zirconium bonding environments [251]. 

𝑍𝑟𝑍𝑟
𝑋  +  𝑉𝑂

∙  + 𝑂𝑂
𝑋  +  𝐻2𝑂 →  2(𝑂𝐻)𝑂

∙  +  𝑍𝑟𝑍𝑟
′   (4-5) 

2𝑍𝑟𝑍𝑟
𝑋  +  𝑉𝑂

𝑋  + 𝑂𝑂
𝑋  +  𝐻2𝑂 →  2(𝑂𝐻)𝑂

∙  +  2𝑍𝑟𝑍𝑟
′   (4-6) 

The analysis of the fitted components of the O 1s spectra for both untreated and 

plasma treated zirconia samples shows no significant positional shift, with binding 

energy displacements of 0.1 eV for O1, 0.1 eV for O2, and 0.2 eV for O3. This 

observation is consistent with other published findings on modified zirconia [252, 253]. 

Additionally, the error analysis of the fitted components also indicates the good validity 

of the models, with a maximum area composition standard deviation of 0.26%.  

Figure 4-5 and Table 4-1 illustrate the most significant difference between the O 1s 

spectra of untreated and plasma treated zirconia, which lies in the concentrations of 

the different components (O1, O2, and O3). While the O1 component remains 

relatively unchanged, with a slight increase from 18.7 ± 0.3% to 19.5 ± 0.2% following 

plasma treatment, notable modifications arise in the O2 and O3 components. The O2 

component shows a significant increase from 25.5 ± 0.2% to 37.8 ± 0.2%, which 

represents a 12.3% increase, whereas the O3 component decreases from 55.8 ± 0.3% 

to 42.7 ± 0.3%, indicating a 13.1% decrease. Therefore, this combined change in 

composition, along with the corresponding changes observed in the Zr 3d spectra 

(discussed in the following paragraphs), demonstrates an overall increase in surface 
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hydroxyl groups (O2) and a decrease in surface adsorbed water (O3) following plasma 

treatment.  

 

Figure 4-5 Oxygen O 1s spectra of (a) untreated and (b) plasma treated zirconia. After 

plasma treatment, there is a notable increase in the intensity of adsorbed surface hydroxyl 

groups (O2) and reduction of molecular water (O3), which suggests that more oxygen 

vacancies are present on the surface of the plasma treated zirconia. 
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Table 4-1 Normalised compositions of the different fitted components of the O 1s and Zr 3d 

spectra of untreated and plasma treated zirconia. 

Spectra and 

Component 

Composition (%) 

Untreated Plasma 

Treated 

O 1s O1 18.7 ± 0.3 19.5 ± 0.2 

O2 25.5 ± 0.2 37.8 ± 0.2 

O3 55.8 ± 0.3 42.7 ± 0.3 

Zr 3d Zr4+ 59.6 ± 0.1 30.7 ± 0.1 

Zr3+ 40.4 ± 0.1 69.3 ± 0.1 

 

The Zr 3d spectra (Figure 4-6) exhibits two sets of doublet peaks (3d3/2 and 3d5/2) 

corresponding to Zr4+ and Zr3+ in both untreated and plasma treated zirconia [23, 200, 

224, 234]. Consistent with previous studies, the Zr 3d3/2 peak is observed at an energy 

approximately 2.4 eV higher than the Zr 3d5/2 peak for both oxidation states and 

sample types. Error analysis using Monte Carlo simulations demonstrates a high 

quality of fit, with a maximum deviation in area composition of 0.09% across all the 

modelled components for both spectra. The Zr4+ 3d5/2 peak remains relatively 

unchanged, with binding energies measured at 181.9 eV and 182.1 eV for untreated 

and plasma treated zirconia, respectively. Similarly, the Zr3+ 3d5/2 peak shows no 

significant shift, with fitted binding energies at 181.6 eV and 181.5 eV for untreated 

and plasma treated samples, respectively. As indicated under Table 4-1, the proportion 

of Zr3+ significantly increases following plasma treatment of the zirconia, shifting from 

40.4 ± 0.1% (i.e., more Zr4+ than Zr3+) to 69.3 ± 0.1% (more Zr3+ than Zr4+) at the surface. 
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In combination with the observations from the O 1s spectra, these results indicate that 

the concentrations of Zr3+ and O2 increase, while the concentration of O3 decreases, 

which all suggest a substantial increase in oxygen vacancies on the surface of zirconia 

after plasma treatment. 

 

Figure 4-6 Zirconium Zr 3d spectra of (a) untreated and (b) plasma treated zirconia are 

exhibited, and reveal a significant shift in surface composition of Zr4+ and Zr3+, with the 

reduced state dominating after plasma treatment. Consistent with the observations in Figure 

4-5, the increased concentration of the Zr3+ components corroborate with the increase of 

oxygen vacancies. 

4.3.2.3 Thermal analysis of oxygen-deficiency 

The oxygen-deficient nature of the plasma treated zirconia was investigated using 

simultaneous TGA and DSC analysis in two consecutive stages: (1) heating from 100 

to 500 °C and (2) isothermal holding at 500 °C for 10 hours. The thermal gravimetric 

(TG) curves during the heating process (Figure 4-7a) exhibit distinct differences 

between untreated and plasma treated zirconia. The untreated zirconia shows a 

simple trend with a linear increase in relative mass up to 425 °C, followed by a sharp 

reduction. In contrast, the plasma treated zirconia demonstrates a more complex curve 
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composed of a linear increase up to 240 °C, a slight plateau up to 300 °C, a further 

increase up to approximately 400 °C, before a final flattening of the curve close to 

500 °C.  

The corresponding heat flow curves (Figure 4-7a)  closely reflect the relative mass 

changes of both samples. For the untreated zirconia, the heat flow remains 

predominantly flat (or slightly negative) up to 410 °C, corresponding to the linear mass 

gain region of the TG curve, followed by a gradual exothermic increase up to 500 °C 

(aligned with the reduction of relative mass). The mass loss and exothermic heat flow 

between 410-500 °C in the untreated sample can be attributed to the reduction 

(oxygen removal) of zirconia at elevated temperatures [254, 255]. 

On the other hand, the heat flow trend of the plasma treated zirconia remains (mostly) 

flat up to 275 °C, followed by an endothermic reaction between 275-400 °C and a 

subsequent plateau up to 500 °C. The presence of the endothermic reaction and 

reduction in relative mass between 275-400 °C is consistent with published phase 

diagrams of 3 mol% yttria-stabilised zirconia, indicating a monoclinic-to-tetragonal 

phase transformation within this temperature range [238, 254-256]. It is worth noting 

that no monoclinic phase was identified in the XRD or Raman analysis (Figure 4-3), 

and the limited deflection of the heat flow curve suggests the formation of only 

localised monoclinic crystals during the plasma treatment process, which may be 

buried within the noise of the XRD and Raman spectra. Further detailed analysis and 

identification of these findings in future studies could provide valuable insights into the 

reduction mechanism of plasma treatment, but it is beyond the scope of the current 

study. 
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Comparable thermal gravimetric (TG) and heat flow curves are obtained for both 

untreated and plasma treated zirconia during the isothermal holding at 500 °C for 10 

hours (Figure 4-7b). Both sample types exhibit an initial reduction in mass, followed 

by a gradual increase for the remainder of the testing period. The untreated zirconia 

undergoes a larger reduction (0.85% loss at 75 minutes) and remains below the initial 

mass for a longer duration (6 hours) compared to the plasma treated zirconia (100 

minutes, with a maximum loss of 0.21% at 45 minutes). 

The heat flow curves for both samples remain relatively flat, indicating steady and 

continuous oxidation of the zirconia specimens at the higher temperature. However, 

the heat flow of the plasma treated zirconia is measured to be 520 ± 25% more 

exothermic across the final 5 hours of the holding stage, with an average heat flow of 

0.0304 ± 0.0010 mW.mg-1 (as compared with the 0.0049 ± 0.0005 mW.mg-1 heat flow 

of the untreated zirconia). This suggests that significantly more oxidation (or re-

oxidation) of the plasma treated zirconia takes place during the holding stage (i.e., 

ZrO2-a → ZrO2-a+d, where d is the stoichiometric equivalent addition of oxygen) [233, 

256]. 

This hypothesis is further supported by the greater final mass (101.00 ± 0.01% for 

plasma treated and 100.44 ± 0.01% for untreated zirconia) measured across the final 

20 minutes of holding, as well as the more limited initial mass reduction of the plasma 

treated zirconia. Extrapolating the steady negative heat flow gradient of the plasma 

treated zirconia over the final 5 hours (Figure 4-7b; -1.04x10-5 mW.mg-1.min-1) 

suggests that approximately 38.24 additional hours of holding at 500 °C (for a total of 

48.24 hours) are necessary for the plasma treated zirconia to reach the same heat 

flow as the untreated zirconia. On the other hand, the untreated zirconia reaches the 

final stable heat flow value of 0.0049 mW.mg-1 after approximately 4 hours of 



76 

isothermal holding at 500 °C. This indicates that the plasma treated zirconia is 

approximately 12.1 times more oxygen-deficient than the untreated zirconia.  

 

Figure 4-7 Heat flow (line) and thermogravimetric (dotted) curves for (a) non-isothermal 

heating to 500 °C and (b) isothermal holding at 500 °C of untreated and plasma treated 

zirconia. The plasma treated zirconia exhibits a more pronounced and sustained increase in 

mass under both testing methods. Additionally, an endothermic reaction (275-400 °C) is 

observed for the plasma treated zirconia during the heating up stage, which corresponds to 

a monoclinic-to-tetragonal phase transformation. The relative mass is normalised with 

respect to the measured mass at the start of each respective stage. 
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4.3.3 Optical absorption capability and electronic band structure 

In the case of oxygen-deficient zirconia (ZrO2-a), the introduction of oxygen vacancy 

defects has shown potential for modifying the intrinsic electronic characteristics, and 

thus, influencing the electronic band structure, the bandgap (Eg) and the Fermi level 

(Ef) of the material [199, 211, 257]. By creating oxygen vacancies with 0 or 1 trapped 

electrons (i.e., F2+ and F+ centres, respectively), nearby Zr4+ ions can be reduced to 

Zr3+ to maintain charge neutrality (as demonstrated in equations 4-equation 4-2 and 

4-equation 4-3). This reduction of zirconium cations results in the occupation of the 4d 

energy level in Zr ions, raising the lowest occupied energy level. Due to the various 

interatomic interactions (e.g., orbital hybridisation, changes in electrostatic potential), 

this reduction of zirconium cations significantly affects the electronic properties of the 

bulk material.  

Density functional theory (DFT) studies have indicated that this reduction leads to the 

formation and occupation of new energy states, primarily originating from Zr 4d orbitals, 

which are approximately 1.2-1.6 eV below the conduction band (CB) of pristine 

zirconia [198, 206, 208, 211, 216, 234, 242, 249, 257]. Consequently, this shifts the Ef 

to a higher energy, reducing the bandgap between the top edge of the valence band 

(VB) and the bottom edge of the CB. This reduction of the bandgap transforms 

electrically insulating zirconia into an n-type semiconductor capable of absorbing 

visible light [252]. Moreover, these newly formed states within the bandgap primarily 

interact with the conduction band, leading to the trapping of electrons near the CB 

(trap-assisted recombination). This, in turn, reduces the recombination rates between 

excited electrons in the CB and holes in the lower energy states of the VB [201, 216, 

258]. Consequently, the electron's lifetime in the conduction band is prolonged, 
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allowing for enhanced absorption of photons across a wider range of energies [208, 

214, 234, 239]. 

Consistent with previous studies on oxygen-deficient zirconia, the plasma treated 

zirconia in this research exhibit excellent light absorption properties, as observed 

through both Raman analysis (Figure 4-3b) and diffuse reflectance spectroscopy (DRS; 

Figure 4-8) [199, 200, 211, 216, 234, 239, 242, 249]. Although Raman analysis was 

conducted using monochromatic light at 532 nm, the average area of each 

deconvoluted component of the plasma treated zirconia demonstrated a significant 

enhancement in light absorption, with an average area reduction of 79.6 ± 3.6% 

compared to untreated zirconia. Furthermore, the plasma treated zirconia exhibited an 

average light absorption of 73.2 ± 5.7% across the entire DRS range (200-3000 nm), 

whereas the untreated zirconia only absorbed 44.1 ± 8.5% of the light. This 

corresponds to a 66.2% increase in light absorption capability of the plasma treated 

zirconia throughout the natural sunlight spectrum. 

Moreover, the untreated white zirconia only exhibited notable optical absorption 

capability in the short-wave ultraviolet (UV) region (Figure 4-8), with maximum 

absorption at approximately 240 nm (equivalent to ≈5.1 eV), consistent with previous 

studies on the bandgap of zirconia [197, 198, 242]. In contrast, the black plasma 

treated zirconia demonstrated excellent (>65%) absorption across the entire spectrum, 

including the shortwave infrared (SWIR) range. This represents a significant 

enhancement in light absorption capability for the plasma treated zirconia, surpassing 

the performance of oxygen-deficient zirconia reported in other studies, many of which 

focused on the absorption capabilities of their zirconia materials at wavelengths below 

700 nm (UV and visible range). It is worth noting that while UV and visible radiation 

carry higher energy density compared to near-infrared (NIR) or SWIR radiation, natural 
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sunlight is comprised of only 5% UV (300-400 nm) and 43% visible (400-700 nm), with 

the remaining 52% consisting of the different categories of infrared (700-2500 nm) 

radiation. Therefore, the sustained absorption across the entire solar spectrum holds 

tremendous potential for future efficient solar energy harvesting (i.e., high yield) using 

plasma generated oxygen-deficient zirconia. 

 

Figure 4-8 Diffuse reflectance spectroscopy of untreated and plasma treated zirconia in the 

wavelength range of 200-3000 nm. The reflectance spectrum of untreated zirconia 

demonstrates strong reflection (indicating weak absorption) at longer wavelengths, while 

only exhibiting pronounced absorption at approximately 240 nm (corresponding to a 

bandgap of ≈5.1 eV). In contrast, plasma treated zirconia exhibits a substantial decrease in 

reflected light (indicating strong absorption), with less than 35% reflection observed across 

the entire spectrum.  

By applying the Tauc method and Kubelka-Munk function (as described in section 

4.5.3 of the supporting information), the (𝐹(𝑅)ℎ𝜈)1 𝛾⁄  values were calculated for both 
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untreated and plasma treated zirconia (Figure 4-9a & b) [232, 259]. This analysis 

revealed the direct (𝛾 = ½) and indirect (𝛾 = 1) bandgaps of the untreated and plasma 

treated zirconia. Consistent with previous literature, the untreated zirconia of this study 

was extrapolated to have a direct bandgap of 4.84 eV and an indirect bandgap of 3.19 

eV [234, 260-262]. In contrast, the plasma treated zirconia demonstrated significantly 

reduced direct and indirect bandgaps, measuring 2.61 eV and 1.45 eV, respectively. 

These findings align with the expected formation of new bandgaps resulting from the 

introduction of oxygen vacancies and reduction of zirconium cations. It is important to 

note that the plasma treated zirconia did not exhibit a complete plateau or zero 

absorption value under both direct and indirect curves, indicating the presence of a 

complex band structure (beyond what is depicted in Figure 4-10) that could be 

ascribed to increased trap-assisted recombination events [201, 214, 239]. As 

proposed by Qi et al. [242], the generation of interstitial zirconium (IZr) defect sites can 

also contribute to the reduction of the bandgap. Furthermore, Qi et al. [242] also 

suggested that IZr defects primarily enhance longer-wavelength light absorption, such 

as in the NIR range, while oxygen vacancies promote light absorption across a broad 

spectrum, with the greatest enhancement in the UV and visible regions [217]. 

Considering the strong light absorption of the plasma treated zirconia across the wide 

spectrum (including the SWIR region) and the complex electronic band structure, it is 

plausible that the plasma treatment of zirconia gives to simultaneous formation of 

oxygen vacancies and interstitial zirconium migration. However, further investigations 

are needed to explore this hypothesis in detail. 
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Figure 4-9 (a) Direct bandgap (Eg), (b) indirect bandgap, and (c) valence band positions of 

untreated and plasma treated zirconia. The Eg values are approximated using a combined 

Tauc method and Kubelka-Munk function, plotted against photon energy. Plasma treated 

zirconia exhibits significant reductions in both direct bandgap (from 4.84 eV to 2.61 eV) and 

indirect bandgap (from 3.19 eV to 1.45 eV) compared to untreated zirconia. The absence of 

a complete plateau or zero absorption value indicates a complex band structure with 

localised bandgaps that vary considerably. Additionally, the valence band positions of 

zirconia shift upward towards the conduction band (i.e., lower binding energy) following 

plasma treatment. 

