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ARTICLE INFO ABSTRACT

Handling editor: L Murr In recent years, the utilisation of oxygen-deficient zirconia (ZrOs.,), commonly referred to as black zirconia, has

garnered considerable attention due to its potential applications for solid oxide fuel cells (SOFCs), gas sensors,

Keywords: biomedical implant materials, and photocatalysis. However, current methods employed to manufacture ZrOs.,
]Z)‘cl;col"“a exhibit noticeable limitations regarding their scalability, environmental sustainability, and cost-effectiveness.
plasma

Our recent work has successfully demonstrated the feasibility for bulk conversion of conventional white zirco-
nia 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 treat-
ment 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

Oxygen vacancies
Moving cathode
Reduction

scalable and cost-effective generation of oxygen-deficient zirconia.

1. Introduction

The reported photocatalytic behaviour of black titanium oxide (TiOs.
x) has led to a surge of interest in equivalent black zirconia, known as
oxygen-deficient black zirconia (ZrO2.,), as a potential alternative next-
generation photocatalytic material [1]. 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) [2,3].
This approach widens the application range and potential value of black
oxygen-deficient (ZrO2,) as an energy harvesting material, for the
generation of hydrogen, for the decomposition of pollutants, and for
medical applications (e.g., tumour therapy) [4-6].

The phenomenon of colour change is particularly prevalent in spe-
cific metal oxides, such as zirconia and titania, renowned for their
remarkable capacity to exhibit diverse colours in the presence of

* Corresponding author.

cationic dopants [7-12]. Consequently, early research has focused on
controlling and fine-tuning the colours of these materials by manipu-
lating the types and concentrations of dopants using various methods,
including high-temperature sintering, sol-gel processes, and coprecipi-
tation [13-15].

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 [12,
16-21]. Consequently, this has directed researchers to focus on the
effective reduction of zirconia. Although zirconium has a relatively
strong affinity for oxygen, a diverse range of elements (e.g., calcium,
iron, yttrium) exist that can extract oxygen from zirconia, while simul-
taneously reducing zirconium ions (Zr4+ to Zr3+) [3,22]. Different ap-
proaches have been explored, including chemical reduction using
methods such as molten lithium reduction [23,24], magnesiothermic
reduction in the presence of 5% Hy/Ar [1], reduction of zirconium
(IV)-n-propoxide (ZrP) solution through sol-gel synthesis [25,26] and
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high-pressure torsion [6]. 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 applica-
tions 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 predom-
inantly limits the use of the material to its powder form [3,23,27].

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 capa-
bility [28]. However, as only a single DC plasma treatment condition
(500 °C at 300 Pa for 5 hours in 100% Hy) has been reported thus far, the
underlying mechanisms involved, and the influence of different treat-
ment conditions are not yet established.

Consequently, this study aims to investigate the underlying mecha-
nisms 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 con-
ditions (voltage, temperature and duration). It is expected that the
outcomes of this investigation will both advance scientific understand-
ing 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.

2. Methods
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 pm.

2.2. Plasma treatment configurations

The plasma treatments were performed using a Klockner Ionon 40
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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.

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) 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 (Fig. 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 lid, known as the active
screen, were connected to the cathode and placed around the isolated
sample in the AS plasma treatment (Fig. 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 hours in Hy gas at
3 mbar (300Pa).

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 sec-
ondary 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 pro-
vided 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 second-
ary DC power source acted as the main cathode power source (Fig. 2).

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
Fig. 3).

Similarly, to study the influence of contact conditions on the initia-
tion 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 Fig. 4). The diameter of each stainless-steel block
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Fig. 1. Schematic diagram of (a) DC and (b) AS plasma treatment setups (modified from Ref. [29]).
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Fig. 2. Schematic diagram of the plasma treatment setup with two DC
power sources.

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.

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 Fig. 5).

