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A B S T R A C T   

Oxygen-deficient zirconia (ZrO2-x) has recently emerged as a promising material for light absorption and pho-
tocatalytic applications. However, the economic and environmentally friendly manufacture of bulk ZrO2-x re-
mains 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 h) capable of producing fully-dense bulk ZrO2-x 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 and F2+ (V⋅⋅

O) 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 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-x materials.   

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 level, capable of harvesting or producing 
energy from sustainable sources [1–3]. Numerous studies have already 
demonstrated the potential for semiconducting materials to act as solar 
energy harvesters or photocatalytic materials, for instance for the effi-
cient generation of hydrogen from water [4,5]. However, when 
compared to commonly studied materials such as silicon and titanium 
dioxide, pristine zirconia is not typically considered an attractive solu-
tion 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 [6–11]. 
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. [12]). 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 [13]. The 
narrow bandgap of oxygen-deficient zirconia (ZrO2-x) enables the ab-
sorption of photons with longer wavelengths, which also increases the 
photoresponsive range of the material. This has generated substantial 
interest for the use of ZrO2-x 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 ox-
ygen species (e.g., superoxide ions, hydroxyl radicals and peroxides) 
[14–18]. 

Although oxygen-deficient zirconia has many encouraging proper-
ties, the challenges to efficiently produce oxygen vacancies in zirconia 
have limited its widespread adoption. This barrier corresponds to the 
high energy requirements for the dissociation of Zr-O bonds, with 
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reported bond dissociation energies of 7.7–7.9 eV [19,20] and bulk 
vacancy formation energies of 8.5–9.1 eV [12,21–24]. Consequently, 
oxygen deficient zirconia has largely been confined to research envi-
ronments, where significant efforts have been dedicated to developing 
new highly efficient and cost-effective manufacturing routes. Two 
promising approaches are the Zu, et al. [13] and Wang, et al. [25] 
methods, both of which make use of zirconia particle/powder pre-
cursors. In the Zu, et al. [13] method, oxygen-deficient zirconia nano-
particles 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. [25] 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 tech-
niques have also been explored for introducing oxygen vacancies into 
zirconia, including electric (or flash) sintering [9,26,27], 
high-temperature carbon reduction [28], cationic doping [29–31], Ar+

bombardment [32], magnesiothermic reduction [12,15], and electro-
chemical reduction [33–39]. Each of these methods offer alternative 
pathways to reduce the bandgap of zirconia and improve its photo-
responsivity. 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 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 [12, 
40]. 

Electrochemical reduction techniques, which can form oxygen va-
cancies 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 [9,27,33,36,41]. 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 differ-
ences, leading to the potential development of n-type conductivity at the 
cathode-end, p-type conductivity at the anode-end, and a largely un-
changed bulk [42,43]. High-temperature electrochemical reduction 
methods utilising voltage biases and manipulating boundary conditions 
have been shown to be able to effectively bypass this tri-layer configu-
ration [44]. 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 for future upscaling and in-
dustrial 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 ho-
mogeneous treatment of components with complex geometries 
(non-uniform potential difference) or for 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 [45–47], 
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 [48]. 
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 pres-
sure, gas mixture, and power) [41,49]. However, as electrically 
conductive materials are traditionally required for DC plasma treat-
ments, no studies have explored the feasibility of DC plasma treatments 
to transform pristine zirconia into oxygen-deficient zirconia [48]. 

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 are 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). 

2. Methods 

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 pol-
ished using diamond suspensions (down to 1 µm). Ultrasonic cleaning 
using liquid detergent and acetone were carried out to remove con-
taminants between each stage. 

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 posi-
tioned directly onto the stainless-steel worktable (cathode) and treated 
for 5 h (Fig. 1). After the plasma treatment, samples were gently pol-
ished using 1 µm diamond suspensions to remove loose deposited ma-
terial (due to sputtering from the worktable). 

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). 

