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Abstract: The introduction of oxygen vacancies into zirconia is an effective strategy for enhancing its light absorption ability
and photocatalytic performance. However, the cost-efficient preparation of oxygen-deficient zirconia (ZrO,.,) remains
challenging, which severely limits its broad application. In this study, flash sintering treatment was used to fabricate ZrO,_,
bulk in very short time of 90 s. Oxygen vacancies were introduced into ZrO, bulk through electrochemical reduction
reactions. The as-prepared black ZrO,_, exhibited excellent optical absorption capability, a small band gap (2.09 eV for
direct and 1.67 eV for indirect), and a reduced conduction band energy, which is ascribed to the generation of oxygen
vacancies and reduction of Zr cations. The as-prepared ZrO,_, showed remarkable photocatalytic activity due to excellent
solar light absorption and low recombination rate of electron—hole pairs. Flash sintering treatment provides a cost-efficient
approach for rapidly fabricating ZrO,_, bulk materials with high concentrations of oxygen vacancies, which can also be

applied to other materials.
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1 Introduction

Solar energy has been an extraordinary source of renewable and
green energy. With the ever-increasing demand for energy and
concerns about the environment and climate, intensive studies
have been conducted to develop photocatalytic materials for
utilizing solar energy [1-4]. Owing to its high thermal stability,
excellent mechanical properties, good resistance to corrosion, and
low cost, zirconia (ZrO,) has promising applications in the field of
photocatalysis [5]. However, the wide band gap of zirconia
(approximately 5-6 eV) enables it to absorb only ultraviolet light
(< 248 nm), resulting in low efficiency in solar energy harvesting,
which severely restricts its development in photocatalysis [6-8].
Therefore, efforts should be made to reduce the band gap of
zirconia in an attempt to extend the optical absorbance from the
ultraviolet region to the visible and near-infrared regions.

The introduction of oxygen vacancies through doping and
partial reduction has been demonstrated to be an effective method
to reduce the band gap of metal oxide semiconductors [9-12].
This modification leads to the generation of mid-gap states
between the valence and conduction bands [13-15].
Consequently, the band gap of a metal oxide semiconductor can
be narrowed. For example, the band gap of titania (TiO,) can be
reduced from 3.10 to 1.99 eV by increasing the oxygen vacancy
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content [12]. Nevertheless, it is challenging to generate oxygen
vacancies in zirconia because of the high oxygen vacancy
formation energy (approximately 9 eV) [16,17]. Thus, some more
drastic conditions are employed to introduce oxygen vacancies
into zirconia and prepare oxygen-deficient zirconia (ZrO,_,). For
example, Dashtbozorg et al. [16] applied a low-pressure (300 Pa)
plasma treatment (H, gas at 500 °C for 5 h) to prepare ZrO,_, bulk
materials. Zu et al. [18] presented a molten lithium reduction
approach to prepare black ZrO,_, powders at 400 °C under high-
purity argon gas. However, the sample should be washed
repeatedly with HCI solution, deionized water, and ethanol to
thoroughly remove impurities. Wang et al. [19] used a high-
pressure (6 GPa) torsion method to produce black ZrO,_, material
with a disc shape. Although these methods can effectively reduce
the band gap of zirconia and prepare black ZrO,_,, the
preparation processes are complicated, and harsh processing
conditions, such as high temperatures and pressures, are required,
which are not conducive to industrial production. Consequently,
significant efforts should be dedicated to developing simple and
cost-effective methods for producing black ZrO, .

Flash sintering is a novel electric field/electric current-assisted
sintering method presented by Raj et al. in 2010 [20], which has
the advantage of rapid densification in several seconds at
temperatures much lower than conventional sintering
temperatures [21-25]. The unique characteristic of flash sintering
is the direct application of an electric field to the sample. The
current increases rapidly to a limited value when the sample is
heated to a specific temperature because of the negative
temperature coefficient of resistivity. As a current passes through a
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sample, the phenomenon of electrochemical reduction is observed
during flash sintering, which starts from the cathode, where the
electrons are injected into the sample from the metal electrode
[26-34]. The oxygen vacancies are generated in the
electrochemical reduction process, which is proposed to be
responsible for the increased electronic conductivity and
enhanced diffusion kinetics. According to reported studies in the
literature, the electrochemical reduction reaction that occurs
during flash sintering can produce oxygen vacancies, which
provides an alternative way to prepare oxygen-deficient zirconia
Zr0,_,.