 

Low binding energy XPS measurements (Figure 4-9c) were conducted to determine 

the VB positions of untreated and plasma treated zirconia. The results showed that 
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the top edge of the VB for untreated zirconia was at 2.43 eV, while for plasma treated 

zirconia, it was at 2.11 eV (vs. normal hydrogen electrode (NHE)) [263]. By combining 

these VB energies with the previously measured direct (Figure 4-9a) and indirect 

(Figure 4-9b) bandgap energies, it was possible to estimate the energy of the bottom 

edges of the CBs and construct energy band diagrams, as shown in Figure 4-10. The 

bottom edges of the CBs for untreated zirconia were measured to be at -2.41 eV (direct) 

and 0.76 eV (indirect), while for plasma treated zirconia, they were found to be at -

0.50 eV (direct) and 0.66 eV (indirect). The observed rise of the VB (-0.32 eV) and the 

significant tailing of the bottom edge of the CB (1.91 eV for direct and 1.42 eV for 

indirect bandgaps) in plasma treated zirconia indicate a relative shift of the Ef towards 

the CB. These findings are consistent with previous studies on oxygen-deficient 

zirconia, both theoretical and experimental, that suggest the formation of a new donor 

intra-bandgap level (close to the CB) following the transformation of zirconia due to 

increasing oxygen-deficiency and reduction of Zr cations [242, 258, 264]. 

It has been observed that untreated zirconia lacks intra-bandgap states between the 

VB and the CB, and the top of the VB is primarily composed of electrons in the oxygen 

2p (O 2p) orbital [198, 199]. However, plasma treatment of zirconia leads to the 

creation of vacant oxygen sites, reducing the availability of O 2p orbitals for electron 

occupation or hole formation. Simultaneously, the reduction of zirconium results in 

electron occupation of the zirconium 4d orbital, forming an intra-bandgap state close 

to the bottom of the CB and causing the upward movement of the Ef [242, 249]. The 

reduced bandgap between the Zr 4d energy level and the CB leads to a higher electron 

density in the CB and an increased density of holes in the Zr 4d energy level (resulting 

from excitation of Zr 4d electrons into the CB). 



83 

Due to the occupation of Zr 4d orbitals and the limited availability of O 2p orbitals, 

electrons tend to be trapped near the CB and recombine with holes in the VB at a 

slower rate (due to continuous excitation and relaxation events between the Zr 4d 

orbital and the CB). This results in a reduced formation of holes in the VB and an 

increased occupation of electrons in the CB, leading to n-type conductivity in plasma 

treated zirconia (where electrons predominantly carry electrical current) [24, 208, 255, 

258]. 

 

Figure 4-10 Calculated energy band diagrams (vs. NHE) of untreated and plasma treated 

zirconia (using values measured in Figure 4-9). Following plasma treatment of the zirconia, 

the combined downwards movement of the conduction bands (CB) and the slight upwards 

shift of the valence band (VB) give rise to significantly smaller bandgaps (approximately 

halved) for both direct (going from 4.84 eV to 2.61 eV) and indirect (going from 3.19 eV to 

1.45 eV) transitions.  

 

4.3.4 Future perspective of plasma defect-engineering of zirconia 

The significant capability and efficiency of plasma treatments for modifying the 

electronic band structure and optical properties of fully dense zirconia offer promising 
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prospects for scalable, cost-efficient, rapid, and environmentally friendly production of 

n-type semiconducting zirconia. The adaptability and close control of plasma 

treatments also open avenues for future optimisation and expansion of this production 

route. By adjusting various treatment parameters such as temperature, gas mixture, 

gas pressure, electrode material, electrode power, and treatment configuration, 

tailored treatments can be developed for different applications, further improving upon 

the treatment method used in this study [22, 265-267]. It is important to note that the 

choice of hydrogen plasma treatment in this study was selected for its simplicity, with 

the primary objective of demonstrating the potential of low-pressure plasma treatment 

to rapidly produce oxygen-deficient zirconia with a low bandgap. 

One unique advantage of low-pressure plasma technologies, unlike traditional 

electrochemical methods, is the ability to physically separate the anode and cathode 

electrodes, even across large distances [22, 182]. This separation is facilitated by the 

continuous presence of an electrically conductive gas medium during the treatment 

process. This characteristic opens the prospect to overcome the layer separation 

phenomenon typically associated with equivalent electrochemical techniques for the 

formation of oxygen-deficient zirconia. In low-temperature electrochemical methods 

[228], there is a tendency to form a tri-layer configuration, consisting of (1) n-type 

conductivity (with high oxygen vacancy and cation reduction) at the cathodic side, (2) 

p-type conductivity (with high vacancy occupation and low cationic reduction) at the 

anodic side, and (3) a largely unmodified layer with ionic conductivity at high 

temperatures sandwiched between the layers (1) and (2). 

Considering that, in low-pressure plasma treatments, the electrodes are physically 

separated, the electrical potential gradient across the anode and cathode is distributed 

over a larger distance. As a result, there is minimal electrical potential variation in the 
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vicinity of each electrode, which can enable the formation of solely n-type or p-type 

semiconducting zirconia, depending on the electrode in contact with the material. This 

has the potential to offer greater flexibility and control when producing semiconducting 

zirconia materials. 

This study serves as a fundamental basis for future advancements in the field of low-

pressure plasma treatments, specifically for the development of novel bulk 

transformed semiconducting zirconia materials. The findings and insights gained from 

this research can pave the way for the design and optimisation of more complex and 

industrially viable plasma treatments. The properties and structure of our material 

suggest that it could be a promising candidate for photocatalysis. However, dedicated 

experiments are necessary to prove this, which are beyond the scope of this paper 

and should be considered in future research. By building upon this study, it may also 

be possible to extend the application of low-pressure plasma treatments to other 

materials, opening new opportunities for innovative production and development of 

materials. 
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4.4 Conclusions 

This study focuses on the novel hydrogen plasma treatment of 3 mol% yttria-stabilised 

zirconia and investigates its impact on light absorption capability and energy band 

structure. The research encompasses various analyses, including visual, magnetic, 

electronic, and thermal assessments, to examine the formation of oxygen vacancies, 

colour transformation, and structural characteristics of the plasma treated zirconia. 

The following conclusions can be drawn from this study: 

After subjecting zirconia to hydrogen plasma treatment at 500 °C for 5 hours, a bulk 

transformation occurs, changing the colour from pristine white to metallic black. 

Combined DSC and TGA analysis reveal the limited presence of the monoclinic phase 

in plasma treated zirconia, indicated by a monoclinic-to-tetragonal phase transition 

between 275-400 °C. However, no significant crystallographic or structural changes, 

such as atomic spacing or bonding environment, are observed across large regions. 

EPR analysis shows the formation of two new signals corresponding to the presence 

of Zr3+ cations in plasma treated zirconia. The lack of change in signal at g-tensor 

value of ≈2.004 suggests that the reduction of zirconium primarily leads to the 

formation of diamagnetic F2+ (V𝑂
∙∙) centres. 

XPS analysis demonstrates significantly increased concentrations of oxygen 

vacancies and reduced zirconium ions (Zr3+) in plasma treated zirconia, as evidenced 

by changes in O 1s and Zr 3d spectra. 

Thermal analysis using DSC and TGA shows continuous exothermic heat flow and 

mass gain in plasma treated zirconia. Extrapolated estimations indicate that re-

oxidation of the zirconia back to its untreated state would require approximately 48 
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hours of holding at 500 °C in air. This corresponds to 12.1 times greater oxygen-

deficiency in plasma treated zirconia. 

Plasma treated zirconia exhibits significantly higher light absorption across the entire 

sunlight spectrum (200-3000 nm) compared to untreated zirconia. The average 

measured light absorption for plasma treated zirconia is 73.2 ± 5.7%, whereas it is 

44.1 ± 8.5% for untreated zirconia. Moreover, plasma treated zirconia 

demonstrates >65% light absorption for all wavelengths within the tested spectrum. 

Plasma treatment leads to a significant reduction in both the direct and indirect 

bandgap values of zirconia. The direct bandgap decreases from 4.84 eV to 2.61 eV, 

while the indirect bandgap decreases from 3.19 eV to 1.45 eV. Consistent with 

previous literature, these changes indicate an upward shift of the valence band edge 

and a downward shift of the conduction band edge. 

Considering the notable benefits offered by low-pressure plasma treatments, such as 

their ability to accommodate various specimen geometries and minimal electrical 

potential gradient across the workpiece, we anticipate that our findings will facilitate 

the cost-effective and efficient production of oxygen-deficient zirconia for advanced 

energy materials. In future studies, it would be worthwhile to explore the influence of 

plasma treatment on the mechanical properties of zirconia, particularly fracture 

toughness and hardness, which are crucial performance indicators that distinguish 

zirconia from other ceramic materials. Such investigations will contribute to improving 

the understanding of the effects of plasma treatment on the overall performance of 

zirconia materials. 
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4.5 Supplementary materials 

4.5.1 Raman Spectroscopy 

The Raman spectra of both untreated and plasma treated zirconia were analysed by 

deconvolution to estimate the intensity contributions of the B1g, Eg and A1g vibrational 

modes. Table 4-2 presents a comparison of the peak centre, full width at half maximum 

(FWHM), and area measurements of the fitted components for each vibrational mode. 

Despite a substantial area reduction of each modelled component following plasma 

treatment (79.6 ± 3.6%), minimal changes were observed in the peak centre positions 

and FWHM values. This indicates a significant enhancement in the light absorption 

capability of plasma treated zirconia while maintaining its structural integrity. 

Table 4-2 Peak centre, FWHM and area measurements of the deconvoluted Raman spectra 

of untreated (U) and plasma treated (PT) zirconia. Absolute difference (Δ) between the two 

sample types, as well as the averaged values and standard deviations for each component, 

are also provided. 

 B1g Eg A1g 

1 2 1 2 3 1 

Peak Centre (cm-

1) 

U 147 324 260 465 643 609 

PT 147 323 260 465 643 610 

FWHM (cm-1) 
U 6.8 12.3 14.7 15.2 13.4 23.2 

PT 6.7 12.8 14.8 14.1 11.8 24.1 

Area (a.u.) 

U 5798 4217 23290 8666 16589 8974 

PT 1379 1023 5028 1288 3125 1700 

Δ 
(%) 

76.2 75.7 78.4 85.1 81.2 81.1 
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4.5.2 X-ray Photoelectron Spectroscopy (XPS) 

4.5.2.1 Fitting Parameters & Validation 

Shirley-type fitting was employed to account for the background contribution in all XPS 

spectra. The Zr 3d spectra were deconvoluted with strict fitting constraints, including 

a 2:3 area ratio of 3d3/2 to 3d5/2, equal FWHM of the doublet peaks, and fixed position 

constraints of the doublet peaks (3d3/2 at 2.4 eV higher value than 3d5/2). Conversely, 

since the O 1s spectra only exhibits single peaks, no specific constraints were applied 

during the deconvolution process. However, careful consideration was given to reject 

any fitted O 1s models with unrealistic FWHM values. The FWHM of all fitted 

components in the study ranged between 1.3-1.9 eV, and comparable results were 

observed for both the untreated and plasma treated samples. To assess the potential 

influence of randomly generated noise on the fitted spectra and to validate the 

modelled components, Monte Carlo error analysis was conducted. The overall 

composition of each sample surface was evaluated by comparing the area 

contributions of each fitted component (individual components for O 1s and doublet 

components for Zr 3d) against the total area of all fitted components (using the same 

approach for O 1s and Zr 3d). Table 4-3 shows an overview of the final fitting 

parameters (including error estimates) and compositions of the O 1s and Zr 3d XPS 

spectra.  
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 Table 4-3. Peak position, FWHM, area percentage of the deconvoluted O 1s and Zr 3d XPS 

spectra of untreated (U) and plasma treated (PT) zirconia. 

Spectra 
Component & 

Oxidation State 

Modelled Peaks 

Position (eV) FWHM (eV) Area (%) 

U PT U PT U PT 

O 1s 

O1 - 529.6 529.7 1.41 1.30 18.67 ± 0.26 19.48 ± 0.24 

O2 - 531.0 531.1 1.33 1.58 25.52 ± 0.15 37.81 ± 0.17 

O3 - 532.2 532.4 1.88 1.74 55.81 ± 0.25 42.71 ± 0.27 

Zr 3d 

3d3/2 

4+ 184.3 184.5 1.31 1.33 23.84 ± 0.04 12.27 ± 0.06 

3+ 184.0 183.9 1.12 1.17 16.16 ± 0.04 27.73 ± 0.06 

3d5/2 

4+ 181.9 182.1 1.31 1.33 35.76 ± 0.06 18.41 ± 0.09 

3+ 181.6 181.5 1.12 1.17 24.24 ± 0.06 41.59 ± 0.09 

 

4.5.2.2 O 1s Peak Assignment 

Deconvolution of the O 1s spectra reveals three distinct peaks in both untreated and 

plasma treated zirconia, denoted as O1, O2, and O3, respectively [200]. The O2 and, 

occasionally, O3 peaks in the O 1s spectra are assigned to the presence and density 

of oxygen vacancies in various metal oxides [253, 268]. However, the inability to 

directly detect photoelectron emissions from vacant atoms (i.e., oxygen vacancies) 

has raised doubts regarding the direct correlation of the O2 and O3 peaks with oxygen 

vacancies. Some studies have proposed that the appearance of the O2 and O3 peaks 
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may correspond to a shift of the O1 peak (towards higher binding energy) due to the 

altered electron cloud of oxygen atoms near a vacant oxygen site [269]. However, a 

recent density functional theory (DFT) study by Bosio et al. [251] on the changes in 

the O 1s binding energy of ceria under different conditions revealed only minor shifts 

in the O 1s peak following the formation of oxygen vacancies (and reduction of cerium 

ions), while substantial shifts occurred after modifying the chemical state of the surface 

(e.g., formation of hydroxyl or carbonate groups). This model is further supported by 

Lackner et al. [250], who observed similar shifts in the O 1s binding energy (via XPS) 

upon water adsorption on zirconia films. In their study, the O2 and O3 peaks were 

attributed to surface adsorbed hydroxyl groups (dissociated water) and molecular 

water (non-dissociated water) [249]. Consistent with these recent findings, the three 

components of the O 1s spectra in this study have been assigned to lattice oxygen in 

zirconia (O1), surface adsorbed hydroxyl groups (O2), and surface adsorbed 

molecular water (O3). 

4.5.3 Optical Bandgap Calculation 

To approximate the bandgap of the (relatively) thick zirconia material through diffuse 

reflectance spectroscopy (DRS) measurements, both the Tauc method (equation S 4-

1) and the Kubelka-Munk function (equation equation 4-2) were utilised [230]. The 

Tauc method assumes a linear correlation (with a rate of B) between the degree of 

light absorption (αhν) of a specific electronic transition type (e.g., direct allowed or 

indirect allowed) and the difference between the material's bandgap and the photon 

energy (hν – Eg), as long as hν > Eg. Thus, no light absorption is expected below the 

bandgap energy of the material. Experimentally, the Tauc plot can be used to estimate 

the bandgap by extrapolating the linear region to the base of the graph (i.e., αhν = 0). 

However, the Tauc method was originally designed for thin films and does not account 
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for scattering effects. In thicker specimens, scattering becomes more significant and 

can lead to inaccurate extrapolated bandgap measurements. 

According to the Kubelka and Munk theory, the reflectance spectra of an infinitely thick 

sample (R∞, where R is typically >1 mm) can be converted to absorption spectra using 

the Kubelka-Munk function (F(R)). By replacing α in the Tauc method with F(R), it 

becomes possible to estimate the bandgap of relatively thick samples (equation 4-3). 

For direct allowed and indirect allowed (involving phonons) electronic transition 

bandgaps, the γ coefficient should be changed to ½ and 2, respectively [230, 231].  

It is important to note that when multiple materials and/or phases/stoichiometries are 

present that can absorb light within the testing range, estimating the bandgap through 

linear extrapolation to the base of the graph is inaccurate and often leads to 

underestimation of the bandgap. As suggested by Makuła et al. [232], to overcome 

this limitation, the bandgap of the material can be predicted by identifying the 

intersection point between the linear regions below and above the bandgap transition 

energy. This can be achieved by using tangents of each linear segment to determine 

the point of intersection. 

(𝛼 ∙ ℎ𝜈)
1
𝛾⁄ =  𝐵(ℎ𝜈 − 𝐸𝑔)     (S 4-1) 

where 𝛼 is the absorption coefficient,  ℎ is Plank’s constant, 𝜈 is the frequency of the 

photon, 𝛾 is selected following the electronic transition type (½ for direct allowed and 

2 for indirect allowed), 𝐵 is a constant, and 𝐸𝑔 is the optical bandgap. 

𝐹(𝑅) =  
(1−𝑅∞)

2

2𝑅∞
      (S 4-2) 



93 

where 𝐹(𝑅) is the Kubelka-Munk function and 𝑅∞ is the measured reflectance value. 

By replacing 𝛼 in equation S 4-1 with 𝐹(𝑅) obtained from equation 4-2, it is possible 

to obtain equation 4-3 for estimating the bandgap of thick specimens. 

(𝐹(𝑅)ℎ𝜈)
1
𝛾⁄ = 

(1−𝑅)2

2∙𝑅
      (S 4-3) 
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Chapter 5 Processing Conditions and Mechanisms for The Plasma 

Defect-Engineering of Bulk Oxygen-Deficient Zirconia 

 

Note: The work presented in this chapter has been published in the peer-reviewed 

Journal of Materials Research and Technology (Vol 29, Pages 3759-3770) [18]. 
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Abstract 

In recent years, the utilisation of oxygen-deficient zirconia (ZrO2-α), commonly referred 

to as black zirconia, has garnered considerable attention due to its potential 

applications for solid oxide fuel cells (SOFCs), gas sensors, biomedical implant 

materials, and photocatalysis. However, current methods employed to manufacture 

ZrO2-α exhibit noticeable limitations regarding their scalability, environmental 

sustainability, and cost-effectiveness. Our recent work has successfully demonstrated 

the feasibility for bulk conversion of conventional white zirconia into oxygen-deficient 

black zirconia through direct current (DC) plasma treatment (i.e. plasma blackening). 