2.4. Raman spectroscopy 

Identification of the near surface chemistry, phase structure 
(tetragonal to monoclinic transformation) and light absorption capa-
bilities 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 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 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 

B. Dashtbozorg et al.                                                                                                                                                                                                                           



Acta Materialia 262 (2024) 119457

3

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. 

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 
a N2 atmosphere at a 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. 

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 mono-
chromatic 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 1 s (526–538 eV) 
electrons. C1s (284.6 eV) scan correction was performed for all spectra 
to account for charging of the samples. Deconvolution and analysis of 
XPS spectra was performed using the CasaXPS software package. Monte 
Carlo error analysis was used to test the validity of the modelled com-
ponents and to calculate the standard deviation of the area composi-
tions. Further information regarding the fitting parameters and error 
analysis can be found in §S2.1 of the supplementary information. 

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 scan-
ning 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 di-
mensions 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 h, before 

passively cooling down to room temperature. An empty run was per-
formed to account for the background noise contributions of the mea-
surements (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). 

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 to bypass the opaque 
nature of the material, with spectra being obtained between wave-
lengths of 200–3000 nm, using a step size of 1 nm and medium scan 
speed. As suggested by several recent studies [50–52], 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 §S3 of the sup-
plementary information). 

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 for-
mation 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. 

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 (Fig. 2). The through-depth nature of the 

Fig. 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). 
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blackening process (i.e., entire transformation of the sample) was 
revealed by cross-sectional observations (Fig. 2b2). The gradient of 
blackening, with darker colours near the bottom surface (cathode-fac-
ing), suggests a similar directional growth route as other electro-
chemical reduction approaches (growth from the cathode towards the 
anode) [33]. 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 trans-
formation 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 §3.2 [53]. 

Despite the remarkable morphological change in colour, no forma-
tion of new phases could be identified under XRD analysis (Fig. 3a). The 
varying densities of oxygen vacancies across the untreated and plasma 
treated zirconia samples gave rise to different localised stoichiometries 
(i.e., ZrO2-x, where x varies but remains <2), which could not be wholly 
indexed by any single XRD reference pattern. However, no unidentifi-
able (or satellite) peaks belonging to structures other than tetragonal 
phase zirconia or yttria-stabilised zirconia were found. Moreover, no 

Fig. 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. 

Fig. 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 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. 
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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 [13,25,54]. 

The Raman spectra of the untreated and plasma treated zirconia 
(Fig. 3b) indicated no detectable change in the chemical structure, for-
mation of new peaks, or significant displacement of existing peak cen-
tres. Both untreated and plasma treated zirconia only exhibited 
characteristic peaks assigned to the different vibrational modes of 3 mol 
% yttria-stabilised zirconia (Fig. 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 [31, 
55]. Deconvolution and fitting of the spectra suggests no consistent or 
obvious displacement or broadening of the peaks (outlined in §S1 of the 
supporting information) and suggests that there is no significant 
long-range distortion of the lattice, which aligns with the XRD mea-
surements [56]. The most noticeable difference between the two zirco-
nia samples is the significant reduction in reflected light intensity 
observed in the plasma treated sample, which will be discussed in §3.3. 

3.2. Confirming the oxygen-deficiency of plasma treated zirconia 

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 con-
ductivity 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 [23]. The 
difference in oxidation states of zirconium (Zr4+) and the yttrium (Y3+) 
ions means that, for every two yttrium ions that displace zirconium ions 
(2Y′

Zr), an oxygen vacancy (V⋅⋅
O) must be formed in the lattice to preserve 

charge neutrality (Eq. (1)) [57]. 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 [58]. The stability (or metastability) of these 
high temperature phases give rise to many of the advantageous prop-
erties (e.g., high fracture toughness) that differentiate zirconia to other 
ceramics. 

Y2O3 ̅̅̅→
ZrO2 2Y′

Zr + V ⋅⋅
O + 3OX

O (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 [39]. F centres are primarily identified ac-
cording to their relative charge (as compared with the occupation of the 
site with an O2− ion), and therefore three main configurations exist: the 
F2+ (V⋅⋅

O; 0 trapped electrons), F+ (V⋅
O; 1 trapped electrons), and F centres 

(VX
O; 2 trapped electrons) [38]. 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 [59]. 