In this study, flash sintering treatment was first employed to
prepare ZrO,_, bulk samples with high concentrations of oxygen
vacancies, which exhibited excellent optical absorption capability
due to their small band gap. Moreover, the as-prepared ZrO,_,
shows remarkable photocatalytic activity.

2 Experimental

2.1 Sample preparation

Commercially, 5 mol% vyttria-stabilized zirconia (5YSZ) bulk
samples (5 mm X 5 mm X 2 mm) with a relative density of 99%
were used as starting samples. Prior to flash sintering treatment,
the samples were first ground with 4000-grit silicon carbide
abrasive paper and then polished with a diamond suspension.
After that, ultrasonic cleaning was performed for 10 min to
remove contaminants. The setup used for flash sintering
treatment is schematically shown in Fig. 1. The sample was
sandwiched between platinum sheet electrodes with a thickness of
0.2 mm. To ensure close contact between the sample and the
electrode, a load of approximately 1 MPa was applied to the
electrodes through the alumina plates and rods (Fig. Sl in the
Electronic Supplementary Material (ESM)). The platinum sheet
electrodes and the direct current power supply (HPS0614,
Hangzhou Lanyi Electronics Co., Ltd., China) were connected
through platinum wires to apply a constant voltage of 30 V to the
sample. A digital multimeter (DMM 4040, Tektronix, USA) was
used to record the voltage and current. The flash sintering
treatment process was carried out in a furnace at a heating rate of
10 °C/min under an air atmosphere. When the sample was heated
to a specific temperature, the current flowing through the sample
increased abruptly to a limit value of 2.5 A. The sample was then
kept at a constant current of 2.5 A for 90 s. Finally, the power
supply and furnace were cut off, and the sample was naturally
cooled down to room temperature.

2.2 Sample characterizations
An X-ray diffractometer (XRD; D8 Davinci, Bruker, Germany)

Alumina rod

Furnace Alumina plate

Fig.1 Schematic experimental setup for flash sintering treatment.
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with Cu Ka radiation was used to identify the crystallographic
phase of samples. Raman spectra of the samples were collected on
a Raman spectrometer (JY HR800, Horiba Jobin Yvon, France)
with 532 nm diode laser excitation. Electron paramagnetic
resonance (EPR) spectroscopy was conducted on a A300
spectrometer (Bruker, Germany) at room temperature to
determine the number of oxygen vacancies in the samples. The
chemical composition of samples was analyzed by X-ray
photoelectron spectroscopy (XPS) using an ESCALAB 250
spectrometer (Thermo VG Scientific, USA) with monochromatic
Al Ka excitation. The morphology of flash-treated samples was
observed by a field emission scanning electron microscope (SEM;
S-4800, Hitachi, Japan). The microstructure of flash-treated
samples was investigated using a scanning transmission electron
microscope (STEM; Talos F200X G2, Thermo Fisher Scientific,
USA). The foils used for STEM were prepared with a focused ion
beam (FIB). The electrical conductivity of samples was tested
using the DC four-probe method. A digital multimeter (DMM
4040, Tektronix, USA) with high precision was used for the DC
four-probe measurement. The diffuse reflectance spectra were
measured on an ultraviolet-visible-near infrared (UV-VIS-NIR)
spectrophotometer  (UV-3600, Shimadzu, Japan) in the
wavelength range of 250-2500 nm.

2.3 Photocatalytic activity evaluation

The photocatalytic activity of samples was evaluated via the
degradation of methylene blue (MB) under visible light using
300 W xenon lamps as the light source. 50 mg of sample was
immersed in 100 mL of MB solution at a concentration of 5 mg/L.
The MB solution was continuously stirred, and the temperature
was maintained at 25 °C with a water circulation instrument. Prior
to illumination, the MB solution containing the sample was kept
in the dark for 30 min to ensure adsorption-desorption
equilibrium between the sample and solution. During the
exposure, 5 mL of MB solution was regularly taken out at time
intervals of 20 min. The solution was measured by a UV-VIS
spectrophotometer (1901PC; Shanghai Lengguang Technology,
China). The degradation efficiency (#) of MB can be calculated
using the Lambert-Beer law (Eq. (1)):

Co 0

n= (1 - 3) x100% — (1 - %) x100% 1)

where ¢, and ¢, represent the initial and final concentrations of
MB, respectively, and A, and A, represent the initial and final
absorbance at the characteristic wavelength of 663 nm,
respectively.