This study elucidates the conditions for plasma blackening and provides a unique 

mechanism for the bulk transformation of zirconia. A systematic investigation of 

different plasma technologies (DC, active-screen plasma), treatment configurations 

(contact conditions, cathode material, and cathode potential), and treatment 

parameters (voltage, temperature, duration) uncover the crucial variables that 

influence the feasibility and rate of the reduction process. The reduction of zirconia is 

shown to initiate from localised contacting points at the cathode-facing surface and 

grow, with a hemispherical shape, towards the anode-facing surface. A series of 

development stages are proposed for the process, namely: bulk oxygen vacancy 

conductance, surface activation, oxygen vacancy generation and a moving cathode 

front. The findings of this study provide insights into the underlying mechanisms 

involved in the bulk-reduction of zirconia and help to pave the way towards future 

scalable and cost-effective generation of oxygen-deficient zirconia. 
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5.1 Introduction 

The reported photocatalytic behaviour of black titanium oxide (TiO2-x) has led to a 

surge of interest in equivalent black zirconia, known as oxygen-deficient black zirconia 

(ZrO2-α), as a potential alternative next-generation photocatalytic material [270]. The 

desirable photocatalytic properties of these defect-engineered metal oxide materials 

have been attributed to an abundance of oxygen vacancies, which generate new mid-

gap states around the Fermi level and are accompanied by the remarkable change in 

optical properties (e.g., change of colour) [8, 15]. This approach widens the application 

range and potential value of black oxygen-deficient (ZrO2-α) as an energy harvesting 

material, for the generation of hydrogen, for the decomposition of pollutants, and for 

medical applications (e.g., tumour therapy) [7, 9, 14]. 

The phenomenon of colour change is particularly prevalent in specific metal oxides, 

such as zirconia and titania, renowned for their remarkable capacity to exhibit diverse 

colours in the presence of cationic dopants [91, 271-275]. Consequently, early 

research has focused on controlling and fine-tuning the colours of these materials by 

manipulating the types and concentrations of dopants using various methods, 

including high-temperature sintering, sol-gel processes, and coprecipitation [132, 276, 

277].  

Subsequent investigations have revealed that the augmentation of optical absorption 

intensity and photocatalytic activity of zirconia is intimately linked to the presence of 

surface oxygen vacancies [275, 278-283]. Consequently, this has directed researchers 

to focus on the effective reduction of zirconia. Although zirconium has a relatively 

strong affinity for oxygen, a diverse array of elements (e.g., calcium, iron, yttrium) do 

exist that can extract oxygen from zirconia, while simultaneously reduce zirconium 
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ions (Zr4+ to Zr3+) [8, 284]. Different approaches have been explored, including 

chemical reduction using methods such as molten lithium reduction, magnesiothermic 

reduction in the presence of 5% H2/Ar, reduction of zirconium (IV)-n-propoxide (ZrP)  

solution through sol-gel synthesis and high-pressure torsion [14, 17, 270, 285-289]. 

However, these methods for generating blackened zirconia are characterised by 

several inherent limitations, including long production cycles, use of hazardous 

chemical reagents, low efficiency, high energy consumption, and environmental 

concerns (e.g., disposal of chemical reagents). Furthermore, the majority of the 

reduced black zirconia manufactured under these approaches are in powder form and 

require sintering into bulk components for applications demanding structural integrity, 

specific geometries and resistance to mechanical stresses. Re-oxidation is difficult, if 

not impossible, to avoid when sintering oxygen-deficient zirconia, and therefore 

predominantly limits the use of the material to its powder form [8, 17, 290].  

To address these technological and environmental challenges, the authors of this 

study have recently successfully reported a novel approach employing low-pressure 

plasma to produce bulk oxygen-deficient zirconia with excellent broad spectrum light 

absorption capability [12]. However, as only a single DC plasma treatment condition 

(500 °C at 300 Pa for 5 h in 100% H2) has been reported thus far, the underlying 

mechanisms involved, and the influence of different treatment conditions are not yet 

established.  

Consequently, this study aims to investigate the underlying mechanisms involved 

through systematic evaluation of the role of different treatment parameters on the 

generation of oxygen-deficient zirconia. These parameters include different types of 

plasma technologies (DC plasma and active-screen plasma), DC plasma treatment 

configurations (contact conditions and cathode material), and plasma treatment 
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conditions (voltage, temperature and duration). It is expected that the outcomes of this 

investigation will both advance scientific understanding of the mechanism involved in 

the plasma blackening of zirconia and contribute to the future development and 

optimisation of this novel, cost-effective, and environmentally friendly plasma defect-

engineering manufacturing route. 
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5.2 Methods 

5.2.1 Sample preparation 

The samples used in this study were cut from 3 mol-% yttria-stabilised tetragonal 

zirconia rods into cylindrical coupons with a thickness of 3 mm and a diameter of 10 

mm using a Struers Accutom 50 machine and a cubic boron nitride cutting wheel. The 

cylindrical coupon samples were ground to #1200 grit size SiC paper before polishing 

using diamond suspensions with particle sizes of 6, 3, and 1 μm. 

5.2.2 Plasma treatment configurations 

The plasma treatments were performed using a Klöckner Ionon 40 kVA plasma 

furnace. Specific overviews of the difference treatment setups, treatment parameters 

and treatment configurations utilised in this study are described in the following 

sections.  

5.2.2.1 Plasma treatment setups  

To investigate the effect of direct cathode power of the worktable (where the sample 

is placed), both DC (direct current) plasma and active-screen (AS) plasma setups were 

employed. The samples were placed directly onto the worktable connected to the 

cathode in the DC plasma treatment setup (Figure 5-1a), while the samples were 

electrically isolated from the cathode (i.e., at a floating potential) in the AS plasma 

treatments. An AISI 316 austenitic stainless steel mesh cage and a screen connected 

to the cathode, known as the active screen, were placed around the isolated sample 

in the AS plasma treatment (Figure 5-1b). A distance of 20 mm was kept between the 

sample surface and the active screen lid. Both DC and AS plasma treatments were 

carried out at 500 °C for 5 h in H2 gas at 3mbar (300Pa). 
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Figure 5-1. Schematic diagram of (a) DC and (b) AS plasma treatment setups [186]. 

5.2.2.2 Plasma treatment parameters  

The effect of DC plasma treatment parameters on the blackening of zirconia were 

systematically studied using a range of the treatment temperatures (ranging from 100 

to 500 °C) and treatment durations (30 and 300 min). 

Investigations related to the effect of treatment voltages were carried out between 370 

and 450 V. Given that the furnace voltage and the chamber temperature are inherently 

linked (with larger temperatures requiring larger DC voltages), it was necessary to 

incorporate auxiliary heating sources to isolate the two key variables. Consequently, a 

secondary DC power supply (TRUMPF TruPlasma DC 3005) was employed to enable 

the initial heating up ramp to be conducted without any power to the sample and to 

compensate for the varying thermal power provided by the different applied voltages. 

In this approach, the furnace power was used as an auxiliary heating source (indirectly 

heating samples and maintaining the chamber temperature), while the secondary DC 

power source acted as the main cathode power source (Figure 5-2).  
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Figure 5-2. Schematic diagram of the plasma treatment setup with two DC power sources.  

5.2.2.3 Plasma treatment configurations 

To verify whether the cationic doping from the metallic ions in the steel worktable was 

dictating the treatment of zirconia, separate plasma treatments were performed (at 

500 °C for 5h) using worktables composed of zirconium (Zr 702) and AISI 316 stainless 

steel (as shown in Figure 5-3).  
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Figure 5-3. Schematic diagram of DCP treatment with different sample worktable materials: 

(a) Zr702 and (b) AISI 316 stainless steel. 

Similarly, to study the influence of contact conditions on the initiation of the black spots 

on the cathode-facing surface, two different AISI 316 stainless steel base samples 

were designed with and without blind holes (as depicted in Figure 5-4). The diameter 

of each stainless-steel block was chosen to match the size of the sample (to limit the 

formation of hollow cathodes at the bottom edges of the samples). The temperature 

was set at 200 °C, and the durations chosen were 30 and 300 min. 

 

Figure 5-4. Schematic design and configuration of the DC plasma treatment with (a) normal 

and (b) blind hole contact conditions. 

Furthermore, to investigate whether the black regions always grow from the bottom to 

the top of the material, or whether they grow from the cathode-facing surface towards 

the opposite-facing surface (denoted as anode-facing surface), a treatment 

configuration was employed where the contact point of the zirconia sample with the 

cathode was changed to be at the top surface (as shown in Figure 5-5).  
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Figure 5-5. Schematic diagram of the plasma treatment configuration investigating the 

direction of growth. Sample A was placed with the bottom surface in contact with the cathode 

(AISI 316 austenitic stainless steel). Sample B was placed with the top surface in contact 

with the cathode. 

5.2.3 Raman mapping 

Raman scanning was conducted using a Renishaw inVia Raman microscope fitted 

with a 532 nm excitation laser source and groove density of 1800 l/mm. Raman 

reflectivity was employed to characterise the bulk modification of zirconia. The data 

was processed using Casa XPS for deconvolution of the spectra (into the 3 Eg and 1 

A1g modes of the tetragonal phase). The data was finally analysed by accumulating 

the area contributions of all 4 tetragonal phase peaks into intensity maps across the 

depth of the samples. 

5.2.4 X-ray diffraction (XRD) 

Crystallographic phase analysis was performed using a Proto AXRD benchtop X-ray 

diffractometer fitted with a Cu radiation source (Kα = 0.15406 nm). Measurements 

were performed between 2θ angles of 20 - 80 ° using a step increment of 0.01493 °.   
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5.3 Experimental results 

5.3.1 Effect of the different plasma setups (DC and AS) 

As described in Section 5.2.2, both DC plasma (DCP) and AS plasma (ASP) treatment 

configurations were employed to study the impact of direct cathodic potential on the 

plasma blackening of zirconia.   

Figure 5-6 reveals that the white zirconia could only be completely transformed to 

black under the DCP-treatment whilst the ASP treated samples have no appreciable 

transformation in colour. Therefore, this confirms the need for direct power to the 

sample for the successful plasma blackening of zirconia (which will be further 

discussed in section 5.4).  

 

Figure 5-6. Surface images of (a) ASP-treated and (b) DCP-treated zirconia. 

5.3.2 Effect of plasma treatment parameters 

Given that only DCP treatments were able to modify the zirconia (Figure 5-6), all 

subsequent investigations were exclusively performed under DCP treatment 

conditions. The key parameters considered in these experiments were the treatment 

temperatures (100, 200, 300, and 500 °C), durations (30 and 300 minutes) and applied 

cathodic potential (370 – 450 V).  
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5.3.2.1 Temperature & Duration 

Figure 5-7 reveals a positive correlation between the degree of plasma blackening for 

both treatment temperature and duration. As evidenced in Figure 5-7a1 and a2, there 

is no appreciable blackening when treatment was performed at 100 °C, even when 

the sample was treated for 5 hours. Colour transformation (blackening) was observed 

to initiate when the temperature was increased to 200 °C, appearing to grow from the 

bottom cathode-facing surface of the samples. Moreover, a significant increase in the 

depth of the black transformed region was found when the treatment duration was 

extended from 30 min to 5 hours (Figure 5-7b1 and b2).  

A significant increase in the degree of blackening was observed when the treatment 

temperature was increase to 300 °C. Figure 5-7c1 and c2 clearly illustrate that the 

samples become almost entirely black, even when treated for only 30 minutes. The 

initially discrete black spots on the surface of the sample are found to merge, forming 

a continuous black surface. Internally, striations of lighter and darker regions are found 

to develop across the sample, forming columns that traverse from the bottom to the 

top of the sample. Additionally, the colour of the material close to the bottom (cathode-

facing) surface is found to be darker than the top (anode-facing) surface, with a gradual 

change of colour, going from black to reddish-brown, within each column. At 500 °C, 

these colour variations are not as visible, with both surfaces presenting with a deep 

and uniform black colour (Figure 5-7d1 and d2). The only notable difference between 

the samples treated at 500 °C for 30 minutes and 5 hours is the transformation 

(blackening) of minor regions near the edges of the top surface. 

Overall, these observations signify that the treatment temperature has a substantial 

effect on the feasibility and degree of plasma blackening of zirconia, while the 
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treatment duration appears to only have an accumulative effect on the degree of 

plasma-induced blackening. 

 

Figure 5-7. Optical images of zirconia samples DC plasma treated under different 

temperatures of (a) 100 °C, (b) 200 °C, (c) 300 °C, and (d) 500 °C. Treatment durations of 

(1) 30 minutes and (2) 5 hours are also shown for each temperature. A cross-section view of 

each treated sample is also present at the bottom of each image. 

5.3.2.2 Effect of voltages 

As no appreciable glow-discharge was observed within the plasma furnace at voltages 

below 370 V, the influence of cathodic potential was only examined at voltages greater 

than 370 V. Simultaneously, it was not possible to maintain a temperature of 200 °C 

with the application of potentials above 450 V (temperature increased above 200 °C 

even with just a single). Therefore, investigations on the influence of cathodic potential 

on the plasma blackening of zirconia were limited to voltages between 370  and 450 

V. 
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As revealed within Figure 5-8, when all other parameters are controlled, the influence 

of increasing voltage is found to directly correlate with the number of circular black 

spots formed on the cathode-facing (bottom) surface of the zirconia sample. Given the 

varying sizes of the spots between and within each sample, only the largest (i.e., 

fastest growing) spots were used for comparisons between different voltage settings. 

No significant difference could be measured in the diameters of the largest black spot 

formed across the different voltage treatments, with an overall average diameter of 

1.97 ± 0.06 mm. As the frequency of the formed spots increases with applied voltage, 

this implies that cathodic voltage plays an important role for initiating the 

transformation but does not appear to significantly impact the growth mechanism. 

 

Figure 5-8. Optical images of zirconia samples DC plasma treated under different cathode 

potentials of (a) 370 V, (b) 390 V, (c) 410 V, (d) 430 V, and (e) 450 V. 

5.3.3 The effect of plasma treatment settings 

As the materials involved and configuration of the plasma furnace can also impact the 

outcome of the treatment, the following chapter aims to assess the potential role of 

cationic doping on the transformation of zirconia, the need for direct contact with the 

cathode for the initiation and growth of black regions, and the direction of growth of 

the black regions. 

5.3.3.1 Cathode material 
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Cationic doping (e.g., with Fe) has previously been reported to be able to reduce 

zirconia, thereby transforming the material from white to black [132, 291-293]. Given 

that the steel cathode worktable used in this study contains elements which have 

potential to dope zirconia, it is important to investigate plasma treatments where 

cationic doping is not allowed (or significantly restricted). Since Zr702 is primarily 

composed of Zr (98.8 wt%), the potential role of cationic doping can be effectively 

avoided when carrying out plasma treatments using a Zr702 cathode worktable. As 

illustrated in Figure 5-9, both Zr702 and the AISI 316 stainless-steel cathode materials 

were able to produce black zirconia, which indicates that the principal mechanism for 

the plasma blackening of zirconia is independent of elemental doping.  

 

Figure 5-9. Optical images after DC plasma treatment at 500 °C for 5 hours using a (a) 

Zr702 and (b) AISI 316 stainless steel worktable. 

5.3.3.2 Contact conditions 

As the plasma blackening was observed to start at 200 °C (for both 30 minute and 5 

hour treatments) but did not show complete through-depth treatment of the zirconia, it 

was chosen as the ideal temperature for examining the importance of contact 

conditions on the initiation of the blackening. As expected, both the normal and blind 

hole contact conditions showed that the black spots on the cathode-facing surface 

  



109 

(Figure 5-10) and the blackened regions of the cross-section (Figure 5-11) expanded 

with longer treatment durations.   

Examination of the location and growth of the black spots on the cathode-facing 

surface of the treated samples demonstrated the importance of direct (or close) 

contact of the cathode with the sample. Where contact was not possible (i.e., in the 

blind hole regions), no black spots were found to form (Figure 5-10b1-b5). Instead, 

these areas were only found to begin transforming with longer durations (associated 

with the accumulation effect, as observed in section 3.2.1). On the other hand, under 

normal contact conditions (Figure 5-10a1-a5), both the edges and the centres of the 

cathode-facing surface were found to form the initial black spots.  

 

Figure 5-10. Plasma treated samples under (a) normal) and (b) blind hole contact conditions 

at 200 °C for: 1h (1), 2h (2), 3h (3), 4h (4), and 5h (5). 

Interestingly, the transverse cuts of both treated samples clearly reveal incremental 

growth of the black regions towards the anode-facing surface (Figure 5-11). These 

initial black dots are found to expand at approximately equal rates in both the 

horizontal and vertical directionsly in the 2D cross-section views. Given the eventual 

expected through-depth treatment of the zirconia (Figure 5-6), this implies that the rate 
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of growth of the black spots is equal in all 3 dimensions (i.e., x, y and z), and therefore 

should be forms a hemispherical shape.  