2.3. Raman mapping

Raman scanning was conducted using a Renishaw inVia Raman mi-
croscope fitted with a 532 nm excitation laser source and groove density
of 1800 I/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 E; and 1 A;g modes of the

a)

(a) 702 zr

Worktable (Cathode)
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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.

3. Experimental results
3.1. Effect of the different plasma setups (DC and AS)

As described in §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.

Fig. 6 reveals that the white zirconia could only be completely
transformed to black under 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 §4).

3.2. Effect of plasma treatment parameters

Given that only DCP treatments were able to modify the zirconia
(Fig. 6), all subsequent investigations were exclusively performed under
DCP treatment conditions. The key parameters considered in these ex-
periments were the treatment temperatures (100, 200, 300, and 500 °C),

Electrical }
Insulator

Worktable (Cathode)

Fig. 5. Schematic diagram of the plasma treatment configuration investigating
the direction of growth. Sample A was placed with the bottom surface in con-
tact with the cathode (AISI 316 austenitic stainless steel). Sample B was placed
with the top surface in contact with the cathode.

b)

Spacer

Worktable (Cathode)

Fig. 3. Schematic diagram of DCP treatment with different sample worktable materials: (a) Zr702 and (b) AISI 316 stainless steel.
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Worktable (Cathode)

b)

Blind
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Fig. 4. Schematic design and configuration of the DC plasma treatment with (a) normal and (b) blind hole contact conditions.
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Fig. 6. Surface images of (a) ASP-treated and (b) DCP-treated zirconia.

durations (30 and 300 min) and applied cathodic potential (370-450 V).

3.2.1. Temperature & duration

Fig. 7 reveals a positive correlation between the degree of plasma
blackening for both treatment temperature and duration. As evidenced
in Fig. 7al 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 bot-
tom cathode-facing surface of the samples. Moreover, a significant in-
crease in the depth of the black region was found when the treatment
duration was extended from 30 min to 5 hours (Fig. 7b1 and b2).

A significant increase in the degree of blackening was observed when
the treatment temperature was increase to 300 °C. Fig. 7cl and c2
clearly illustrate that the samples become almost entirely black, even
when treated for only 30 min. 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

Journal of Materials Research and Technology 29 (2024) 3759-3770

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 (Fig. 7d1 and d2). The only notable
difference between the samples treated at 500 °C for 30 min 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 black-
ening of zirconia, while the treatment duration appears to only have an
accumulative effect on the degree of plasma-induced blackening.

3.2.2. Effect of cathode voltage

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 power source). Therefore, investigations on the influence of
cathodic potential on the plasma blackening of zirconia were limited to
voltages between 370 and 450 V.

As revealed within Fig. 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 be-
tween 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.

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

Fig. 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 min 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.
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Fig. 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.

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.

3.3.1. Cathode material

Cationic doping (e.g., with Fe) has previously been reported to be
able to reduce zirconia, thereby transforming the material from white to
black [15,30-32]. 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
possible (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 Fig. 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.

3.3.2. Contact conditions

As the plasma blackening was observed to start at 200 °C (for both
30 min 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 con-
ditions showed that the black spots on the cathode-facing surface
(Fig. 10) and the blackened regions of the cross-section (Fig. 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 impor-
tance 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 (Fig. 10b1-b5). Instead, these areas were only found
to begin transforming with longer durations (associated with the accu-
mulation effect, as observed in §3.2.1). On the other hand, under normal
contact conditions (Fig. 10al-a5), both the edges and the centres of the
cathode-facing surface were found to form the initial black spots.

Interestingly, the transverse cuts of both treated samples clearly
reveal incremental growth of the black regions towards the anode-facing
surface (Fig. 11). These initial black dots are found to expand at

Fig. 9. Optical images after DC plasma treatment at 500 °C for 5 hours using a
(a) Zr702 and (b) AISI 316 stainless steel worktable.
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approximately equal rates in both the horizontal and vertical directions
in the 2D cross-section views. Given the eventual expected through-
depth treatment of the zirconia (Fig. 6), this implies that the rate of
growth of the black spots is equal in all 3 dimensions (i.e., x, y and z),
and therefore should form a hemispherical shape.