3 Results and discussion

The current density and power dissipation of samples as a
function of the furnace temperature during the flash sintering
treatment are shown in Fig. 2. The current density (J) and power
dissipation (W) are calculated by Egs. (2) and (3):

J=5 )

U1
w=" ©)
where I is the current flowing through the sample; S is the surface
area between the sample and electrode (25 mm?); U is the applied
voltage; V is the volume of the sample (50 mm?®). The abrupt rise
in the current density at approximately 568 °C indicates the
occurrence of flash sintering (or flash events) [35,36].
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Nevertheless, the actual sample temperature in the flash furnace is
higher than the furnace temperature of 568 °C because of Joule
heating, which is estimated to be 791 °C using the black body
radiation theory [37]. When the current density reaches the limit
value of 10 A/cy’, the sample is kept for 90 s at a constant current
density, as shown in Fig. 2(a). The occurrence of flash events is
also confirmed by the nonlinear increase in the power dissipation
(Fig. 2(b)) [38,39], implying a non-linear rise in electrical
conductivity of the sample. Furthermore, the transition from
linear to non-linear in the Arrhenius plot occurs at a power
dissipation of approximately 35 mW/mm’, which is consistent
with the reported works [40,41]. This result indicates that Joule
heating plays a critical role in inducing flash events.

Figure 3 shows photographs of the samples before and after
flash sintering. Clearly, the color of the sample completely changes
from white to black, indicating that the optical absorption ability
of the sample is greatly improved after the flash sintering
treatment. Moreover, a gradient of blackening is observed from

10(@)
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the cross-sectional view, with a darker color near the cathode, as
shown in Fig. 3(d). This result suggests that the blackening is
initiated at the cathode and propagates toward the anode, which is
similar to other electrochemical reduction methods [16,30]. The
color change from white to black clearly indicates that oxygen
vacancies are introduced into the sample and that oxygen-
deficient zirconia is successfully prepared. However, more direct
evidence is needed to confirm the generation of oxygen vacancies
during flash sintering.

To study the phase stability of samples after flash sintering, the
crystalline structures of the untreated and flash-treated samples
were measured via XRD, as shown in Fig. 4(a). Both the XRD
patterns of the white sample (before flash) and black sample (after
flash) can be indexed as tetragonal phase zirconia (PDF#80-0784),
revealing that the crystalline structure of the sample remains after
the flash sintering treatment. Moreover, no secondary phase or
peak shift was detected, indicating that flash sintering treatment
cannot induce the formation of a secondary phase in the sample.

10°

Flash event

Power density (mW/mm?®)
3

(b)
] 118 120 122 124 126
1000/T (1/K)

141

Fig.2 (a) Current density and (b) power dissipation as a function of temperature during flash sintering treatment.

(a)

(b)

Fig.3 Photographs of (a, b) untreated samples and (c, d) flash-treated samples from bottom surface and cross-sectional views. Arrows in (d) indicate sample surfaces

facing anode and cathode.
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The lattice parameters of the untreated and flash-treated samples
(Table 1) were calculated by Rietveld refinement using the
FullProf software (Fig. S2 in the ESM). The lattice parameters and
unit cell volume decrease after flash treatment, which is attributed
to the formation of oxygen vacancies in the samples.

The Raman spectrum is very sensitive to lattice rearrangement
and disorder. Accordingly, the samples before and after flash
sintering treatment were further characterized via Raman
spectroscopy. As shown in Fig. 4(b), both samples exhibit 6
Raman-active vibrational modes (A;+2B,,+3E,) of tetragonal
zirconia belonging to the P42/nmc space group [42]. The observed
bands are assigned as follows: A, at 605 cm™, B,, at 147 and
318 em™, and E, at 260, 463, and 642 cm™ [42-44]. The samples
before and after flash treatment had similar Raman spectra,
indicating that no significant long-range distortion of the lattice
occurs during the flash sintering treatment. Nevertheless, the
Raman spectra show a decreased intensity after the flash, which is
attributed to the generation of oxygen vacancies and a disordered
microstructure [45].

Electron paramagnetic resonance (EPR) spectroscopy is a
commonly used method to identify paramagnetic F* centers (V)
with single trapped electrons and can be used to evaluate the
concentration of oxygen vacancies [46—48]. Therefore, EPR was
conducted to confirm the introduction of oxygen vacancy defects
by the flash sintering treatment. Figure 5 shows the EPR spectra of
the untreated and flash-treated samples. Both samples exhibit
similar EPR signals (g = 2.003), which is ascribed to the unpaired
electrons localized in the oxygen vacancies, revealing the existence
of oxygen vacancies in both samples [46,47]. However, compared
with that of the untreated sample, the EPR signal intensity of the
flash treated sample is higher, indicating that flash sintering
treatment introduces more oxygen vacancies into the sample.
Moreover, the current density has a significant influence on the
number of oxygen vacancies during the flash treatment. The
larger current density helps introduce the higher concentration of
oxygen vacancy defects into the sample (Fig. S3 in the ESM).
However, large currents will cause the formation of hot spots,
leading to cracks in the sample (Fig. $4 in the ESM). Therefore,
the current limit should be optimized in the flash treatment of a
sample.