 

Figure 5-11. Cross-section views of plasma treated samples under normal (left) and blind 

hole (right) contact conditions at 200 °C for increasing durations (going down). 

5.3.3.3 Plasma blackening growth direction 

Studies utilising electrochemical reduction methods to form black oxygen-deficient 

zirconia have previously shown that the black regions grow from the cathode towards 

the anode [121, 122, 133, 294]. The similarities between electrochemical reduction 

techniques and our plasma approach (i.e., both involve the use of separated 

electrodes) suggest that a similar growth mechanism is to be expected. However, 

given that plasma treatments also involve ion bombardment of the exposed surfaces 

(i.e., surfaces not in contact with the cathode) and that the treatments are performed 

at low pressures, it is still necessary to confirm the direction of growth. 
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To evaluate the initiation and direction of growth of the black regions, treatments were 

carried out where the contact point between the cathode and the zirconia samples was 

reversed (Figure 5-5). One sample was maintained in an upright configuration (Sample 

A; bottom surface in contact with the cathode) while the contact point was flipped for 

the other sample (Sample B; top surface in contact with the cathode). To allow for the 

identification of the growth direction, the treatments were performed at a relatively low 

temperature of 200 °C to avoid the complete transformation of the material.  

Figure 5-12 reveals that the initiation and growth of the black regions always develop 

from the surfaces in contact with the cathode (i.e., cathode-facing surface). Therefore, 

this suggests that plasma-induced blackening of zirconia follows the same cathode-

to-anode growth direction as the electrochemical reduction methods. Moreover, these 

findings also support the contact condition requirements for the initiation and growth 

of the black regions (as previously introduced in section 4.3.2). 

 

Figure 5-12. Optical images of the top and bottom surfaces of zirconia samples plasma 

treated at 200 °C for 30 min with the cathode in contact beneath the sample (A) and above 

the sample (B).  
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5.3.4 Accumulation and degree of blackening 

As previously reported by the authors of this study [295], plasma treatments have the 

ability to significantly improve the broad spectrum light absorption capability of zirconia. 

Therefore, to map the light absorption capability across a plasma treated zirconia 

sample, tetragonal phase peak contributions in Raman spectra were systematically 

collected at different positions across sample. Colour maps were then used to 

visualise the light absorption capability (or degree of blackening) across the material. 

The darkest regions in Figure 5-13b appear to correspond with the initial spots at the 

cathode-facing surface of the sample, which is consistent with the results from Section  

3.3.2 and Section 3.3.3. The light absorption capability of each black region decreases 

when moving away from this starting central spot (in all directions). Although isolated 

black regions were previously observed to grow at the same rate in all directions over 

time (Figure 11), when they approach other black regions they appear to not 

completely follow this trend. This is clearly found within the highlighted right region of 

Figure 5-13, which shows that the growth of two nearby discrete black region is 

hindered at the sides facing each other, therefore suggesting some form of growth 

inhibition. Interestingly, this is not observed to significantly impact the maximum depth 

of the black regions, with all black regions appearing to have similar maximum depths.  
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Figure 5-13. Cross-sectional (a) optical image and (b) Raman intensity map of a zirconia 

sample plasma treated at 200 °C for 5 hours.  
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5.4 Discussion 

To devise the potential transformation mechanism involved during the plasma 

blackening of zirconia, an evaluation of the influence that different treatment 

configurations and parameters have on the initiation and growth of black zirconia has 

been conducted. Given the vast number of parameters, the following discussion has 

been grouped to overview (1) the role that pre-existing oxygen vacancies have at the 

start of the plasma treatment, (2) the importance of cathodic contact and electrical 

discharge on the blackening of zirconia, (3) potential mechanisms for the conductance 

of oxygen anions within the lattice and the generation of new oxygen vacancies, and 

(4) the formation of a moving cathode front within the zirconia (and the potential 

implications). Finally, (5) the plasma reduction of zirconia is compared with traditional 

electrochemical reduction methods. 

5.4.1 The role of pre-existing oxygen vacancies 

Yttria-stabilised zirconia (YSZ) is known to contain oxygen vacancies (𝑉𝑂
∙∙) within the 

material as illustrated in Figure 5-14a, which must form in response to the charge 

disparity between Zr4+ and Y3+ (as depicted by equation 5-1) [120, 296-298]. This 

development of oxygen vacancies (with no trapped electrons) acts to preserve charge 

neutrality across the entire material. However, despite the net neutral charge from a 

macroscopic scale, the presence of oxygen vacancies with less than two trapped 

electrons (i.e., 𝑉𝑂
∙∙ and 𝑉𝑂

∙ ) do still create localised charge disparity across the anionic 

sites (as these vacancies are positively charged in relation to anionic sites occupied 

by O2- ions) [120, 299, 300].  

Therefore, in the presence of a cathodic and/or anodic potential (as found during 

plasma treatments), this local charge disparity can be expected to lead to the 
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segregation of charges according to their relative potential (i.e., 𝑉𝑂
∙∙ moving towards 

the cathodic side and O2- sites moving towards the anodic side). If the cathodic and 

anodic potentials are homogeneously spread across opposite faces of the material (as 

would be the case under ideal contact conditions), a uniform gradient of oxygen 

vacancies would be expected to be developed at each depth between the two 

electrodes (Figure 5-14b). As the movement of oxygen vacancies can only be possible 

through the displacement of lattice oxygen atoms, an equivalent amount of lattice 

oxygen is considered to move in the opposite direction (i.e., from the cathode towards 

the anode) as illustrated in Figure 5-14c. As shown by equation 5-2, this represents a 

net movement (from anode-facing sites) of oxygen vacancies towards the cathode-

facing surfaces [𝑉𝑂
∙∙(af) → 𝑉𝑂

∙∙(cf)]  with a net movement of lattice oxygen (from 

cathode-facing sites) towards the anode-facing surface [𝑂𝑂
𝑋 (cf) → 𝑂𝑂

𝑋 (af)]. 

𝑌2𝑂3 → 2𝑌𝑍𝑟
′ + 3𝑂𝑂

𝑋 + 𝑉𝑂
∙∙  (5 1) 

𝑉𝑂
∙∙(af) + 𝑂𝑂

𝑋 (cf) → 𝑉𝑂
∙∙(cf) + 𝑂𝑂

𝑋(af)  (5 2) 

 

Figure 5-14. Schematic diagram showing a transverse view of a zirconia sample on a 

cathode worktable with (a) the pre-existing oxygen vacancies, (b) the initial movement of 

pre-existing oxygen vacancies and (c) the opposite migration of lattice oxygen. 
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5.4.2 The need for cathode contact and electrical discharge 

Instead of a homogeneous reduction of the zirconia following plasma treatment, 

localised circular black spots are observed on the surface of the samples (Figure 5-7 

and Figure 5-8). Given that ideal flat contact between two plane surfaces (i.e., sample 

and worktable) is known to be extremely challenging, this suggests that ideal contact 

conditions are not present during these treatments. Therefore, it is more probable that 

the true physical contacting points between the surfaces are localised to the most 

protruding asperities of the two surfaces (Figure 5-15a & b). This suggests that the 

diffusion of the oxygen vacancies towards the cathode is not uniform and is instead 

biased towards the sites with the strongest cathodic potential (i.e., most intimate 

contacting points). Confirmation of this directional migration was revealed by 

developing a treatment with only a single contact point with the cathodic worktable 

(Figure 5-15c & d). Plasma blackening was observed to only develop from the single 

contact point (and grew uniformly in all directions away from the contact point). 

The contact dependence of the process is further supported by the findings of the 

treatments utilising worktables with blind holes (Figure 5-10). No circular black spots 

could be found at sites where contact between the cathode and zirconia sample was 

intentionally prevented.  
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Figure 5-15. Diagram showing a transverse view of a zirconia specimen with pre-existing 

oxygen vacancies (𝑉𝑂
∙∙) under different contact conditions due to a rough worktable surface 

(a) or rough sample surface (b). A magnified view of a single asperity with the collective 

directional movement of oxygen vacancies towards the contact point (c). A camera image of 

a cylindrical zirconia sample treated using a single contact point under DCP plasma 

treatment conditions at 200 °C for 5 hours (d).  

The influence of voltage is well described by Paschen’s law, where the breakdown 

voltage of a gas (or gas mixture) is a function of the pressure and distance between 

the electrodes [301, 302]. Given that the zirconia is typically non-conductive, it can be 

regarded as being at a floating potential that is relatively anodic to the worktable (to 

oppose the nearby electric fields). At close distances (or appropriate power/pressure 

settings), it is possible for the electric current to discharge from the cathode towards 

the zirconia. In practice, the discharge of current will closely relate to the gap between 

the asperities of the zirconia and the cathodic worktable, with greater breakdown 
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voltage requirements for larger gaps. At sufficiently low potentials, this would give rise 

to only the most intimate contacting asperities being actively involved in the discharge 

process. Therefore, this localises the positions where significant current transfer can 

take place and consequently influences the electric field distribution around the sample 

and the non-uniform net movement of oxygen vacancies (and cation reduction) across 

the cathode-facing surface.  

The combined findings of the blind hole (Section 5.3.3.2) and cathodic potential 

(Section 5.3.2.2) experiments demonstrate the critical influence of contact conditions 

and electrical potential on the initiation mechanism and localised bulk-reduction of 

zirconia. The importance of the ‘active’ black spots at the cathode-facing surface is 

also clearly demonstrated by the lack of transformation of the zirconia under ASP 

treatment conditions (Figure 5-6), where no direct contact with the cathode is made 

despite interactions with other reactive species within the plasma.  

Figure 5-16 provides an overview of the relationship between the local cathode-to-

sample spacing and applied potential, as well as their influence on the net movement 

of oxygen vacancies. Larger cathodic potentials are shown to allow for the breakdown 

of bigger gaps between the asperities of the cathode worktable and zirconia surface. 

This allows for the ‘activation’ of non-contacting asperities (indirect contact) and allows 

for the development of more ‘active’ sites (from Figure 5-16b). The influences of 

nearby ‘active’ sites on each other are also illustrate in Figure 5-16c, and will be 

discussed in further detail in Section 5.4.4 
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Figure 5-16. Overview of the localised ‘activation’ of the cathode-facing surface, directed net 

movement of oxygen vacancies (𝑉𝑂
∙∙) and the influence of nearby black regions during the 

initial stages of plasma treatment of zirconia. Images a) → c) show the effect of increasing 

cathodic potential and demonstrate the electrical breakdown of larger gaps and therefore the 

‘activation’ of more sites on the zirconia surface. When ‘active’ sites are well separated (a & 

b), the black regions are found to grow with a hemispherical shape. However, when ‘active’ 

sites are close together (c) black regions with asymmetrical shape develop. Image d) shows 

a magnified view of two nearby ‘active’ regions. The diversion of the net movement of 

oxygen vacancies between the two ‘active’ regions is revealed, and demonstrates how the 

inhibition zone between them forms.  
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5.4.3 Generation and conduction of new oxygen vacancies 

Although oxygen vacancies exist within pristine yttria-stabilised zirconia, the total 

numbers are finite and cannot account for the progressive collection of vacancies at 

the cathode-facing ‘active’ regions. However, as progressive transformation of zirconia 

is observed with longer and/or more powerful plasma treatment conditions, it must be 

implied that new oxygen vacancies are generated within the treatments. The 

hemispherical outward growth of the black regions is also supported by the formation 

of new oxygen vacancies (from the anode-facing surfaces), which can enable 

continuous homogeneous net movement of oxygen vacancies from all directions. 

Therefore, this suggests that the environment around the anode-facing surfaces may 

also play a crucial role in the extensive treatment of zirconia.  

The bombardment of electrically conductive workpieces with ionised gases forms the 

foundation of many direct current (DC) plasma treatments. However, as untreated 

zirconia is not a good electrical conductor, no such direct bombardment would be 

expected to occur. Additionally, as the zirconia is not in direct contact with the anode, 

as is the case in electrochemical reduction methods, the driving forces for the removal 

of oxygen are difficult to explain. Therefore, alternative means of forming oxygen 

vacancies must exist. One potential way is the interaction of the exposed anode-facing 

surfaces with post-plasma species within the chamber. Given that species within the 

plasma are highly energetic (i.e., at high temperatures), even when the collective 

plasma can be considered ‘cold’ or ‘weak’, it is possible for these species to overcome 

the Zr-O dissociation energy and thus allow for the formation of oxygen vacancies 

(equation 5-3).  
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Once the oxygen vacancies are formed, their relatively positive charge leads to their 

accumulation at the ‘active’ sites of the cathode-facing (cf) surface (as described in 

Section 5.4.1). The combination of the net movement of oxygen vacancies away from 

the anode-facing surfaces and their replacement with lattice oxygen (equation 5-2 and 

Figure 5-17 allows for the continuous generation of new oxygen vacancies throughout 

the plasma treatment. The cathodic potential of the worktable can then attract the 

(relatively) positively charged oxygen vacancies towards the ‘active’ sites, as well as 

supply the electrons necessary for the reduction of zirconium ions (Zr4+ to Zr3+). 

However, the order of these processes is still unclear and requires further investigation. 

Moreover, the role that the electrons formed during the generation of oxygen 

vacancies (equation 5-3) play is also unclear. It is possible for the electrons to be 

released away from the sample (and move towards the chamber anode) or for them 

to facilitate the reduction of zirconium ions at the anode-facing surfaces (as shown by 

equation 5-4) [295, 303-305].  

Overall, this proposed mechanism of oxygen vacancies generation is supported by the 

observed effects of temperature, cathodic voltage and treatment duration have on 

transformation of zirconia. 

𝑂𝑂
𝑋 (af)

Plasma Interaction
→              𝑉𝑂

∙∙(af)+
1

2
𝑂2(g) + 2𝑒

− (5-3) 

𝑍𝑟4+ + 𝑒− → 𝑍𝑟3+  (5 4) 
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Figure 5-17. Overview of the continuous removal of lattice oxygen (O2-) at the anode-facing 

surfaces during plasma treatment of zirconia. This is made possible by the replacement of 

newly formed oxygen vacancies (𝑉𝑂
𝑋) with lattice oxygen coming from cathode-facing sites. 

5.4.4 Influence of treatment parameters on formation and net movement of 

oxygen vacancies 

Treatment temperature is known to directly influence the energy requirements for the 

dissociation of Zr-O bonds (by way of increased bond thermal energy). [209, 306, 307] 

Therefore, higher temperatures can facilitate the rightward shift of equation 5-3, which, 

at the earlier stages of treatment, can be perceived as a shorter “initiation" phase 

(where limited or no colour change is observed). As the temperature rises, greater 

numbers of oxygen vacancies are generated, which increase the concentration of 

charge carriers, and thus increase the electrical conductivity of zirconia. The increased 

thermal (vibrational) energy within the zirconia crystal structure at elevated treatment 

temperatures also provides favourable thermodynamic and kinetic conditions 

necessary for diffusion (conduction) of oxygen vacancies (rightward shift of equation 
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5-2). This can accelerate the accumulation of oxygen vacancies at the cathode-facing 

surface, which can be interpreted as the "migration" phase. Hence, temperature 

strongly correlates with the rate of transformation under plasma treatment, as 

evidenced by the increasing bulk transformations shown in Figure 5-7. 

Additionally, as greater power input (i.e., stronger plasma) is also required to achieve 

higher temperatures, the influence of plasma power must also be considered. As 

previously described in Section 5.4.2, the cathode potential can directly influence the 

number of ‘active’ sites that form on the cathode-facing surface. Therefore, it is already 

expected that increasing the operating voltage will directly influence the distribution 

and rate of bulk-reduction. Additionally, more energetic (and frequent) post-plasma 

species formed with stronger plasma will also aid in the generation of more oxygen 

vacancies. Finally, larger potential differences between the cathode, sample (floating 

potential) and anode walls of the chamber will also have an accelerating effect on the 

diffusion of oxygen vacancies towards the cathode. Overall, the effect of greater 

potential differences is to promote faster and more effective bulk-transformation of 

zirconia samples (as evidenced in Figure 5-8). 

In contrast to temperature and operating voltage, treatment duration only appears to 

influence the extent of migration and accumulation of oxygen vacancies at the 

cathode-facing surface. Treatment duration is found to have no appreciable influence 

on initiating the transformation of the zirconia, as evidenced by the lack of change 

observed when insufficient temperature (or power) conditions are employed (Figure 

5-7 & Figure 5-8). Similarly, cationic doping is also not observed to be (at least not 

significantly) involved in the formation and movement of oxygen vacancies during 

plasma treatment of zirconia (Figure 5-9). 
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5.4.5 Movement and growth of cathode front  

At the start of the plasma treatment of zirconia, the current transfer (both direct and 

indirect) takes place at the physical interface between the cathode and the cathode-

facing surface of the zirconia sample (as shown in Figure 5-16). However, analogous 

to electrochemical reduction techniques, this cathode front is found to move with the 

growth of the black oxygen-deficient zirconia (ZrO2-α) that initiates from the ‘active’ 

points at the cathode-facing surface.  

This moving cathode front develops from the progressive migration of oxygen 

vacancies (and Zr3+ cations) from all directions towards these ‘active’ sites, which form 

a concentration gradient of oxygen vacancies. This leads to growing black regions that 

are progressively more oxygen-deficient over time (where α continuous becomes 

larger). The centre of the region exhibits the best light absorption and darkest colour 

(i.e., where α is largest), and the areas away from this centre gradually become lighter 

(i.e., where α becomes smaller). This gradient of oxygen-deficiency is strongly 

supported by the observations (Figure 5-13) of varying colour intensity (visually) and 

light absorption capability (under Raman mapping) of growing black regions.  