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 [11,37,60,61]. 

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+ (Eq. (2)) and F2+ (Eq. (3)) 
centres [9,28,53]. 

ZrO2→ Zr3+ + OX
O + V ⋅

O +
1
2

O2 (2)  

2ZrO2→2Zr3+ + 3OX
O + V ⋅⋅

O +
1
2

O2 (3) 

Fig. 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 [11,25,37,54,62–66]. 
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 (O−

2 ), which can result from the oxidation of Zr3+ back to Zr4+ (Eq. 
(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 [11,64]. 

Zr3+
(surf ) + O2(gas)→ Zr4+

(surf ) + O−
2(ads) (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 (Eq. (2)) [30,64,67,68]. The lack of an 
increase in signal 1 can be explained by the preferential formation of 
diamagnetic F2+ centres under plasma treatment (Eq. (3)) [69]. 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 [67]. 

As signal 1 is present (and at a similar intensity) in untreated zir-
conia, the conversion of any pre-existing F+ centres to F2+ centres would 

Fig. 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 treatment, new para-
magnetic 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 Eq. (3). 
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be expected to result in a reduction of signal 1. However, no noticeable 
change in signal 1 is observed following plasma treatment of the zir-
conia. 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 [70]. 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 environ-
mentally controlled EPR measurements). 

3.3. 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 1 s spectra in Fig. 5 reveals the presence of 
three distinct peaks, labelled as O1, O2, and O3, for both untreated and 
plasma treated zirconia [13]. Consistent with the literature, which is 
reviewed in §S2.2 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 associ-
ated 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 dissocia-
tive adsorption of water onto zirconia surfaces containing oxygen va-
cancies (V.

O and VX
O) can lead to the reduction of zirconium ions, as 

shown in Eqs. (5) and (6), respectively [70]. 
Under ambient conditions, dissociative adsorption of water is ener-

getically 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 envi-
ronments [71]. 

ZrX
Zr + V ⋅

O + OX
O + H2O → 2(OH)

⋅
O + Zr′

Zr (5)  

2ZrX
Zr + VX

O + OX
O + H2O → 2(OH)

⋅
O + 2Zr′

Zr (6) 

The analysis of the fitted components of the O 1 s 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 [72,73]. 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 
%. 

Fig. 5 and Table 1 illustrate the most significant difference between 
the O 1 s 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 par-
agraphs), demonstrates an overall increase in surface hydroxyl groups 
(O2) and a decrease in surface adsorbed water (O3) following plasma 
treatment. 

The Zr 3d spectra (Fig. 6) exhibits two sets of doublet peaks (3d3/2 
and 3d5/2) corresponding to Zr4+ and Zr3+ in both untreated and plasma 
treated zirconia [13,38,41,54]. 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 

Fig. 5. Oxygen O 1 s 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. 

Table 1 
Normalised compositions of the different fitted components of the O 1 s 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 Zr4þ 59.6 ± 0.1 30.7 ± 0.1 
Zr3þ 40.4 ± 0.1 69.3 ± 0.1  
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relatively unchanged, with binding energies measured at 181.9 eV and 
182.1 eV for untreated and plasma treated zirconia, respectively. Simi-
larly, 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 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. In combination with the obser-
vations from the O 1 s spectra, these results indicate that the concen-
trations 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. 

3.4. Thermal analysis of oxygen-deficiency 

The oxygen-deficient nature of the plasma treated zirconia was 
investigated using simultaneous TGA and DSC analysis in two consec-
utive stages: (1) heating from 100 to 500 ◦C and (2) isothermal holding 
at 500 ◦C for 10 h. The thermal gravimetric (TG) curves during the 
heating process (Fig. 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 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 (Fig. 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 and 500 ◦C in the untreated sample can be attributed to the 
reduction (oxygen removal) of zirconia at elevated temperatures [74, 
75]. 