To further quantitatively estimate the concentration of oxygen
vacancies, XPS analysis was conducted. The high-resolution Zr 3d
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XPS spectrum of the untreated sample (Fig. 6(a)) shows two peaks
at 1815 and 183.9 eV, corresponding to the 3d;, and 3d,,
electron states, respectively [49]. This spectrum can be
deconvoluted into four fitting peaks, which can be ascribed to Zr*
at 181.7 and 184.0 eV and Zr* at 181.4 and 183.8 eV [50,51]. For
the flash-treated sample, in addition to the Zr 3ds, and Zr 3d;,
peaks at 181.5 and 183.9 eV, a small peak at 178.7 eV appears,
which can be assigned to the lower valence state of Zr cations in
ZrO,_, [52,53]. Furthermore, the fitted peaks of Zr* and Zr* do
not significantly shift, with binding energies of 181.7 and 184.1 eV,
and 181.5 and 183.9 eV, respectively. However, the intensities of
the Zr* fitting peaks become weaker, whereas the intensities of the
Zr* fitting peaks become stronger, as depicted in Fig. 6(b). These
results suggest that the proportion of Zr* is significantly increased
after the flash sintering treatment. The normalized compositions
of the fitted components of the samples before and after flash
sintering treatment are given in Table 2. The proportion of Zr* is
increased from 3.86% to 58.96% at the surface of the sample after
the flash sintering treatment. Moreover, the proportion of Zr*
decreases from 96.14% to 33.23%.

The O 1s XPS spectra of the samples before and after flash
sintering treatment are shown in Figs. 6(c) and 6(d). Three fitting
peaks located at 528.6, 530.0, and 531.2 eV are attributed to lattice
oxygen (Op), oxygen vacancy (Oy), and adsorbed oxygen (O),
respectively [54,55]. The intensity of the Oy fitting peak becomes
stronger after the flash sintering treatment, implying the
introduction of oxygen vacancy defects. As depicted in Table 2,
the proportion of Oy component is increased from 26.12% to
38.03%, whereas the proportion of O; component is decreased
from 59.55% to 48.72%. Notably, Oy in the untreated sample is
resulted from the addition of yttria to zirconia. Apparently, it can
be concluded that oxygen vacancies are introduced by the flash
sintering treatment according to the XPS results.

The microstructure of the flash-treated sample was investigated
using SEM and STEM. Figure 7(a) shows an SEM image of a flash-
treated sample. A dense structure without pores can be observed,
indicating that the pores are not formed in the sample after the
flash treatment. However, the bright-field transmission electron
microscopy (TEM) image reveals the existence of subgrains, as
shown in Fig. 7(b). Furthermore, high-density dislocations and
stacking faults can be observed in the STEM image shown in
Fig. 7(c). These results reveal that flash treatment has a significant

(b)

Untreated
= Flash treated

Intensity (a.u.)

T T T T T
300 400 500 600 700

Raman shift (cm™")

T
100 200 800

Fig.4 (a) XRD patterns and (b) Raman spectra of untreated and flash-treated samples.

Table1 Lattice parameters of samples before and after flash sintering treatment

Sample Phase a(A) b(A) c(A) V (A%
Untreated Tetragonal 3.59967 3.59967 5.16919 66.980
Flash treated Tetragonal 3.59619 3.59619 5.16485 66.795
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Fig.5 EPR spectra of untreated and flash-treated samples.

effect on the microstructure of the sample. Subgrains with grain
boundaries and defects such as dislocations and stacking faults are
generated during flash treatment, which are helpful to improve
the mechanical properties [56,57].