As it is well established, the electrical conductivity of substoichiometric zirconia is 

significantly greater than stoichiometric zirconia [10, 13, 308]. As shown by equation 

5, the overall formation of substoichiometric zirconia (ZrO2-α) follows from the removal 

of (molar equivalent amount of) lattice oxygen anions.  

𝑍𝑟𝑂2 → 𝑍𝑟𝑂2−𝛼 +
α

2
𝑂2(g; mol) (5 5) 

This formation of oxygen-deficient zirconia also reduces zirconium cations (Zr4+ → Zr3+) 

and therefore gives rise to the occupation of new defect or mid-gap energy states 

(occupation of Zr 4d level) between the top of the valence band (highest occupied 
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energy level) and the bottom of the conduction band (lowest unoccupied energy level). 

Consequently, the electronic bandgap of oxygen-deficient zirconia is significantly 

reduced as compared with the pristine structure.  

This lowers the energy requirement for the valence-to-conduction band transition of 

electrons, which significantly enhances the light absorption capability (bandgap within 

the visible light range) and improves the electrical conductivity of zirconia [8, 13, 14, 

117].  

Additionally, as this accumulation initiates and grows outward from the ‘active’ sites of 

the cathode-facing surface, this allows for the continuous occupation of the conduction 

band energy levels within these regions. The effect of this electron occupation is the 

propagation of the electrical current from the cathode interface to the reduced regions 

of the zirconia (black regions).  

Effectively, this acts to extend the cathode front into the zirconia material, and as new 

oxygen vacancies are continuously generated and conducted towards the reduced 

regions, the transformed regions grow outward and become more conductive. 

Essentially, this forms a moving cathode front that is analogous to the moving reaction 

front in electrochemical reduction techniques [133].  

The hemispherically growing black regions form a dynamic cathode front which 

increases the effective surface area of zirconia in contact with the cathode. 

Consequently, this mechanism regulates the lateral surface growth of the black 

regions at a rate consistent with that of the internal boundaries (as found within Figure 

5-11).  

The observations of the growth trends of the black reduced regions provides strong 

supporting evidence for the moving cathode theory. During the early stage of growth, 
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the black regions are typically small enough and spread out enough to not influence 

each other, giving rise to hemispherical growth within the material (Figure 5-16a). The 

hemispherical growth proceeds while the different black regions are separated (Figure 

5-16b). However, as the black regions approach one another, the supply of oxygen 

vacancies for each growing black region becomes divided. This significantly limits the 

growth rate of the regions between the adjacent moving fronts and results in the 

formation of columnar morphology between the regions (as shown by Figure 5-16d). 

When there are many adjacent black regions, columnar shaped growth patterns are 

seen throughout the bulk (as shown in Figure 5-7c1). 

When the moving reaction front reaches the anode-facing surface of the sample, a 

direct circuit can form between the cathode, sample, and anode (going through the 

conductive gas atmosphere). This accelerates the transformation rate at the through-

depth treated regions by enabling direct ionic bombardment of the exposed spots (as 

shown in Figure 5-18). The formation of the plasma at the surface brings both greater 

quantities and more energetic impact events, thereby increasing the rate of removal 

of lattice oxygen and supply of fresh oxygen vacancies at the surface (equation 5-3). 

The development of this bombardment has already been shown by the authors in a 

previous study (Fig.1 of [12]) 
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Figure 5-18. Schematic representation of the formation of a glow-discharge at the anode-

facing surface of zirconia following the through-depth growth of the black regions. The 

subsequent direct bombardment with ionic species (H+ in this case) accelerates the removal 

of lattice oxygen and the formation of oxygen vacancies during the plasma treatment. 

5.4.6 Difference of plasma reduction and electrochemical reduction  

From the first reports of electrical blackening of zirconia in 1970 [300], investigations 

on the blackening phenomena have attracted substantial interest [276, 309-320]. As 

investigations into the electrochemical, optical, and thermal modifications of black 

zirconia have advanced, numerous studies have successfully demonstrated the 

brightening and darkening transformation of zirconia during flash sintering. Given the 

similarities between flash sintering and plasma blackening (as previously described in 

[295]), it is valuable to compare the mechanisms and principals involved across both 

technologies [121, 122, 133]. 
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The primary distinction between plasma treatment and traditional electro-reduction 

methods lies in the setup and operational principles. Under plasma treatment, the 

sample does not come into direct contact with the anode of the circuit. Instead, ionised 

gases play a crucial role in the process by providing a conductive medium for the 

transfer of current between the anode and cathode (i.e., completing the circuit) [12, 

186, 321-323]. This significantly accelerates the subsequent reduction process 

through two ways: (1) greater effective surface area in (indirect) contact with the anode 

for the formation of oxygen vacancies (leading to spherical growth) and (2) strong 

direct plasma bombardment once the transformed regions expand to the outer surface 

(as shown by the accelerated bombardment with H+ ions in Figure 5-18).  

As the bottom of the sample is in contact with the cathode, it is subjected to the 

strongest cathodic potential, while all other surfaces of the zirconia sample can be 

regarded as being relatively anodic in comparison.  This arrangement allows oxygen 

to escape from various angles, as evidenced by the observed hemispherical shape 

and growth of the black regions in Figure 5-10 and Figure 5-13. 

Unlike plasma treatments, electrochemical reduction typically gives rise to parallel field 

lines between the electrodes [324]. This typically then generates a unidirectional 

potential gradient and produces a unidirectional flow of current between the anode 

and cathode with the sample [133]. Therefore, this constrains the direction in which 

oxygen can escape, and new vacancies can be supplied for the continuous reduction, 

which leads to the formation of distinct finger-like growth of black regions [133].  

Based on the principles of electrochemistry, the entire zirconia samples can be 

understood as a collection of resistors connected in parallel in the direction of the 

current.  Consequently, the central regions (core) of the cathode-touching zirconia 
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surfaces in electrochemical reduction approaches are more likely to overcome the 

breakdown voltage (as discussed in Section 5.4.2), leading to preferential reduction 

around those regions. However, no such phenomena is observed for plasma treated 

zirconia samples, with the depth of the black regions being found to be consistent 

between the edges and centres of the samples (Figure 5-7b2 and Figure 5-10). 

Therefore, low-pressure plasma treatment presents as a flexible and spatially 

unrestricted technique for the reduction of zirconia.   
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5.5 Conclusions 

Bulk oxygen-deficient zirconia was successfully produced within this study using a 

variety of low-pressure plasma treatment configurations and parameters. Evaluation 

of the impact of different treatment parameters on the reduction (blackening) of 

zirconia has enabled the proposal of a potential mechanism for the initiation and 

growth of the transformed regions. Four key development stages of the transformation 

process are identified, namely: bulk oxygen vacancy conductance, surface activation, 

oxygen vacancy generation and a moving cathode front. The findings of this study are 

summarised as follows: 

• Bulk oxygen vacancy conductance: The reduction (blackening) of zirconia 

arises due to the opposing net migrations of lattice oxygen (O2−) and oxygen 

vacancies ( 𝑉𝑂
∙∙ ) towards the anode-facing and cathode-facing surfaces, 

respectively. 

• Surface activation: Transformation of zirconia is found to initiate at isolated 

‘active’ sites that correspond to locations where there is direct contact 

(physically touching) or indirect contact (through the electrical breakdown of the 

gap) with the cathodic worktable. 

• Newly formed black regions grow from the cathode-facing sites towards the 

anode-facing surfaces. When the ‘active’ sites are spread out, they grow in all 

directions and form hemispherical black regions. 

• The change in colour of the treated material relates to the formation of oxygen-

deficient zirconia (ZrO2-α). The strongest concentration of 𝑉𝑂
∙∙ (where α is largest) 

are found at the centre of the black regions (at the initiation site). When moving 

away from the centre, there is a gradual transition back to the white colour of 

the pristine material (corresponding to smaller α values). 
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• When the initial ‘active’ sites are located close together, migration of lattice 

oxygen and 𝑉𝑂
∙∙  becomes divided between the growing interfaces of both 

regions, leading to the formation of inhibition zones and asymmetric growth. 

This is found to initially produce striated columnar regions of black and white 

zirconia in through-depth treated samples, which disappear with longer and/or 

more powerful treatments. 

• Oxygen vacancy generation: New 𝑉𝑂
∙∙ are generated by the release of lattice 

oxygen at the anode-facing surfaces. The opposing migration of 𝑉𝑂
∙∙ and lattice 

oxygen enable continuous generation of 𝑉𝑂
∙∙ throughout the treatment process. 

• Moving cathode front: The cathode reaction front, which starts at the 

worktable surface, expands to the growing boundaries of the black regions 

throughout the treatment. This increases the effective surface area of the 

cathode in contact with the zirconia, and forms a moving cathode front, thereby 

accelerating the treatment process. Oxygen vacancies, which have a positive 

charge relative to lattice oxygen, migrate towards this moving cathode front. 

• Once the moving cathode front reach the anode-facing surface, direct ionic 

bombardment of the surface ensues. This significantly enhances the rate of 

lattice oxygen removal and oxygen vacancies formation. 

In conclusion, low-pressure plasma has been demonstrated to be an attractive and 

scalable alternative approach for the effective bulk-reduction of zirconia. The process 

is shown to be adaptable and highly controllable through the optimisation of treatment 

configurations and parameters. It is hoped that the promising findings of this study can 

inspire further studies on the plasma reduction of zirconia. 
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5.6 Supplementary material 

In addition to the key information as reported in Paper II, some unpublished 

information is provided here as supplementary materials for Chapter 5. 

5.6.1 X-ray diffraction (XRD) analysis from different temperatures 

X-ray diffraction (XRD) analysis was conducted on the 30 min DCP-treated samples 

for various temperatures (100 to 500 °C). The obtained XRD patterns exhibited high 

conformity with the PDF standard card #48-0024 for 3-YSZ, as depicted in Figure 5-19. 

Although the complete coverage of peak areas of the PDF card was not achieved, no 

unidentified peaks were observed or measured, suggesting that any missing regions 

can be attributed to variations in stoichiometry (as is typical in 3-YSZ samples). The 

X-ray diffraction (XRD) analysis revealed no significant changes in the 2θ angle, which 

represents the interplanar spacing (d-spacing), or in the broadening of the peaks, 

indicating no obvious changes in the long-range periodicity of the crystallography. 

However, a slight rightward shift of approximately 0.1-0.5 ° (as indicated by the orange 

dashed line in Figure 5-19) was observed in the characteristic peaks around 30, 35, 

50 and 60 °. The degree of shift was found to correspond with the degree of sample 

blackening.  
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Figure 5-19. XRD patterns of the zirconia samples treated under different temperatures. 

Reducing zirconia decreases the average ionic radius of the cation (i.e., zirconium), 

causing a contraction of the unit cell and a decrease in the unit cell parameter (as 

mentioned in section 2.3.2.1). Furthermore, the formation of oxygen vacancies can 

induce changes in the material’s electronic structure, affecting the bonding and 

interatomic forces. These changes further contribute to generating residual stress and 

the contraction of the unit cell. Notably, the decreasing shift as the angle increases 

may be attributed to the specific crystallographic orientation of the material. The 

observed variations in the peak shifts between different crystal planes provide insights 
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into the lattice distortion during the treatment. Specifically, when examining the (101) 

crystal plane, the untreated sample exhibits a larger deviation of roughly 0.57° 

compared to the sample treated at 500 °C. This suggests that the (111) plane 

experiences a more pronounced lattice distortion during the plasma treatment. On the 

other hand, the average deviation for the two (202) crystal planes is only 0.50°, 

indicating a relatively more minor lattice distortion for these planes as shown in Figure 

5-20. 

These imply that different crystal planes and orientations may experience different 

lattice strain levels and ionic radii changes, resulting in varying magnitudes of peak 

shifts. The differences in peak shifts between crystal planes can be attributed to their 

unique crystallographic orientations and the arrangement of atoms within these planes. 

Each crystal plane has its own set of lattice parameters and arrangement of atoms, 

leading to varying degrees of susceptibility to lattice distortion. The response of each 

plane to the reduction process and the generation of oxygen vacancies can vary based 

on the interatomic forces and bonding characteristics specific to that plane. The 

variation in peak shifts also highlights the importance of crystallographic orientation 

when analysing the effects of plasma treatment on the zirconia material. Different 

crystal planes may exhibit different degrees of lattice distortion and changes in 

interatomic distances, providing valuable information about the underlying 

mechanisms and structural modifications occurring during the reduction process. 
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Figure 5-20. The detailed scan revealed characteristic peaks for each zirconia samples 

treated at various temperatures (The orange dotted line indicates the positions of the 

different peaks of the untreated zirconia for comparison with the plasma treated sample). 

5.6.2 X-ray diffraction (XRD) analysis from sample treated with different gases. 

The systematic experimental gas design was used to investigate the effects of the 

different atmospheres on blackening, including hydrogen and nitrogen, while the 

remaining conditions were kept constant (500 °C, 3 mbar, DC). In past studies, the 

temperature and cathodic potential have been shown to play an important role in the 

transformation kinetics; however, in this section, the size of atoms has also been 

demonstrated to play an essential role in the transformation rate and the following 

crystal structure and properties. From the results, both gases treated samples 

observed blackness, which indicates that the black colour of the samples is not directly 

related to the difference from the atmosphere. However, the XRD pattern (Figure 5-21) 

interestingly showed that more monoclinic phases (peak 28.9 °) were observed in the 
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nitrogen-treated sample but not in the hydrogen-treated sample, which suggests that 

despite both treatments leading to uniformly blackened samples, differing processes 

arise between nitrogen and hydrogen treatments. The newly added M-phase can be 

understood as a phase transformation of the zirconia due to its metastable state (which 

gives rise to its transformation toughening behaviour). The formation of the monoclinic 

phase may be induced by the impact of high-speed charged particles on the sample 

surface during the plasma bombardment process. As the effective mass of nitrogen 

ions is greater than that of hydrogen ions, it can be inferred that the momentum 

imparted during the bombardment process from nitrogen ions will introduce more 

energy, and can more readily facilitate the phase transformation. 

 

Figure 5-21.The XRD pattern from different gas-treated zirconia. 
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5.6.3 The other methods to accelerate plasma treatment. 

Several techniques have also been explored to accelerate the plasma-blackening 

process of zirconia, which show potential for future industrial scale up. The techniques 

introduced in the following section are (1) the pre-sputtering of a conductive surface 

(gold) prior to plasma treatment (as shown in Figure 5-22) and (2) the introduction of 

an in-situ sputtering and heating source during the treatment (three stainless steel 

blocks). Zirconia, being a conventional ceramic material, is considered as a non-

conducting material. Consequently, during the initial stages of plasma treatment, the 

sample acts as an insulating material and is not subjected to ionic bombardment. 

However, the addition of the gold coating enables the formation of a thin conductive 

surface, thereby creating a conductive “skin”, which can serve to enable plasma 

bombardment and to help heat up and process the material more efficiently at the very 

early stage of the treatment process (as mentioned in Section 5.4.5). Moreover, this 

method is non-destructive as the gold layer is gradually sputtered away from the 

sample surface through the plasma bombardment process.  

 

Figure 5-22. (a) pristine and (b) gold coated sample. 

As illustrated in Figure 5-23a, three equally sized stainless steel blocks were uniformly 

arranged around the sample before plasma treatment.  
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The purpose of this setup serves three main objectives. First, unlike zirconia, stainless 

steel is an excellent conductor of electricity. Thus, it can interact significantly with 

ionised ions right at the beginning of plasma treatment, forming an ions cloud region 

cantered around the stainless steel block (as depicted in Figure 5-23b, where negative 

glow discharge is observed around the stainless steel block, unlike the zirconia 

sample). This ions cloud plays a guiding role during plasma treatment, making the 

region covered by the cloud more susceptible to plasma bombardment. 

Simultaneously, these three stainless steel blocks can increase local current density, 

intensifying the treatment of ions in that area and accelerating ion energy absorption 

and reaction rates. 

Second, stainless steel, as an excellent thermal conductor, also undergoes rapid 

heating due to the plasma bombardment (unlike insulating ceramic materials). 

Consequently, heat radiation away from the blocks leads to the inner regions of the 

enclosed space to heat up significantly faster than other areas of the plasma furnace, 

therefore accelerating the heating up stage of the sample during the plasma treatment.  

Third, due to the plasma bombardment process, the three stainless steel blocks 

release (sputter) some of their surface material onto the zirconia samples and their 

surroundings. This helps to form a conductive surface layer on the insulating ceramic 

as well as replenishing the layer throughout the treatment process. This process can 

accelerate the ions bombardment process and increase the reaction rates and 

enhance the transformation rate of the plasma treatment process. 
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Figure 5-23. Plasma setup figure (a) depicts three stainless steel blocks uniformly positioned 

around the sample before the treatment, while (b) contrasts the fast heat up area formed by 

the three stainless steel blocks during the plasma treatment with the sample stage lacking 

the benefits. 
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Chapter 6 Plasma-Defect Engineering Repair of Macro-Indentation 

Cracks in Zirconia  

 

Note: A letter paper based on the plasma cracking healing of zirconia has been 

submitted to Scripta Materialia for publication.  