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 [33-36]. 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.

To evaluate the initiation and direction of growth of the black re-
gions, treatments were carried out where the contact point between the
cathode and the zirconia samples was reversed (Fig. 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 com-
plete transformation of the material.

Fig. 12 reveals that the initiation and growth of the black regions
develop from the surfaces in contact with the cathode (i.e., cathode-
facing surface). Therefore, this suggests that plasma-induced black-
ening 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 §3.3.2).

3.4. Accumulation and degree of blackening

As previously reported by the authors of this study [28], plasma
treatments have the ability to significantly improve the broad spectrum
light absorption capability of zirconia. Therefore, to map the light ab-
sorption 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 black-
ening) across the material.

The darkest regions in Fig. 13b appear to correspond with the initial
spots at the cathode-facing surface of the sample, which is consistent
with the results from §3.3.2 and §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
(Fig. 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 Fig. 13, which shows that the growth of two nearby
discrete black regions is hindered at the sides facing each other,
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Fig. 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).

Blind Hol

Normal Contact

=
1 mm

3
3

Fig. 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). Red dashed box highlights the lack of initial transformation wthin the
blind hole regions.

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.

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 electro-
chemical reduction methods.

4.1. The role of pre-existing oxygen vacancies

Yttria-stabilised zirconia (YSZ) is known to contain oxygen vacancies
(V&) within the material as illustrated in Fig. 14a, which must form in

3764

Fig. 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).

response to the charge disparity between Zr*" and Y>* (as depicted by
equation (1)) [37-40]. 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.,, V¥ and V) do still create localised charge disparity
across the anionic sites (as these vacancies are positively charged in
relation to anionic sites occupied by O~ ions) [40-42].

Therefore, in the presence of a cathodic and/or anodic potential (as
found during plasma treatments), this local charge disparity can be ex-
pected to lead to the segregation of charges according to their relative
potential (i.e., Vg moving towards the cathodic side and 0%~ sites
moving towards the anodic side). If the cathodic and anodic potentials
are homogeneously spread across the 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 (Fig. 14b). As the movement of oxygen va-
cancies can only be possible through the displacement of lattice oxygen
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Fig. 13. Cross-sectional (a) optical image and (b) Raman intensity map of a zirconia sample plasma treated at 200 °C for 5 hours. Red dashed box corresponds to the

asymmetrical growth described in 3.4.

a) ° U b) C) e 02
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Worktable (Cathode)

Worktable (Cathode) Worktable (Cathode)

Fig. 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.

Worktable (Cathode) Worktable (Cathode)

Fig. 15. Diagram showing a transverse view of a zirconia specimen with pre-existing oxygen vacancies (V') under different contact conditions due to a rough
worktable surface (a) or rough sample surface (b). A magnified view of a single asperity (red dashed box) 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).
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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 Fig. 14c. As shown by equation (2), this represents a net
movement (from anode-facing sites) of oxygen vacancies towards the
cathode-facing surface [V¢ (af) — Vg (cf)] with a net movement of lattice
oxygen (from cathode-facing sites) towards the anode-facing surfaces

05 (cf) -0 (af)).

Y,0;—2Y,, +30% + Vi @
V' (af) + 05 (cf) = Vi (cf) + Op (af) ®))

4.2. The need for cathode contact and electrical discharge

Instead of the homogeneous reduction of the zirconia following
plasma treatment (as described in §4.1), localised circular black spots
are observed on the surface of the samples (Figs. 7 and 8). Given that
ideal flat contact between two plane surfaces (i.e., sample and work-
table) 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 sur-
faces (Fig. 15a and b). This suggests that the diffusion of the oxygen
vacancies towards the cathode is not uniform and is instead biased to-
wards 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
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the cathodic worktable (Fig. 15¢ and d). Under these settings, plasma
blackening was observed to only develop from a 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 (Fig. 10).
No circular black spots could be found at sites where contact between
the cathode and zirconia sample was intentionally prevented (red
dashed box in Fig. 11).