In the flash sintering treatment, a reversible electrochemical
reaction occurs at the interface between the zirconia sample and
the platinum electrode, as described by Reaction (4) [26]:

O « V5+Ze/+%02 (4)

Since the electrons move toward the anode under the electric
field, oxygen vacancies (V) are generated at the anode according
to the forward reaction in Reaction (4); thus, the anode acts as a
source of oxygen vacancies. The oxygen vacancies drift toward the
cathode under an electric field, and the reverse reaction in
Reaction (4) occurs. Then, the oxygen vacancies are annihilated by
absorbing oxygen from the atmosphere, and electrons are injected
from the cathode. If the amount of oxygen entering the cathode is
less than the amount of oxygen leaving the anode, electrochemical
reduction occurs according to Reaction (5):
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xVg +Zr02+2xel — ZrO,_, + xO% (5)

where x represents the amount of oxygen vacancies in partially
reduced zirconia. This electrochemical reduction reaction results
in the formation of oxygen-deficient zirconia (ZrO,_,) with black
color, which is also called electrochemical blackening [58]. This
phenomenon develops from the cathode and migrates to the
anode, which is consistent with the darker color near the cathode
(Fig. 3(d)). In addition, the trapping of electrons at Zr* leads to
the formation of Zr** and even a lower valence state of Zr cations
[53,58], as shown in Fig. 6(b).

The optical absorption properties of the untreated and flash-
treated samples were investigated using the UV-VIS-NIR diffuse
reflectance spectroscopy (250-2500 nm), as displayed in Fig. 8.
The white-colored untreated sample exhibits strong optical
absorption in the UV region. Moreover, it has fairly low
absorbance in the VIS-NIR region. These results are attributed to
the relatively large band gap of the sample [16]. In contrast, flash-
treated samples with a black color exhibit excellent optical
absorption capability (> 92%) in the full spectral region, which is
greater than that of ZrO,_, prepared via conventional methods
[16-18]. Apparently, the optical absorption ability of the sample is
significantly enhanced by the flash sintering treatment. Owing to
its excellent optical absorption capability across the entire solar
spectrum, ZrO, , has important applications in the field of solar
energy harvesting. The greatly enhanced optical absorption
capability of ZrO,_, is ascribed to the decreased bang gap due to
the presence of highly concentrated oxygen vacancies and the low
valance state of Zr cations. It has been reported that the electronic
band structure of metal oxides can be modified by the
introduction of oxygen vacancy defects and low-valence state
cations, which leads to the formation of mid-gap states within the
intrinsic band gap. These mid-gap states extend to and overlap
with the edge of the conduction band, thus resulting in a reduced
bandgap [12,46,48].
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Fig.6 High-resolution XPS spectra of (a, b) Zr 3d and (c, d) O 1s for untreated and flash-treated samples.
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Table2 Normalized compositions of fitted components for samples before
and after flash sintering treatment

Composition (%)

Component

Before flash After flash
Zr* 96.14+0.01 33.23+0.01
Zr* 3.86+0.01 58.96+0.01
Zr’ 0.00 7.81+0.01
O 59.55£0.02 48.72+0.03
Oy 26.12+0.02 38.03+0.02
Oc¢ 14.33+£0.03 13.25+0.03

The direct and indirect band gaps of the untreated and flash-
treated samples are calculated on the basis of UV-VIS-NIR
reflection spectra using the Tauc method and Kubelka-Munk
function [59], as shown in Figs. 9(a) and 9(b). The white-colored
untreated sample has a direct band gap of 4.18 eV and an indirect
band gap of 2.85 eV. After the flash treatment, the direct band gap
and indirect band gap are decreased to 2.09 and 1.67 eV,
respectively. The significant decrease in the band gap is attributed
to the formation of oxygen vacancies and the low valance state of
Zr cations [17,18]. Furthermore, the valence band positions of the
untreated and flash-treated samples were determined from the
valence band XPS spectra. As displayed in Fig. 9(c), the top edges
of the valence band for the untreated and flash-treated samples are
2.41 and 2.08 eV, respectively.

Combining the valence band (VB) positions and the band gap
values, the energy band diagrams of the untreated and flash-
treated samples were constructed, as depicted in Fig. 10. The

bottom edge of the conduction band (CB) for the untreated
sample is calculated to be —1.77 eV (direct) and —0.44 eV
(indirect), while it is calculated to be —0.01 eV (direct) and 0.41 eV
(indirect) for the flash-treated sample. Obviously, the top edge of
the valence band of the sample increases by —0.33 eV after flash
treatment. Moreover, there is a decrease in the bottom edge of the
conduction band (1.76 eV for direct and 0.85 eV for indirect) after
flash treatment. These results indicate that the Fermi energy level
shifts toward the conduction band, suggesting the creation of new
donor energy levels close to the conduction band due to the
formation of oxygen vacancies and the reduction of Zr cations
[60,61]. As a result, the black ZrO,_, ceramics shows a higher
electrical conductivity of 560 mS/cm compared to the white ZrO,
ceramics (27 mS/cm).