 

Contributions: (Conceptualization: equal; Data curation: Lead; Formal analysis: Lead; 

Investigation: Lead; Methodology: Supporting; Validation: Supporting; Writing – 

original draft: Lead; Writing – review & editing: Lead). 
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Abstract 

Zirconia, recognised for its robust nature owing to its remarkable combination of 

properties such as high hardness, chemical stability, and biocompatibility, has been 

extensively utilised across numerous areas including biomedical engineering, 

catalysis, and electronics. However, in harsh environments characterised by high 

pressure and high temperatures, cracking often develops due to the formation of T-M 

phase transformation and localised defects, subsequently leading to the development 

of significant cracks, resulting in material failure. Although the inherent transformation 

toughening properties of zirconia, which do to some extent prevent the generation and 

propagation of cracks, further refinement is still warranted. In this study, we present a 

novel low-pressure (300 Pa) plasma treatment (N2 gas at 500 °C for 10 hours) capable 

of inducing crack-healing of zirconia, allowing for non-destructive restoration of both 

surface and deep microcracks. Crack-healing phenomena are revealed using a 

combination of SEM imaging and laser milling performed in-situ to expose both surface 

and bulk segments of cracks. In combination with XRD spectra, surface Raman maps 

of cracks produced by 5 and 20 kgf Vickers indentations showcase the subsequent 

repair following the plasma-induced tetragonal-to-monoclinic phase transition. Low-

pressure plasma treatment of zirconia presents a promising strategy for the repair of 

zirconia materials via a cost-effective, scalable and environmentally friendly approach. 

Moreover, plasma-treated zirconia is also found to exhibit a unique combined 

enhancement of surface hardness and fracture toughness. 
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6.1 Introduction 

As a vital ceramic, zirconia is widely used as a structural material in engineering 

applications due to its high mechanical properties, exceptional thermal stability, and 

chemical resistance [5, 25, 325]. However, the cracking of zirconia presents certain 

limitations when exposed to high-stress environments, impacting its practical 

applicability [326-330]. Exploring the crack-healing of zirconia aims to enhance the 

mechanical properties, extend the operational lifespan, and increase the material 

reliability of zirconia. Therefore, realising this goal can have substantial ramifications 

to expand the utilisation across the aerospace, engineering, and biomedical domains 

[331, 332].  

The phase transformation of in zirconia can be achieved by manipulating temperature 

and pressure [333, 334]. Wang and Stevens healed the cracks on TZP (ZrO2 – 3 mol% 

Y2O3) by thermal treatment (1250 °C for 20 min) and they concluded that it is essential 

for crack healing to conduct the thermal treatment above the ZrO2 (t) → ZrO2 (m) 

transformation temperature [297]; Houjou and co-researchers investigated crack-

healing behaviour of ZrO2/SiC composites during thermal treatment in air or N2 gas 

at 600-1350 C for 1-100 h and they found that SiC and oxidative environment are 

necessary for healing cracks in ZrO2/SiC composites [298-299]. More recently, 

Shunsuke and co-researchers (2023) healed microcracks formed by micro-Vickers 

indenter in single-crystal cubic zirconia (ZrO2 – 10 mol% Y2O3) by thermal annealing 

(1250 °C or 1400 °C for 10 min) [333, 335].  

The pioneering work by Raj et al. (2011) [301] demonstrated the efficacy of flash 

events under DC electric fields for sintering. Takahashi et al. healed cracks artificially 
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formed using a micro-Vickers indentation technique in 8 mol% Y2O3-stabilised cubic 

ZrO2 (8Y-CSZ) polycrystals under a DC electric field at a relatively low temperature of 

800 °C in an electric furnace [336]. However, Pt wire electrodes and Pt paste must be 

used to connect to the DC source forming a DC electric field to promote the healing 

process. 

The author of this study has discovered for the first time the healing of cracks in 

zirconia by low pressure plasma treatment, which is scientifically interesting and 

technologically important.  Notably, plasma treatment eliminates the need for direct 

electrode contact, presenting a clear advantage for potential application. Furthermore, 

plasma treatment can be conducted at lower temperatures (<550C) than that for 

thermal crack healing and DC electric field enhanced cracking healing. 

Consequently, this study aimed to investigate the possibility of healing macrocracks 

and the fundamental mechanisms involved in the crack-healing of zirconia through 

low-pressure plasma treatment. The optical images of the surfaces and cross-sections 

of macrocracks formed by Vickers indenter under loads ranging from 5 to 50 kgf) were 

compared and analysed to assess the extent of crack healing. Combined with the 

results from XRD spectra and Raman mapping, the phase transitions around the 

indentations were analysed to comprehend the underlying mechanism for the repair 

of the cracks. It is expected that the outcomes of this investigation will advance 

scientific understanding of the mechanism involved in the plasma crack-healing of 

zirconia and contribute to the future development and optimisation of this novel, cost-

effective, and environmentally friendly plasma-defect engineering route.  
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6.2 Materials and Methods  

6.2.1 Sample preparation 

Samples of 3 mol-% yttria-stabilised tetragonal zirconia rods (10 mm diameter) were 

cut into 3mm thick cylindrical coupons (Struers Accutom 50) with a cubic boron nitride 

cutting wheel. Samples were then ground to #1200 grit size using SiC paper before 

polishing with diamond suspensions with particle sizes of 6, 3, and 1 μm. Different 

indentation loads (from 5 and 50 kgf) were produced on the surface of mirror polished 

samples (Struers Duramin-40).  

6.2.2 Plasma treatment  

Samples were treated for 10 hours using a Klöckner Ionon 40 kVA plasma furnace 

under N2 atmosphere and a working gas pressure of 3 mbar (300 Pa).  

After the plasma treatment, gentle surface polishing (using a one-micron polishing 

sheet for approximately 10 seconds) was conducted to achieve a smoother surface 

and to remove the deposited layer formed during the plasma process. It is crucial to 

remove this surface deposition layer because its complex composition may affect 

subsequent crack characterisations, such as covering cracks and making them 

unobservable, or introducing impurity phases during surface Raman scanning. The 

deposition layer on the sample surface post-plasma treatment can be primarily 

attributed to the following factors: the formation of compounds from residual gas in the 

plasma interacting with the ceramic surface, the vapor deposition effects of impurity 

gases (in trace amounts), and the generation of NxMy-type compounds from the 

interaction of gas and metal ions from the worktable during plasma sputtering (as 

mentioned in Section 2.4.2).  
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6.2.3 Optical images  

Optical images of the indentation were acquired using a Zeiss optical microscope. The 

input light was adjusted to a setting of 2, while the grating was maintained in its original 

mode. To capture comprehensive images accommodating the various indentation 

sizes, X5 and X10 objectives were used accordingly. The calculation of the indentation 

dimensions (cracks and indentation area) was performed using ImageJ software.  

6.2.4 Raman mapping 

Raman scanning was conducted using a Renishaw inVia Raman microscope fitted 

with a 532 nm excitation laser source and groove density of 1800 l/mm to identify the 

light absorption capabilities and constituent phases (tetragonal and monoclinic 

phases). The data were then further analysed using Casa XPS and Origin software 

packages for deconvoluting the respective spectra and graphing. 

6.2.5 Laser milling 

A femto-second laser beam in a Hydra-Laser Tribeam microscope was used to 

prepare the cross-section slice of the sample. SEM images were taken on the cross-

section slices after each laser milling.  

6.2.6 X-ray diffraction (XRD) 

Crystal structures and phase analysis were carried out using XRD (proto AXRD 

Benchtop) with Cu Kα irradiation (wavelength 0.15406 nm) operated at 40 kV and 30 

mA. Pattens were generated from 20-80 ° angles, with step increments of 0.01493 °. 

Scherrer's equation calculated the average crystallite size: D=Kλ/(βcosθ), in which K 

is Scherrer constant, β is the half-peak height width or integral width of the diffraction 

peak, θ is Bragg Angle, λ is X-ray wavelength (0. 15406 nm). 
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6.2.7 Hardness and toughness  

Vickers indentations under loads of 300 gf and 10 kgf were used to evaluate the 

respective hardness and indentation-based fracture toughness of the samples by 

using Struers Duramin-40. To determine hardness values, the average diagonal 

lengths of the indents were measured and calculated using equation (1). Fracture 

toughness measurements were calculated using either equation (2) or equation (3). 

The ratio of the total crack length (c) across the indent to the half indent diagonal length 

(a) determined the choice of equation, with equation (2) employed for c/a ≥ 2.5 and 

equation (3) used for c/a < 2.5 [337].  

𝐻𝑉 = 1.854
𝐹

(2𝑎)2
        (6-1) 

KIC =  0.0752 ∙
𝐹

𝑐
3
2

  (6-2) 

KIC = 0.0319 ∙
𝐹

0.5∙𝑎∙𝑙
1
2

  (6-3) 
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6.3 Results 

6.3.1 Sample colour transformation 

Figure 6-1 illustrates the process of plasma-induced self-healing in zirconia micro-

cracks, accompanied by distinct changes in the sample's colouration. In Figure 6-1 (a), 

the untreated zirconia sample appears white, resembling normal 3 mol% Yttria-

Stabilized Zirconia (3YSZ). The sample's surface exhibits indentations from various 

loads ranging from 5 kgf to 50 kgf. Figure 6-1 (b) presents the sample treated with N2 

at 500°C for 10 hours, resulting in the entire sample turning black, indicative of the 

transformation to oxygen-deficient zirconia, as previously reported (as shown in 

Chapter 4). After the removal of the original deposition layer, resulting in Figure 6-1 (c),  

the black colouration in the centre of the sample remains visible. Figure 6-1 (d) exhibits 

the sample after the oxidation reaction, during which the oxygen vacancies in the 

oxygen-deficient zirconia are re-filled, causing the zirconia to revert to its original white 

colour, consistent with the appearance of the untreated sample. The subsequent re-

oxidation treatment is employed to maintain a uniform colour with the untreated 

sample, preserving its applicability in various potential applications without 

compromising its appearance. 

 

Figure 6-1 Optical images from the zirconia top surface (a) before the plasma treatment, (b) 

after the treatment (N2-500 °C -10h) with the deposition layer, (c) removed deposition layer 

by gentle polishing, and (d) after thermal oxidation treatment (air-600 °C -10h). 
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6.3.2 Surface crack healing  

Figure 6-2a1 depicts the untreated sample with 20 kgf Vickers indentation, revealing 

four microcracks extending along the direction of indentation, each with an average 

length of 141±3 μm. In Figure 6-2a2, magnified images of these microcracks from the 

untreated sample provide clearer visibility of their morphology. Notably, the indentation 

on the untreated samples appears to correspond to the shape of the Vickers indenter, 

with only a slight curvature at each edge. 

Figure 6-2b1 displays the surface picture of the sample after DC plasma treatment. 

Interestingly, the extended microcracks around the indentation cannot be seen 

anymore, even at the crack base. The edges of the indent also appear significantly 

more curved than the untreated indents. Figure 6-2d further highlights the surface 

morphology of the microcracks and highlights the repaired state. The cracks after 

plasma treatment appear flat, and the original crack gaps are filled, leading to a 

promising healing effect. Under optical imaging, no traces of the original crack are 

visible and the surface appears unblemished, making it difficult to discern the location 

of the initial crack. Furthermore, an interesting observation is made regarding the size 

of the indentation. This is reflected in the average diagonal length measurements: the 

plasma-treated sample exhibits an average diagonal length of 162.48 ± 1.60 μm, 

which has a 2.04 % decrement compared with the untreated diagonal length of 165.86 

± 0.79 μm, and the overall area of the indentation was reduced by 10.59 %, decreasing 

from 12,895.47 ± 44.45 to 11,530.44 ± 55.46 µm². The decrease in indentation size 

may be attributed to the material's response to the plasma treatments: plasma 

treatment induces a phase transformation surrounding the indentation from a 

tetragonal phase to a monoclinic phase, leading to expansion. This expansion causes 

a reduction in indentation dimensions. 
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Figure 6-2 Optical images of 20 kgf indentation on the zirconia top surface (a) before the 

plasma treatment and (b) after plasma treatment, (1) overview figures and (2) detailed 

figures of the left microcrack of the indentation (as marked by the black arrow: The distal end 

formed by indentation is referred to as the "crack tip", while the side closer to the indentation 

is defined as the "crack base"). 

 

In order to preliminarily investigate the efficacy of nitrogen plasma treatment in crack 

repair, data on indentation sizes obtained under different loads were collected (5, 10, 

20, 30, and 50 kgf, with the 20 kgf data are shown in Figure 6-2 and the rest are in 

Figure 6-3). It is evident from the figures that nitrogen plasma treatment at 10 hours, 

3 mbar, and 500°C can fully repair cracks formed under loads of 10 kgf and below. 
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However, starting from 20 kgf, cracks are only partially repaired. In Figure 6-3b3, it is 

clear that the healing effect is pronounced at the tips of the cracks, while there is no 

fully repair near the indentation side (at the bottom of the crack). This trend is 

particularly noticeable in the images of cracks formed under a 50 kgf load. This group 

experiments reveal an approximate limit to the crack-healing property achieved by 

plasma treatment under a certain set of parameters. Nevertheless, plasma treatment 

for ceramic modification is a highly complex process, with the healing process 

involving the formation of oxygen-deficient zirconia and the phase transformation 

between monoclinic and tetragonal phases. Therefore, the extent of crack repair is 

believed to not have a direct linear relationship with factors such as temperature, 

duration, and gas pressure, but necessitating further in-depth and systematic 

exploration. It is worth noting that the crack healing for large-scale cracks is more akin 

to a plasma-induced local enhancement of the m-phase. Since cracks under large 

loads (above 20 kgf) are not completely healed, reapplying regional stress to the 

original cracks may result in their reappearance. However, compared to previously 

published studies (as shown in section 6.1), the degree of repair achieved in this 

research for 5 kg and 10 kg indentations is still showing its value. 
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Figure 6-3 Optical images of full-scale indention from 5 kg-50 kgf where group (a) is un-

treated sample (b) is N2-plasma-treated sample and 1 shows from 5 kgf indentations, 2 for 

10 kgf, 3 for 30 kgf, 4 for 50 kgf. 

 

In order to gain a detailed understanding of the extent to which plasma treatment 

repairs cracks in zirconia, the average diagonal length of indentations and the average 

distance from the midpoint of one side to the midpoint of an adjacent side were 

measured and tabulated (shown in Table 6-1), the bend rate was obtained by 

calculating the fraction of the distance reduction at the midpoint of the opposite edge 

divided by the data from the untreated sample. Across all measurements of 

indentations formed under different loads, the area of indentations consistently 

decreased after plasma treatment, providing supportive evidence of expansion caused 
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by the phase transition from tetragonal to monoclinic phase. Due to the larger volume 

of indentations compared to cracks, they do not completely heal but still exhibit a trend 

of reduction. Interestingly, the reduction ratio diminishes as the indentations decrease 

in size, demonstrating that the induction of zirconia phase transition under fixed 

plasma treatment conditions remains approximately constant and does not vary with 

indentation size. Furthermore, it is visually evident from the table that there is not a 

significant difference in the area of indentations after heat treatment compared to after 

plasma treatment, thus corroborating the conclusions drawn from the data obtained in 

Section 6.3.1. The limitation of this experimental set lies in the fact that all data are 

based on two-dimensional manual measurements of indentation surfaces. Utilising 

means to obtain three-dimensional graphs of indentation volumes or relying on 

instrumentation could potentially yield more convincing data.  

 

Table 6-1 Indentation Size Data of Untreated, Plasma Treated, and Thermal Oxidation  

Treated zirconia 

N2 

Indentatio
n (kgf) 

Type  
Average--Diagonal 

Dis  nce (μm) 
Decrease 

(%) 
Average--Vertical 

Dis  nce (μm)  
Bend 
Rate 

2.5  

Unt 59.32  - 38.45 -  

Plasma-
treated  54.86 7.52% 32.93 14.36% 

Thermal 
oxidation 53.61 9.63% 33.39 13.16% 

5  

Unt 83.365   56.45   

Plasma-
treated  78.635 5.67% 46.49 17.64% 

Thermal 
oxidation 78.67 5.63% 45.435 19.51% 

10  

Unt 119.38   78.63   

Plasma-
treated  110.92 7.09% 65.5 16.70% 

Thermal 
oxidation 110.285 7.62% 63.56 19.17% 

20  Unt 165.865   111.765   
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Plasma-
treated  162.48 2.04% 106.46 4.75% 

Thermal 
oxidation 161.92 2.38% 106.97 4.29% 

30  

Unt 202.535   135.84   

Plasma-
treated  201.48 0.52% 135.425 0.31% 

Thermal 
oxidation 200.23 1.14% 135.485 0.26% 

50  

Unt 261.64   173.625   

Plasma-
treated  261.17 0.18% 172.895 0.42% 

Thermal 
oxidation 259.03 1.00% 173.345 0.16% 

 

6.3.3 Bulk crack healing  

Figure 6-4 provides further insights into the crack healing process from the bulk, with 

a cross-sectional images produced using laser milling of the crack formed by 20 kgf 

Vickers indents. On the crack's upper side (Figure 6-4b1), the untreated sample had 

a gap width of 2.47 μm, indicating clear crack propagation in the longitudinal section. 