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 and 400 ◦C and a subsequent plateau up to 500 ◦C. The 
presence of the endothermic reaction and reduction in relative mass 
between 275 and 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 [58,74–76]. It is 
worth noting that no monoclinic phase was identified in the XRD or 
Raman analysis (Fig. 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 

Fig. 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 Fig. 5, the increased concentration of the Zr3+ components corroborate 
with the increase of oxygen vacancies. 

Fig. 7. Heat flow (line) and thermogravimetric (dotted) curves for (a) non- 
isothermal heating to 500 ◦C and (b) isothermal holding at 500 ◦C of un-
treated 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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the current study. 
Comparable thermal gravimetric (TG) and heat flow curves are ob-

tained for both untreated and plasma treated zirconia during the 
isothermal holding at 500 ◦C for 10 h (Fig. 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 min) and remains below the initial 
mass for a longer duration (6 h) compared to the plasma treated zirconia 
(100 min, with a maximum loss of 0.21 % at 45 min). 

The heat flow curves for both samples remain relatively flat, indi-
cating steady and continuous oxidation of the zirconia specimens at the 
higher temperature. However, the heat flow of the plasma treated zir-
conia is measured to be 520 ± 25 % more exothermic across the final 5 h 
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-x → ZrO2-x + d, where d is the stoichiometric 
equivalent addition of oxygen) [53,76]. 

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 min 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 h (Fig. 7b; − 1.04×10− 5 mW.mg− 1. 
min− 1) suggests that approximately 38.24 additional hours of holding at 
500 ◦C (for a total of 48.24 h) are necessary for the plasma treated zir-
conia 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 h of isothermal holding at 
500 ◦C. This indicates that the plasma treated zirconia is approximately 
12.1 times more oxygen-deficient than 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 h of isothermal holding 
at 500 ◦C. This indicates that the plasma treated zirconia is approxi-
mately 12.1 times more oxygen-deficient than the untreated zirconia. 

3.5. Optical absorption capability and electronic band structure 

In the case of oxygen-deficient zirconia (ZrO2-x), 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 [12, 
25,77]. 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 Eqs. (2) and (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 signifi-
cantly 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 [11,21, 
23,25,30,54,62,69,77]. Consequently, this shifts the Ef to a higher en-
ergy, 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 [72]. 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 recom-
bination). This, in turn, reduces the recombination rates between 
excited electrons in the CB and holes in the lower energy states of the VB 
[14,30,78]. Consequently, the electron’s lifetime in the conduction band 
is prolonged, allowing for enhanced absorption of photons across a 

wider range of energies [23,28,54,59]. 
Consistent with previous studies on oxygen-deficient zirconia, the 

plasma treated zirconia in this research exhibit excellent light absorp-
tion properties, as observed through both Raman analysis (Fig. 3b) and 
diffuse reflectance spectroscopy (DRS; Fig. 8) [12,13,25,30,54,59,62, 
69]. 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 ab-
sorption capability of the plasma treated zirconia throughout the natural 
sunlight spectrum. 

Moreover, the untreated white zirconia only exhibited notable op-
tical absorption capability in the short-wave ultraviolet (UV) region 
(Fig. 8), with maximum absorption at approximately 240 nm (equiva-
lent to ≈5.1 eV), consistent with previous studies on the bandgap of 
zirconia [10,11,62]. In contrast, the black plasma treated zirconia 
demonstrated excellent (>65 %) absorption across the entire spectrum, 
including the shortwave infrared (SWIR) range. This represents a sig-
nificant enhancement in light absorption capability for the plasma 
treated zirconia, surpassing the performance of oxygen-deficient zirco-
nia 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 ra-
diation carry higher energy density compared to near-infrared (NIR) or 
SWIR radiation, 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. There-
fore, 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. 