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 [43,44]. Given that zir-
conia 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 field). Therefore, 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
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 conse-
quently influences the electric field distribution around the sample, and
leads to non-uniform net movement of oxygen vacancies (and cation
reduction) across the cathode-facing surface.

The combined findings of the blind hole (§3.3.2) and cathodic po-
tential (§3.2.2) experiments demonstrate the critical influence that

Worktable (Cathode)

Worktable (Cathode)

Worktable (Cathode)

Worktable (Cathode)

Fig. 16. Overview of the localised ‘activation’ of the cathode-facing surface, directed net movement of oxygen vacancies (V¢') 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 (red dashed box in image c). The diversion of the net movement of oxygen vacancies between the two ‘active’ regions is
revealed (in image d) and demonstrates how an inhibition zone (red dashed box in image d) between them can form.
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contact conditions and electrical potential have 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 (Fig. 6), where no direct contact with the cathode
is made despite interactions with other reactive species within the
plasma.

Fig. 16 provides an overview of the relationship between the local
cathode-to-sample spacing and applied potential, as well as their influ-
ence on the net movement of oxygen vacancies. Larger cathodic po-
tentials 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 (Fig. 16b). The in-
fluences of nearby ‘active’ sites on each other are also illustrate in
Fig. 16¢ and will be discussed in further detail in §4.4.

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 contin-
uous 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 during the treatment
process. The hemispherical outward growth of the black regions also
supports 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 for the extensive treatment of zirconia.

The bombardment of electrically conductive workpieces with ionised
gases forms the foundation of many direct current (DC) plasma treat-
ment technologies. However, as untreated zirconia is not a good elec-
trical conductor, no such direct bombardment would be expected to
happen. 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 present 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 (3)).

Once the oxygen vacancies are formed, their relative positive charge
drives their accumulation at the ‘active’ sites of the cathode-facing (cf)
surface (as described in §4.1). The combination of the net movement of
oxygen vacancies away from the anode-facing surfaces and their
replacement with lattice oxygen (equation (2) and Fig. 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 zir-
conium ions (Zr** to Zr®"). However, the order of these processes are
still unclear and requires further investigation. Moreover, the role that
the electrons formed during the generation of oxygen vacancies (equa-
tion (3)) play are 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 (4)) [28,45-47].

Overall, this proposed mechanism of oxygen vacancies generation is
supported by the observed effects that treatment temperature, cathodic
voltage and treatment duration have on transformation of zirconia.
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New Oxygen
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Worktable (Cathode)

Fig. 17. Overview of the continuous removal of lattice oxygen (0?7) at the
anode-facing surfaces during plasma treatment of zirconia. This is made
possible by the replacement of newly formed oxygen vacancies (VX) with lattice
oxygen coming from cathode-facing sites.
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4.3.1. 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) [48-50]. Therefore, higher temperatures can
facilitate the rightward shift of equation (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 con-
ductivity 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 (2)). This can accelerate the accumulation of oxygen vacancies
at the cathode-facing surface, which can be interpreted as the "migra-
tion" phase. Hence, temperature strongly correlates with the rate of
transformation under plasma treatment, as evidenced by the progressive
bulk transformations shown in Fig. 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 §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 formation with stronger plasma will also aid in
generating 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 Fig. 8).

In contrast to temperature and operating voltage, treatment duration
only appears to influence the net migration and accumulation of oxygen
vacancies at the cathode-facing surface. Treatment duration is found to
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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 (Figs. 7 and 8). Simi-
larly, cationic doping is also not observed to be (at least not signifi-
cantly) involved in the formation and movement of oxygen vacancies
during plasma treatment of zirconia (Fig. 9).