Conversely, the treated sample (Figure 6-4b2) exhibited a much narrower crack width 

of 0.53 μm, approximately one-third of the untreated sample. This significant reduction 

in crack width indicates effective repair is achieved through plasma treatment. Similarly, 

as shown in Figure 6-4c1, the middle section of the crack displayed a surface crack 

width of 1.21 μm, while the repaired width was only 0.39 μm, as observed in Figure 

6-4c2. This repair at the middle section aligns with the healing observed at the bottom 

of the crack. Interestingly, the observation of bulk healing occurring approximately 92 

μm from the sample surface indicates that the healing process extends from the 

surface to the body core of the plasma-treated sample's. 
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Figure 6-4 Optical images of 20 kg indentation on the zirconia top surface: (a) the locations 

of the laser milling: one adjacent to the indentation (red line) and the other approximately 60 

μm away from the base (green line); the cross-section figures mill from the crack base of the 

(b1) un-treated sample (the green arrow indicating the crack’s propagation from the sample 

surface to the body core) and (b2) plasma-treated sample (c1) the cross-section figures from 

60 μm away from the crack base of the (c1) un-treated sample and (c2) plasma-treated 

sample. 

 

6.3.4  Phase transformation evidence 

Accompany by the significant morphological changes in crack healing, XRD analysis 

of the plasma-treated sample reveals the presence of a newly added monoclinic 

character peak at 28.9° in the crystallographic phase structure, as depicted in Figure 

6-5a. Both the untreated and plasma-treated zirconia could be indexed using standard 

patterns corresponding to 3% yttria-stabilised zirconia (PDF #48-0024). A subtle 

modification in the monoclinic phase content was discernible, as indicated by the red 

dotted line at 28.9°. With further demonstration provided by the high-resolution scan 
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from 27.5° to 29.5° (Figure 6-5b), the newly added monoclinic signal of the plasma-

treated sample was measured to be 3.41 times greater than that of the untreated 

sample. Notably, the untreated sample also exhibited the monoclinic phase due to its 

composition as yttria-stabilised zirconia, an inherent characteristic of the material. 

However, the plasma-treated samples showed a significant increase in monoclinic 

phase compared to the untreated samples, attributable to the effects of plasma 

treatment. The absence of phase transformations (T-M) and the retention of the 3% 

yttria-stabilised zirconia pattern suggest that plasma treatment might influence the 

material's microstructure, potentially contributing to the observed phenomena in crack 

healing and material mechanical performance. 

To further investigate the phase information before and after the plasma treatment 

along the indentation, Raman surface mapping was employed. In Figure 6-5c, the 

untreated sample exhibits a small monoclinic phase around the 5 kgf indentation. This 

observation aligns with the phenomenon reported in the literature, where tensile stress 

induces a phase transition from the tetragonal to monoclinic phase around the 

indentation, contributing to zirconia's transformation and toughening characteristics. 

Conversely, as seen in Figure 6-5d, the plasma-treated samples display an increased 

monoclinic phase formation around the indentation, which is consistent with the XRD 

findings, further corroborating that the plasma treatment also can induce phase 

transition (from tetragonal to monoclinic) around the indentation. However, it is worth 

noting that the phase distribution around the crack is not as distinct as around the 

indentation, this can be explained by the direction of the new phase generation, that 

the phase growth occurring from the inside to outside, i.e., originating from the centre 

of the body core and extending outward (vertically from the deepest part or tip of the 

crack).  As a result, this internal growth of the phase cannot be directly observed on 
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the surface, which is evident from the curvilinear nature of the side length around the 

indentation instead of a straight line as shown in Figure 6-1. 

Simultaneously, detailed scanning of the microcracks adjacent to the 20 kgf 

indentation was conducted to assess the consistency of the phase distribution around 

the crack with the 5 kgf indentation full scanning results. The distribution of the 

monoclinic phase in the untreated sample aligns with the observations in Figure 6-5e, 

primarily concentrated along the indentation. This can be attributed to the 

transformation from the tetragonal phase to the monoclinic phase induced by the 

vertical compressive stress during the indentation formation.  Figure 6-5f exhibits the 

monoclinic phase distributions after nitrogen plasma treatment.  Resembling the 5 kgf 

scan results, the plasma treatment induced a more substantial presence of the 

monoclinic phase around the indentation. However, it is worth noting that the phase 

distribution around the crack is not as distinct as around the indentation; the phases 

near the crack in the three plots appear consistent on the surface.  This can be 

explained by the direction of the new phase generation, that the nascent phase growth 

occurs from the inside to outside, i.e., originating from the centre of the body and 

extending outward (vertically from the deepest part or tip of the crack).  As a result, 

this internal growth of the phase cannot be directly observed on the surface, which is 

evident from the curvilinear nature of the side length around the indentation instead of 

a straight line as shown in Figure 6-2. 
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Figure 6-5 XRD patterns of the zirconia from the Un-treated and plasma-treated sample; (b) 

the detailed scanning from 27.5° - 29.5°, Raman surface mapping of the monoclinic phase 

distribution near the indentation under a load of 5 kgf of the (c) untreated zirconia and (d) 
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plasma-treated sample, the right crack’s monoclinic phase Raman mapping under a load of 

20kgf of (e) untreated zirconia, (f) plasma-treated sample. 

 

6.3.5 Retaining healed cracks following re-oxidation treatment 

Although the sample reverted from black to white due to the re-occupation of oxygen 

vacancies after thermal oxidation treatment, the healed nature of the cracks was not 

lost. Figure 6-6a illustrates the overall appearance of a 5 kgf indentation, showing that 

each crack remained intact and repaired, consistent with the situation after plasma 

treatment as shown in Figure 6-2. Raman scans (Figure 6-6c) also confirmed this 

observation, with the intensity of the monoclinic phase around the indentation only 

showing limited difference from that of the plasma treated sample. This implies that 

the monoclinic phase generated by plasma treatment exhibits sufficient thermal 

stability below 600 °C and does not become ineffective due to the re-oxidation process. 

This finding opens up broad possibilities for the plasma-assisted healing of cracked 

zirconia, as it demonstrates that plasma treatment can induce large-scale crack self-

repair without altering the sample's colour, thus providing extensive avenues for further 

exploration. 
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Figure 6-6 Optical images(a) of 5 kgf indention after TO treatment (base on the sample 

treated by N2-10h-500 °C), (b) the detailed figure for the left crack and (c) Raman mapping 

of the 5 kgf indention keep the sample intensity bar as the previous one. 

 

Furthermore, plasma treatment using different gases has been demonstrated to 

effectively repair cracks in zirconia. As depicted in Figure 6-7, the morphology around 

the 5 kgf load after H2-10 hours-500 °C treatment was obtained, showing a noticeable 

repair effect on the cracks. Raman scans of the indentations also confirmed the 

presence of a newly formed m-phase around the indentations. 
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Figure 6-7 Optical images (a) of 5 kgf indention after H2-10h-500 °C plasma treatment, (b) 

the detailed figure for the left crack and (c) Raman mapping of the 5 kgf indention keep the 

sample intensity bar as the previous one. 

Moreover, accompanying the process of crack-healing, the surface hardness of 

plasma-treated zirconia was enhanced. Unlike numerous studies reporting on oxygen-

deficient zirconia, plasma treatment can directly treat bulk polycrystalline YSZ, 

whereas most other approaches obtained samples in powdered or thin-layered form, 

hence unable to characterise mechanical properties. The hardness results were 

depicted in Figure 6-8: the untreated sample exhibited a hardness of 1246HV0.3/20, 

whereas after plasma treatment, the hardness increased significantly to 1351, 

demonstrating a notable improvement. This significant enhancement persisted even 

when the pressure was increased to 0.5 kgf. Simultaneously, the sample's fracture 

toughness showed a slight improvement under different loads (5 and 10 kgf). This 

indicates that, during the process of plasma-induced zirconia crack self-healing, not 

only were the cracks partially repaired, but also the mechanical performance of the 
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samples was improved, thereby enhancing the reliability and stability of zirconia in 

subsequent applications. 

 

Figure 6-8 Comparison between untreated zirconia and plasma-treated zirconia of (a) 

surface hardness under different loads (0.3 kgf and 0.5 kgf) and (b) fracture toughness 

under different loads (5 and 10 kgf). 
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6.4 Discussion 

Low-pressure plasma treatment (N2-500°C-10h-3mbar) has successfully healed 

cracks (formed by 10 kgf indentation) in bulk 3YSZ. The repair mechanism involves 

the bombardment of the sample surface by charged particles (N ions and free 

electrons) during plasma treatment. This bombardment is accompanied by high-

energy values (from the kinetic energy of charged particles), transferring this energy 

to the sample surface upon collision, thereby inducing stress elevation around cracks 

in zirconia, leading to the transformation from tetragonal to monoclinic phase. 

Furthermore, plasma bombardment results in elevated surface temperatures (with 

target regions far exceeding others within the plasma furnace), providing a 

temperature basis for zirconia phase transformation. 

Additionally, due to the density inconsistency between monoclinic and tetragonal 

phases, the transition from tetragonal to monoclinic phase is associated with volume 

expansion, and the crack’s region provides space for this expansion. Consequently, 

newly formed monoclinic phases predominantly occur along the indentation and crack. 

This phenomenon is evident from Figure 6-2, where the crack repair process 

accompanies the contraction of the entire indentation. The bending of each edge of 

the indentation occurs due to the regional expansion caused by the newly generated 

monoclinic phase, similar to the reason for crack healing. The size of the indentation 

is much larger than micro-cracks, making the healing trend observable but 

macroscopically invisible. This fact is well demonstrated in the results of Raman 

surface scanning of the 5 kgf indentation (Figure 6-5d). However, no sufficient 

monoclinic signal was observed along the crack (20 kgf) during Raman scanning as 

shown in Figure 6-5f, possibly because the crack had closed, and newly formed 

monoclinic phases were believed to generate perpendicular to the crack. Furthermore, 
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considering the effective depth of Raman scanning to be approximately 3-5nm, much 

smaller than the longitudinal depth of the crack (approximately 100um), therefore, no 

M-phase precipitation was observed on or near the surface in the scanning of cracks 

formed by 20 kgf. 

The focus of this project lies in the positive significance of plasma-induced M-phase 

generation within the indentation regions concerning the repairing of large-scale 

cracks. It is noteworthy that not all cracks formed under varies load are fully healed 

(cracks with loads exceeding 20 kgf are just not partially repaired). The term "crack 

healing" mentioned in the project refers more to describing a trend of reduction in crack 

dimensions (width, length, and depth) for those cracks that have not been completely 

healed, rather than stating that the cracks have been repaired at a physical scale.  

It can be observed from Figure 6-3 that the repair limit of plasma treatment (N2-500°C-

10h) for indentations is approximately below 10 kgf, as cracks formed under 5 kgf and 

10 kgf loads are more likely fully repaired at the bottom, making the original cracks 

invisible under high-resolution microscopy. However, in the images of indentations 

formed under 20 kgf to 30 kgf, the original length of the cracks and the filled (packed) 

areas can be faintly seen, which may lead to the reappearance of cracks if regional 

stress is reintroduced to the original cracks. Similarly, this viewpoint is further 

illustrated in the cross-sectional images of cracks in Figure 6-4, where the reduction 

in crack size (width and depth) can be observed from the bottom and middle milling of 

the cracks, indicating a trend of crack repair. However, as shown in Figure 6-4c2, the 

longitudinal repair of cracks always starts from the bulk, and surface repair only occurs 

after the interior region of the sample is fully filled with M-phase. Although plasma-

induced M-phase strengthening in crack repair presents some size limitations 
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compared to traditional methods, it still provides resultful inspiration and groundwork 

for the ceramic cracks-healing study in the future. 

The underlying phenomena leading to the increase in both hardness and fracture 

toughness of zirconia following plasma treatment is difficult to ascertain, but may be 

related to several contributing factors. Firstly, the bombardment of cations onto the 

sample surface within the plasma environment appears to trigger a transformation of 

zirconia from its tetragonal phase to monoclinic phase without the need for cracks or 

deformation. This transformation can introduce residual stresses into the material, 

which would then increase its resistance to further deformation. Consequently, when 

external loads are applied, these residual stresses can act is two main ways: (1) the 

residual stresses they introduce may partially counteract any new external stresses, 

and (2) the pre-transformed monoclinic crystals may act as nucleation sites for further 

and more extensive formation of the monoclinic phase. This phenomenon would then 

reduce surface deformation and help to mitigate the likelihood of plastic deformation, 

thus contributing to an increase in surface hardness. Furthermore, the presence of 

abundant oxygen vacancies in black zirconia also seems to play a role. These 

vacancies influence the crystal structure, potentially introducing further distortion into 

the lattice. It's plausible that residual stresses arise from this distortion as well, 

contributing to the observed mechanical changes.  However, given the speculative 

nature of these hypotheses, there is a need for future dedicated and in-depth 

systematic investigations of the phenomena to explore the underlying mechanisms. 

Unlike traditional repair methods involving the addition of healing agents, plasma 

repair belongs to the category of inducing zirconia self-healing. In previous crack-

healing studies, crack repair mainly relied on the diffusion of oxygen healing agents 

into the ceramic matrix at high temperatures to achieve expansion, whereas plasma 
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acts only as an inducing factor, effectively accelerating the crack closure and repair 

process, and successfully achieving crack repair without any healing agents. In 

addition, compared to spark plasma sintering, DC/AC electric current for zirconia crack 

repair, plasma treatment requires lower temperature conditions, has a larger repair 

scale (ten times that reported in literature on current repair of zirconia micro-cracks), 

and has a wider adjustable range, undoubtedly representing a breakthrough in 

technological advancement.  

This study provides a new approach for inducing zirconia crack self-repair, laying the 

foundation for research on plasma-modified zirconia and offering new ideas for 

research in the field of ceramic crack repair. 
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6.5 Conclusion 

In this study, we investigated the feasibility of plasma surface defect-engineering for 

the crack-healing phenomena in zirconia. The results indicate: 

• Plasma treatment (500 °C at 300 Pa for 10 h in 100% N2) can partially heal 

the cracks formed on zirconia under a 20 kgf load. This repair originates not 

only from the surface but also extends to the interior of the material. 

• Clear evidence from XRD and Raman surface scans shows the presence of 

significantly increased monoclinic phases in the healed samples, primarily 

distributed around cracks and indentations. 

• Plasma treatment is found to induce a partial transformation of tetragonal 

phases to monoclinic phases in zirconia. Due to the density difference, this 

phase transformation leads to local volume expansion, which allows for the 

closing and healing of cracks. 

• During the plasma treatment, an apparent enhancement in both surface and 

near-surface hardness and fracture toughness is observed. 
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Chapter 7 General Discussion 

As discussed, the key focus and major achievement of this research lie in the 

successful blackening (reduction) of commercially available bulk 3YSZ zirconia (3YSZ) 

with oxygen deficiency by innovative low pressure plasma defect engineering. 

According to the themes, the research activities and outcomes of this research are 

reported separately in Chapters 4, 5 and 6 for the sake of clarity and for the ease of 

understanding. This chapter is directed at synthesising these three themes to provide 

a wider picture of this research work for a better understanding of the thesis.     

7.1 Plasma defect engineering induced oxygen-deficient zirconia (ZrO2-a) 

As discussed in Chapter 2.3.2, oxygen-deficient zirconia (ZrO2-a) has great application 

potential in areas such as photocatalysis for water splitting and pollution degradation, 

light absorption for solar energy harvesting, and photothermal/sonodynamic cancer 

therapy [7, 10, 14]. Despite the attractive properties, the challenges to efficiently 

produce oxygen vacancies in zirconia are related to the high Zr-O bond dissociation 

energy and high bulk vacancy formation energies [13]. 

As summarised in Section 2.3.2.3, notwithstanding the fact that significant efforts have 

been devoted to developing routes for synthesising  ZrO2-a to reduce its bandgap and 

improve its photo-responsibility, these approaches exhibit various limitations. The 

precursors are predominantly particles or powders and demanding processing 

conditions are required such as high pressures and temperatures or the use of strong 

reducing agents (e.g., acids). The sintering of these particular ZrO2-a materials into 

bulk will lead to re-oxidation and thus loss of the attractive properties of ZrO2-a. High-

temperature electrochemical reduction is promising for reducing ZrO2 sheets; however, 



168 

existing electrochemical reduction routes pose challenges for the homogeneous 

treatment of components with complex geometries (non-uniform potential difference). 

A breakthrough has been made in this research to efficiently produce bulk ZrO2-a by 

plasma defect engineering employing environmentally friendly and energy efficient 

low-pressure DC plasma (Chapter 4/Paper I). Comprehensive characterisation has 

been conducted: EPR analysis (Figure 4-4) revealed the presence of Zr3+ cations and 

the formation of diamagnetic F2+ (V𝑂
∙∙) centres in plasma treated zirconia; XPS analysis 

(Figure 4-5 & Figure 4-6) demonstrated significantly increased concentrations of 

oxygen vacancies and reduced zirconium ions (Zr3+) in plasma treated zirconia. The 

increase of oxygen vacancies is also supported by TGA and DSC measurements 

(Figure 4-7). The pioneer research has demonstrated for the first time that it is feasible 

to convert bulk white YSZ zirconia into black oxygen deficient ZrO2-a by plasma defect 

engineering due to the reduction and significant increase of oxygen vacancies. 