By applying the Tauc method and Kubelka-Munk function (as 
described in §S3 of the supporting information), the (F(R)hν)1/γ values 
were calculated for both untreated and plasma treated zirconia (Fig. 9a& 
b) [52,79]. This analysis revealed the direct (γ = ½) and indirect (γ = 2) 
bandgaps of the untreated and plasma treated zirconia. Consistent with 

Fig. 8. Diffuse reflectance spectroscopy of untreated and plasma treated zir-
conia 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 (indi-
cating strong absorption), with less than 35 % reflection observed across the 
entire spectrum. 
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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 
[54,80–82]. 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 for-
mation of new bandgaps resulting from the introduction of oxygen va-
cancies 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 

Fig. 10) that could be ascribed to increased trap-assisted recombination 
events [14,28,59]. As proposed by Qi, et al. [62], the generation of 
interstitial zirconium (IZr) defect sites can also contribute to the reduc-
tion of the bandgap. Furthermore, Qi, et al. [62] 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 [31]. 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 in-
vestigations are needed to explore this hypothesis in detail. 

Low binding energy XPS measurements (Fig. 9c) were conducted to 
determine the VB positions of untreated and plasma treated zirconia. 
The results showed that 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)) [83]. By combining these VB en-
ergies with the previously measured direct (Fig. 9a) and indirect 
(Fig. 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 Fig. 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 sig-
nificant tailing of the bottom edge of the CB (1.91 eV for direct and 1.42 

Fig. 9. (a) (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. 

Fig. 10. Calculated energy band diagrams (vs. NHE) of untreated and plasma 
treated zirconia (using values measured in Fig. 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 signif-
icantly 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. 
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eV for indirect bandgaps) in plasma treated zirconia indicate a relative 
shift of the Ef towards the CB. These findings are consistent with pre-
vious studies on oxygen-deficient zirconia, both theoretical and exper-
imental, 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 [62,78,84]. 

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 [11,12]. 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 elec-
tron 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 [62,69]. 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). 

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) [23, 
49,75,78]. 

3.6. 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 prospects for scalable, cost-efficient, 
rapid, and environmentally friendly production of n-type semi-
conducting 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 devel-
oped for different applications, further improving upon the treatment 
method used in this study [48,85–87]. 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 [48,88]. 
This separation is facilitated by the continuous presence of an electri-
cally conductive gas medium during the treatment process. This char-
acteristic 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 [43], 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 vicinity of each electrode, 
which can enable the formation of solely n-type or p-type semi-
conducting 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 devel-
opment 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 applica-
tion of low-pressure plasma treatments to other materials, opening new 
opportunities for innovative production and development of materials. 

4. Conclusions 

This study focuses on the novel hydrogen plasma treatment of 3 mol 
% yttria-stabilised zirconia and investigates its impact on light absorp-
tion 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:  

1 After subjecting zirconia to hydrogen plasma treatment at 500 ◦C for 
5 h, a bulk transformation occurs, changing the colour from pristine 
white to metallic black.  

2 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 and 400 ◦C. 
However, no significant crystallographic or structural changes, such 
as atomic spacing or bonding environment, are observed across large 
regions.  

3 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 diamag-
netic F2+ (V⋅⋅

O) centres.  
4 XPS analysis demonstrates significantly increased concentrations of 

oxygen vacancies and reduced zirconium ions (Zr3+) in plasma 
treated zirconia, as evidenced by changes in O 1 s and Zr 3d spectra.  

5 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 un-
treated state would require approximately 48 h of holding at 500 ◦C 
in air. This corresponds to 12.1 times greater oxygen-deficiency in 
plasma treated zirconia.  

6 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 demon-
strates >65 % light absorption for all wavelengths within the tested 
spectrum.  

7 Plasma treatment leads to a significant reduction in both the direct 
and indirect bandgap values of zirconia. The direct bandgap de-
creases from 4.84 eV to 2.61 eV, while the indirect bandgap de-
creases 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 ge-
ometries 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 
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materials. In future studies, it would be worthwhile to explore the in-
fluence of plasma treatment on the mechanical properties of zirconia, 
particularly fracture toughness and hardness, which are crucial perfor-
mance 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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