Compared with the conventional methods for preparing
ZrO, ,, flash sintering treatment has the advantages of rapid
fabrication, simple processing and equipment, and
environmentally friendly production. By adjusting various flash
treatment parameters, such as electric field, current limit,
temperature, and holding time at constant current, the amount of
oxygen vacancies and degree of reduction of Zr cations can be
controlled, thus tailoring the band structure and optimizing the
physical and chemical properties of zirconia. For example, n-type
or p-type semiconducting zirconia can be potentially prepared by
the flash sintering treatment. Furthermore, flash sintering
treatment can be applied to implant oxygen vacancies to other
materials, opening new avenues for the development and
production of innovative materials.

The photocatalytic ability of the as-prepared ZrO,_, was
evaluated by choosing the degradation of pollutant dyes such as

Fig.7 (a) SEM, (b) TEM, and (c) STEM images of flash-treated samples.
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100 peak intensity reaches a maximum at a wavelength of 663 nm for
the untreated and flash-treated samples, which is in accordance
with the reported works on the degradation of MB [17,62].

80+ ——Flash treated -
— Untreated Moreover, the UV-VIS absorbance curves show a continuous
60 decreasing trend with the increase of irradiation time for both

samples, indicating that the MB is gradually removed from the
solution with increasing irradiation time. In addition, the UV-VIS
absorbance curve of the solution kept in the dark for 30 min
overlaps with that of the initial MB solution for the untreated

40

Reflectance (%)

20

. sample, as shown in Fig. 11(a). This result suggests that the
500 1000 1500 2000 2500 untreated sample has no good adsorption capacity for MB.
Wavelength (nm) However, the adsorption capacity of a sample can be improved by

Fig.8 UV-VIS-NIR diffuse reflectance spectra of untreated and flash-treated the flash sintering treatment. Figure 11(b) shows that there is a
samples. decrease in the intensity of the absorption curve after the MB
solution is kept in the dark for 30 min for the flash-treated sample.
MB in the presence of simulated solar light (300 W xenon lamps). According to the Lambert-Beer law and the absorbance at the
Figures 11(a) and 11(b) show the UV-VIS absorbance patterns of characteristic wavelength of 663 nm [62], the photocatalytic
the MB solution during the photocatalytic process. The absorption degradation efficiency can be obtained. Figure 11(c) displays the
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Fig.9 (a) Direct band gap, (b) indirect band gap, and (c) valence band positions of untreated and flash-treated samples.
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Fig. 10 Energy band diagrams of untreated and flash-treated samples.
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Fig. 11 UV-VIS spectra of MB solution in the presence of (a) untreated and (b) flash-treated samples and (c) degradation of MB solution over irradiation time.

plots of the MB concentration ratio versus irradiation time for the
untreated and flash-treated samples. The degradation efficiency of
the MB solution is approximately 70.39% after 100 min for the
untreated sample. However, the degradation efficiency can reach
89.65% after 100 min for the flash-treated sample ZrO,_,. These
results clearly reveal that ZrO, , has an enhanced photocatalytic
ability compared with ZrO,. These findings suggest that the
remarkable photocatalytic activity of ZrO,_, is mainly due to the
enhanced solar light absorption. Furthermore, the recombination
rate of electron-hole pairs is reduced due to the presence of Zr*
ions in ZrO,_, [63], which is also beneficial for photocatalytic
activity.

4 Conclusions

Oxygen-deficient zirconia (ZrO,_,) bulk materials with black color
were successfully fabricated by flash sintering treatment for a short
time of 90 s. In the flash sintering treatment, the oxygen vacancies
were introduced into zirconia bulk samples through an
electrochemical reduction reaction. Furthermore, subgrains with
grain boundaries and defects such as dislocations and stacking
faults are generated during the flash treatment. The as-prepared
ZrO,_, bulk samples exhibited excellent light absorption capacity
(> 92%) in the whole solar spectral region due to their small band
gap, indicating promising applications in the field of solar energy
harvesting. ZrO,_, possessed remarkable photocatalytic activity
and it could decompose nearly 89.65% of MB within 100 min.
Flash sintering treatment provides a cost-effective, rapid, and
environmentally friendly method for production of ZrO, . In
addition, flash sintering treatment can be applied to other
materials to generate large concentrations of oxygen vacancies.
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