7.2 Conditions and Mechanism for the Formation of Bulk ZrO2-a 

The research reported in Chapter 4 (Paper I) has revealed that as for the blackening 

of zirconia powders, the significant increase in oxygen vacancies is the primary cause 

for the blackening of bulk 3YZ zirconia. However, it is noteworthy that the reduction 

processes of bulk zirconia and the mechanism involved should differ from that for 

powdered zirconia, whether placed in a reducing atmosphere or reacted with a 

reducing agent, the total contact surface area between zirconia powders with many 

surface active sites (as mentioned in Section 5.4.3) and the reducing agent is very 

large so that powdered zirconia materials are prone to undergo reduction reactions 

thus exhibiting high reaction efficiency. However, the above mechanism is not 

applicable to bulk zirconia. In the reaction process of bulk samples, it is necessary to 
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consider the conditions required for the initial generation of an oxygen vacancy,  

whether, under these conditions, the oxygen vacancy has an effective propagation 

rate, and how oxygen vacancies are transmitted in bulk zirconia materials, which 

formed the theme of Chapter 5/Paper II. 

To this end, systematic investigations of different plasma technologies (DC, active-

screen plasma) (Figure 5-1), treatment configurations (contact conditions, cathode 

material, and cathode potential) (Figure 5-4, Figure 5-3, Figure 5-2 and Figure 5-5), 

and treatment parameters (voltage, temperature, duration) have been conducted to 

elucidate the conditions for plasma blackening, uncover the crucial variables that 

influence the rate of the reduction process, and establish a unique mechanism for the 

bulk transformation of zirconia. 

For instance, as shown in Figure 5-7, when treated at 100 °C the sample did not meet 

the initial conditions to generate the active sites for forming oxygen vacancies, and 

even with an increased reaction time of 5 hours, no black colouration was observed. 

At 200 °C, noticeable blackening occurred at the bottom of the sample, indicating that 

this temperature condition met the requirements for oxygen vacancy generation, but 

the generation and transmission rate of oxygen vacancies in the bulk were limited. 

This resulted in only partial blackening (only going halfway through the 3mm thick 

sample after 5 hours of treatment). When the temperature was increased to 300 °C, 

although the black colouration in the sample was not entirely uniform, it essentially 

covered the entire sample. The difference in longitudinal cross-sectional images 

between 30 minutes and 5 hours was limited (not as much as the 200 °C treatments), 

suggesting that 300 °C satisfies both the initial formation of oxygen vacancies and 

provides adequate internal kinetic energy for their bulk transmission (migration). In 

comparison to electrical current methods (e.g., electrochemical reduction) that often 



170 

involve high temperatures and/or high pressure conditions, as discussed in Section  

2.3.2.3, plasma treatment presents profound advantages over electrical current 

methods for the formation of bulk ZrO2-a. 

Although the bulk ZrO2-a was successfully produced through plasma defect 

engineering, the transformation mechanism still required further study. Firstly, the most 

crucial comparison was made between the applicability of AS and DC plasma 

technologies for plasma defect engineering of zirconia (Figure 5-6). Samples under 

AS conditions did not undergo blackening, and this could be understood by the lack of 

direct plasma bombardment of the samples and insufficient cathode bias. It was 

demonstrated that the blackening could not be achieved solely through heating by 

thermal radiation. Subsequently, cross-sectional images of samples treated at different 

temperatures and times demonstrated that the initiation of the black colour 

transformation started from the bottom of the samples in contact with the worktable 

(cathode), and progressed vertically upwards. This observation was quite key, as the 

diffusion direction of transformation was not aligned with the typical nitrogen diffusion 

direction observed during plasma nitriding treatments (an important application of 

plasma, details can be found in Figure 5-12). By reversing the cathode connection, it 

was possible to confirm that the diffusion direction of colour change was independent 

of the plasma bombardment direction or gravity, and instead only relied on the location 

of contact with the cathode. In other words, the generation of black colour always 

originates from the surface in direct contact with the cathode, spreading towards the 

other surfaces, regardless of other experimental conditions. Further evidence was 

provided through a comparison of cross-sectional images of samples treated with 

bases containing blind holes and conventional bases (Figure 5-10). Combining these 

findings with previously published articles on the current-induced blackening of oxygen 
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vacancies, a mechanism for the plasma generation of oxygen vacancies defects in 

zirconia was formed (Section 5.4). The outcomes from the above designed 

experiments have laid a solid basis for establishing the theoretical models and hence 

advancing scientific understanding of the mechanisms involved (Figure 5-14 to Figure 

5-18). The reduction (blackening) of bulk 3YZ zirconia by low pressure plasma defect 

engineering is achieved through the opposing net migrations of lattice oxygen (O2−) 

and oxygen vacancies (𝑉𝑂
∙∙) towards the anode-facing and cathode-facing surfaces, 

respectively.    

7.3 Property Improvement and Crack Healing 

As demonstrated in Chapter 4 (Paper I), the plasma defect engineered black oxygen 

deficient zirconia exhibited a significant increase in light absorption across the entire 

sunlight spectrum (200-3000 nm) compared with the untreated white zirconia (Figure 

4-8), which is not commonly observed with oxygen-deficient zirconia formed using 

other approaches. It should be pointed out that the untreated white zirconia only 

exhibited notable optical absorption capability in the short-wave ultraviolet (UV) visible 

radiation but natural sunlight is comprised of only 5% UV (300-400 nm) and 43% 

visible (400-700 nm), with the remaining 52% consisting of the different categories of 

infrared (700-2500 nm) radiation. Therefore, the sustained absorption across the 

entire solar spectrum could pave way towards future efficient solar energy harvesting 

with high yield using the low pressure DC plasma generated oxygen-deficient zirconia 

developed from this research.  

In addition to the enhanced functional properties, as reported in Chapter 6 (Figure 6-

6), the hardness increased from 1246HV0.3 for the untreated white zirconia to 

1351HV0.3 for the plasma defect engineered black zirconia (Figure 6-6) representing 
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an increase of 8.4% following the plasma treatment; the indentation fracture toughness 

is at least maintained or even marginally increased judging the average value. 

Although the mechanism involved in enhanced mechanical properties is not clear, 

combined improvement in both hardness and toughness is unique because in most 

cases increased hardness is at the cost of reduced toughness for most materials. 

Therefore, it is expected that the abrasive wear and impact wear properties of zirconia 

could be improved by the plasma defect engineering technology developed from this 

research because of the combined improvement of hardness and toughness.    

As evidenced in Figs 6.2-6.4, low pressure plasma treatment can partially heal the 

cracks artificially introduced on zirconia by Vickers indentation with a load as high as 

20 kgf. This crack healing or repair starts from the surface and then extends to the 

interior of the material mainly due to plasma treatment induced partial transformation 

of tetragonal phases to monoclinic phases and the resulting local volume expansion 

in zirconia. Furthermore, the reduction-reoxidation process developed from this 

research is entirely reversible and has significant future advantages for crack repair. 

This implies that complexly shaped 3YSZ parts when cracked can undergo damage-

free restoration without the need for grinding into powder and subsequent high-

temperature sintering. In contrast to conventional crack healing methods, which rely 

on thermal expansion or thermal oxidation with healing agents, plasma treatment 

could offer higher application potential and broader applicability as it does not rely on 

healing agents. Additionally, plasma treatment with different carrier gases (such as 

hydrogen) can also yield similar repair effects, thereby offering additional options for 

further research and application. 
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7.4 Forward Thinking 

The plasma defect engineering technology developed from the present research for 

converting white zirconia into black oxygen deficient with significantly improved 

functional and mechanical properties. This research has provided a comprehensive 

understanding and significant insights into the application of plasma treatment in the 

surface restoration and modification of zirconia materials, thereby establishing a solid 

foundation for future research into other metal oxide such as TiO2. 

Meanwhile, the low-pressure plasma treatment also has some limitations, which are 

worth further investigation by future researchers to achieve technological 

advancements. For instance, there is inevitably a very thin deposition layer on the 

surface of ceramic samples after the plasma treatment, which needs to be removed 

before various characterisations/applications of the samples can be performed. 

Removal steps include gentle polishing (as mentioned in Section 6.2.1 and Section 

6.3.1) or the ultrasonic cleaning. Additionally, while the low-pressure environment is 

favourable for plasma generation (as mentioned in the section 2.4.2), but it cannot 

perform continuous processing (replacing samples and re-establishing a low-pressure 

environment through evacuation is necessary). If future technologies can widely, 

efficiently, and steadily form plasma at room temperature and atmospheric pressure, 

it would be a significant breakthrough for ceramic plasma treatment. Furthermore, due 

to the presence of airflow throughout the plasma treatment, processing powdered 

samples with low-pressure plasma furnaces becomes almost impossible (because 

powdered samples are lightweight and are easily carried away by airflow after being 

bombarded by plasma). Therefore, how to enable low-pressure plasma furnaces to 

process powdered samples extensively is also worthy of extensive future research. 
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Chapter 8 Summary & Future work  

In the present research, a range of low pressure DC plasma treatments were designed 

and comprehensive characterisation of the plasma defect engineered oxygen-

deficient zirconia, including the structure, optical absorption ability, and mechanical 

behaviour, has been conducted. The mechanism of zirconia reduction under low-

pressure plasma treatment has been thoroughly investigated. Concurrently, the 

phenomenon and mechanism of low-pressure plasma crack-healing in zirconia are 

also elucidated. This chapter will provide a summary of the key findings and major 

contributions of the entire project, as well as propose avenues for future work.  

Key Findings and Contributions 

A list of the key scientific and potential technological contributions of this research, 

separated into the three respective studies, is provided below.  

Paper I – Oxygen-deficient zirconia, a potential material for light absorption 

obtained from plasma defect engineering.  

• The complete colour transformation of the bulk zirconia (from pure white to 

metallic black) was found after subjecting the sample to hydrogen plasma 

treatment at 500 °C for 5 hours, with no new phase formation. 

• The confirmation was made through various characterisations (XPS, EPR, TGA) 

that the black zirconia obtained after plasma treatment is oxygen-deficient 

zirconia, indicating a significant increase in oxygen vacancy content compared 

to pristine samples. 

• Plasma-treated zirconia exhibits significantly higher light absorption across the 

entire sunlight spectrum (200-3000 nm) than pristine zirconia. 
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• Plasma treatment leads to a significant reduction in both the direct and indirect 

bandgap values of zirconia. The direct bandgap decreases from 4.84 eV to 2.61 

eV, while the indirect bandgap decreases from 3.19 eV to 1.45 eV. 

Paper II – Conditions and mechanisms of low-pressure plasma blackening. 

• DC plasma treatments can efficiently generate bulk oxygen-deficient zirconia 

(ZrO2-a) with a thickness of 1-3 mm at temperatures ranging from 200 °C to 

500 °C for durations spanning 30 minutes to 5 hours.  

• The contact conditions with the cathode determine the location and reduction 

rate of plasma blackening. The onset of blackening in oxygen-deficient zirconia 

consistently initiates at conditions directly in contact with the cathode and 

propagates gradually to areas without direct contact.  

• Black areas always grow from cathode-facing surfaces towards the anode-

facing surfaces, and the migration of oxygen vacancies leads to the 

hemispherical growth of black regions, which differs from traditional current 

reduction methods. 

• The progression of low-pressure plasma blackening can be significantly 

enhanced through various methods, such as applying a higher operating 

voltage, gold coating the sample surface before treatment, creating a hollow 

cathode condition by enclosing the sample with three stainless steel blocks, 

and strategically placing additional stainless steel blocks around the sample to 

improve heating efficiency. 

Paper III – Plasma defect engineering-induced crack-healing. 
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• Plasma treatment (500 °C at 300 Pa for 10 h in 100% N2) can partially heal 

the cracks formed on zirconia under a 20 kgf load. This repair originates not 

only from the surface but also from the interior of the samples. 

• Clear evidence from XRD and Raman surface scans shows the presence of 

significantly increased monoclinic phases in the healed samples, primarily 

distributed around cracks and indentations. 

• Plasma treatment induces a partial phase transformation from tetragonal to 

monoclinic in zirconia. Due to the density difference, this phase transformation 

leads to local volume expansion, which is the main reason for crack healing. 

• During the crack healing process, an apparent enhancement in both surface 

and near-surface hardness and fracture toughness is observed, implying that 

plasma defect engineering can simultaneously strengthen the mechanical 

properties of the samples during crack healing. 

Proposed Future Work 

The present project has shown that the oxygen-deficient zirconia (ZrO2-a) can be 

successfully produced through low-pressure plasma treatments. The significant 

capability and efficiency of plasma treatments for modifying the electronic band 

structure and optical properties of fully dense zirconia offer promising prospects for 

scalable, cost-efficient, rapid, and environmentally friendly production of n-type 

semiconducting zirconia. Therefore, the following future work is proposed.   

Expansion of plasma defect-engineering to other ceramic materials  

Zirconia is just one critical material among many outstanding ceramic materials of 

interest, and therefore, extending the findings of this research towards other crucial 

ceramic materials is valuable. The low-pressure plasma defect engineering of zirconia 
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can serve as an model for future modification of other important ceramic materials with 

similar structures to zirconia, such as titania (TiO2) and silica (SiO2), with the aim to 

modify their structure and enhance their properties and performance.  

Using titania as an example, it has a much narrower bandgap compared to zirconia. 

Currently, there are studies focusing on the synthesis of black titania (oxygen-deficient 

titania) for photocatalytic generation of hydrogen, the structure of which is similar to 

oxygen-deficient zirconia, where the introduction of oxygen vacancies creates new 

energy levels and reduces the bandgap.  

The integration of plasma defect engineering with titania holds great potential. 

However, a significant challenge lies in the fact that commercially available titania is 

mostly in the form of powder, which adds complexity to the plasma treatment approach. 

There are two main thoughts to address this issue. Firstly, the powder form of titania 

can be sintered into bulk samples in a minimally destructive manner whenever 

possible (i.e., without altering its basic properties or introducing new defects), followed 

by plasma treatment.  

Secondly, the plasma treatment process can be optimised to effectively treat powder 

samples. For instance, employing a blind-hole stainless steel block with a metal lid 

placed over the powder sample while simultaneously reducing the airflow within the 

furnace; the blind-hole stainless steel block can be bonded to the ceramic substrate 

as a whole part to hold the powder form titania  during the treatment. 

Investigate the mechanism underlying the combined enhancement of surface 

hardness and fracture toughness of oxygen-deficient zirconia 

This project has demonstrated that oxygen-deficient zirconia exhibits higher surface 

hardness and indentation-based fracture toughness compared to untreated zirconia. 
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However, the exact cause of this phenomenon remains unclear based on the current 

research findings, highlighting the need for further systematic investigation. As 

previously mentioned, plasma defect-engineering holds significant implications for the 

modification of various ceramic materials. Unlike traditional carburising or nitriding 

treatments of metallic materials, the enhancement of mechanical properties of zirconia 

are not related to the diffusion of interstitial elements or to the precipitation of hard 

structures (e.g., nitrides and carbides). Therefore, to reveal the mechanism of action, 

it is necessary comprehensive investigations to be carried out on the origin of the 

increased toughness and hardness of zirconia. 

Future research on plasma defect engineering to improve the surface hardness and 

fracture toughness of zirconia can be broadly categorised into three directions. Firstly, 

systematic experiments are needed to fully characterise the mechanical properties of 

zirconia samples after plasma treatment under different conditions (temperature, gas 

composition, pressure, duration, and contact conditions). Secondly, considering the 

differences between by the anode-facing and cathode-facing surfaces of plasma-

treated zirconia (as mentioned in Section 5.4), it is also important to explore the 

mechanical property differences of both surface during the initial formation and later 

development of the reduced structured, as well as, the performance within the bulk of 

the material. Thirdly, to employ microscopy characterisation techniques such as high-

resolution transmission electron microscopy (HR-TEM) and Focus Ion Beam (FIB) 

slicing and view to observe the phase transition distribution (from tetragonal to 

monoclinic) following plasma treatment. This can reveal the state of the pre-

transformed monoclinic phase and form the basis for later practical and theoretical 

investigations (e.g., finite element analysis of the mechanical behaviour of zirconia 
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with both monoclinic and tetragonal phase) on the mechanism behind the increased 

toughness and hardness of plasma treated zirconia. 

Characterisations of photocatalytic property and photocatalysis-related 

applications of bulk oxygen-deficient zirconia 

This project has demonstrated the feasibility of preparing bulk 3YSZ with oxygen 

vacancies using low-pressure plasma and has suggested that bulk zirconia exhibits 

both direct and indirect band gap reductions compared to pristine samples, as 

discussed in section 4.3.3. This implies that the bulk zirconia synthesised by this 

method has potential for enhanced photocatalytic activity. However, there is still a lack 

of extensive exploration into the photocatalytic performance and specific applications 

of bulk oxygen-deficient zirconia, which warrants targeted future research. 

Future studies should consider that bulk zirconia, when used as a photocatalysis, has 

a smaller surface area in contact with water (or the environment) compared to 

powdered samples, which could significantly impact the active sites for chemical 

reactions. Key considerations for testing and application include methods such as 

assembling more bulk zirconia samples into black zirconia plates (similar to solar 

panels) or allowing the zirconia to rotate slowly around an axis in water (or the 

environment) to ensure sufficient effective surface area for light exposure. 
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