4.4. 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 Fig. 16). However, analogous to electrochemical reduction
techniques, this cathode front is found to move with the growth of the
black oxygen-deficient zirconia (ZrOs.,) that initiates from the ‘active’
points on the cathode-facing surface.

This moving cathode front develops from the progressive migration
of oxygen vacancies from all directions towards these ‘active’ sites,
which form a concentration gradient of oxygen vacancies (and Zr*
cations). This leads to growing black regions that are progressively more
oxygen-deficient over time (where o continuously becomes larger). The
centre of the region exhibits the best light absorption and darkest colour
(i.e., where a is largest), and the areas away from this centre gradually
become lighter (i.e., where o becomes smaller). This gradient of oxygen-
deficiency is strongly supported by the observations (Fig. 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 sub-
stoichiometric zirconia (ZrOs.,) is significantly greater than stoichio-
metric zirconia (ZrO2) [51-53]. As shown by equation (5), the overall
formation of substoichiometric zirconia follows from the removal of
(molar equivalent amount of) lattice oxygen anions.

(04
ZVOZ g ZrOZ—a + zoz(g; mol) (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 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 ab-
sorption capability (bandgap within the visible light range) and im-
proves the electrical conductivity of zirconia [3,6,52,54].

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 electro-
chemical reduction techniques [36].

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 Fig. 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, the black regions are typically small
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enough and spread out enough to not influence each other, giving rise to
hemispherical growth within the material (Fig. 16a). Hemispherical
growth proceeds while the different black regions are separated
(Fig. 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 Fig. 16d). When there are
many adjacent black regions, columnar shaped growth patterns are seen
throughout the bulk (as shown in Fig. 7c1).

When the moving reaction front reaches the anode-facing surfaces 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 Fig. 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 (3)). The development of this direct bombardment has
already been shown by the authors in a previous study (Fig. 1 of
Ref. [28])

4.5. Comparisons between plasma reduction and electrochemical
reduction

From the first reports of electrical blackening of zirconia in 1970
[42], investigations on the blackening phenomena have attracted sub-
stantial interest [13,55-66]. 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 previ-
ously described in Ref. [28]), it is valuable to compare the mechanisms
and principals involved across both technologies [33,34,36].

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) [67-70].
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

°
e HY

Worktable (Cathode)

Fig. 18. Schematic representation of the formation of a glow-discharge at an
anode-facing surface of zirconia following the through-depth growth of a black
region. The subsequent direct bombardment with ionic species (H" in this case)
can accelerate the removal of lattice oxygen and the formation of oxygen va-
cancies during the plasma treatment.
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growth) and (2) strong direct plasma bombardment once the trans-
formed regions expand to the outer surface (as shown by the accelerated
bombardment with H' ions in Fig. 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 com-
parison. This arrangement allows oxygen to escape from various angles,
as evidenced by the observed hemispherical shape and growth of the
black regions in Figs. 10 and 13.

Unlike plasma treatments, electrochemical reduction typically gives
rise to parallel field lines between the electrodes [71]. This typically
then generates a unidirectional potential gradient and produces a uni-
directional flow of current between the anode and cathode (through the
sample) [36]. 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 [36].

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 surfaces in electrochemical
reduction approaches are more likely to overcome the breakdown
voltage (as discussed in §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 (Fig. 7b2
and Fig. 10). Therefore, low-pressure plasma treatment presents as a
flexible and spatially unrestricted technique for the reduction of
zirconia.

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 pa-
rameters 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, sur-
face 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
(02’) and oxygen vacancies (Vg') 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 to-
wards 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 (ZrO,.,). The strongest concentration of
Vo (where o 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 o values).

When the initial ‘active’ sites are located close together, migration of
lattice oxygen and V¢ becomes divided between the growing in-
terfaces 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
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treated samples, which disappear with longer and/or more power-
ful treatments.

Oxygen vacancy generation: New V(' are generated by the release
of lattice oxygen at the anode-facing surfaces. The opposing migra-
tion of V' and lattice oxygen enable continuous generation of V¢’
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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