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ABSTRACT: Solution absorption is a straightforward and efficient
method for ozone treatment, but waste from inactive absorption
solutions poses a risk of secondary pollution and raises the
operating cost. Therefore, developing a sustainable recycling
process for the absorption solution is essential for green ozone
removal. In this study, we constructed a novel I−/IO3

− cycling
system induced by electrocatalysis and photoelectrocatalysis to
facilitate the reduction of KIO3 in KI/KOH ozone absorption
solution, thereby enabling absorption solution recycling. The stable
operation of this system relies on high-performance cathode
materials. By adjusting the concentration of oxygen vacancies on
TiO2, we reduced the energy barrier for IO3

− reduction, optimized
IO3

− adsorption on the electrode surface, and improved the band
gap structure of the electrode material, resulting in a TiO2−x cathode with good IO3

− reduction reaction (IO3RR) performance.
Notably, this method achieves an ozone removal cost of $3.72 per kilogram, only one-third of the cost associated with conventional
catalytic ozone decomposition. This approach provides a promising new direction for green and efficient ozone removal.
KEYWORDS: Ozone removal, I−/IO3

−, TiO2−x, Green chemical process, IO3
− reduction reaction (IO3RR)

1. INTRODUCTION
Ozone is a prevalent air pollutant characterized by an irritating
odor and strong oxidizing properties. Prolonged exposure to
high concentrations of ozone gas can cause a range of
respiratory and cardiopulmonary diseases. For this reason, the
U.S. Environmental Protection Agency (EPA)1 and the
Ministry of Ecology and Environment of the People’s Republic
of China have established clear standards for minimum
ground-level ozone concentrations.2 Therefore, the effective
removal of ozone gas holds great significance in terms of
environmental protection and people’s health.3−5

Currently, the most commonly used ozone treatment
methods include thermal decomposition,6 activated carbon
adsorption,7 catalytic decomposition,8−11 and solution absorp-
tion.12,13 Among them, thermal decomposition, which involves
the conversion of ozone into oxygen at high temperatures,
incurs significant operational expenses. The application of the
activated carbon adsorption method is limited due to the
generation of microwastes during its use. Currently, catalytic
decomposition is considered the most promising ozone
treatment method. However, the irreversible occupation of
ozone decomposition intermediates and the high humidity of
the ozone gas lead to rapid deactivation of the catalyst, which
greatly increases the cost and limits the wide-scale application
of this method.9,10,14,15 The solution absorption method,13,16

on the other hand, as a reactive ozone treatment technique
offers ease of operation while delivering exceptional results in
ozone removal. However, a large amount of waste liquid is
generated by the failure of the absorbing solution, leading to
significant secondary pollution. The green recycling of the
absorbing solution is, therefore, crucial for the continuous and
efficient removal of ozone.
KI absorption solution is extensively employed in the

solution absorption method due to its exceptional efficacy in
absorbing ozone. The national standard of the People’s
Republic of China, GB/T 37894-2019, also explicitly specifies
the utilization of the iodometric method for determining the
concentration of ozone in gas. Ozone, being a potent oxidizing
agent, oxidizes KI to free I2 monomers upon absorption by KI
solutions (eq 1-1). However, under alkaline conditions, I2
undergoes spontaneous disproportionation to form IO3

− and
I− (eq 1-2). Therefore, the KI solution absorbs ozone and
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eventually transforms into a KIO3 solution (eq 1-3). Reducing
KIO3 to KI is crucial for the absorption solution cycle.

+ + +6I O 3H O 3I 6OH3 2 2 (1-1)

+ + + +3I 6OH IO 5I 3H O2 3 2 (1-2)

+I O IO3 3 (1-3)

Electrochemical and photoelectrochemical processes, as
representatives of green and sustainable processes, are
characterized by high resource utilization and no waste
emissions. Therefore, the electrochemical and photoelectro-
chemical reduction of KIO3 is undoubtedly an excellent
choice.17−21 Among the many electrocatalytic and photo-
electrocatalytic materials, TiO2 electrodes are widely used due
to their excellent catalytic properties and stable structures.21−23

Additionally, defect engineering serves as a prevalent approach
to enhance the performance of catalysts.24,25 For example, Xu
et al.26 used the plasma technique to construct a large number
of oxygen vacancies on the Co3O4 surface, which significantly
enhanced the electrocatalytic activity of the sample. Con-
sequently, defect-rich TiO2 materials could be deemed as a
favorable option for KIO3 reduction.

In this paper, we synthesized a TiO2−x cathode enriched
with oxygen vacancies, using anodic oxidation combined with
high-temperature calcination with hydrogen. The test results
show that the TiO2−x cathode, supported by a Ti plate
(TiO2−x/TP), exhibits extremely high electrocatalytic activity
and achieves nearly 100% Faradaic efficiency in the KIO3
reduction reaction (IO3RR). The density functional theory
(DFT) results show that the introduction of oxygen vacancies
facilitated the adsorption of IO3

− on the TiO2−x electrode
while simultaneously reducing the energy barrier for the IO3

−

reduction reaction, thereby greatly enhancing the electro-
catalytic performance of IO3RR. Besides, the TiO2−x/TP
cathode was applied to the I−/IO3

− system for ozone removal;
the system maintained 100% ozone conversion after 30 days of
operation. Furthermore, we investigated the potential of
photoelectrochemical reduction in this system, and the
experimental results show that the introduction of oxygen
vacancies optimizes the band gap of TiO2 and suppresses the
recombination of electron−hole pairs, resulting in excellent
photoelectrochemical properties of TiO2−x loaded on fluorine-
doped tin oxide (FTO) conductive glass substrates. These
findings confirm the viability of using solar energy as a cycle-
driven energy source for the system. The experimental results

Figure 1. (a) Schematic diagram of TiO2−x/TP synthesis, (b) SEM image of pretreated TP, (c) SEM image of TiO2/TP surface, (d) XRD patterns
of TiO2 and TiO2−x, and (e) HRTEM image of TiO2−x (TiO2−x calcination conditions: 500 °C for 4 h under a H2 atmosphere).
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described above greatly demonstrate the promising industrial
application of this system for green and continuous ozone
removal.

2. EXPERIMENTAL SECTION
2.1. Materials. Titanium plates were procured from Xi’an Taijin

Industrial Electrochemical Technology Co., Ltd. Potassium iodide
(KI) was sourced from Shanghai Macklin Biochemical Co., Ltd., while
potassium hydroxide (KOH) was obtained from Sinopharm Chemical
Reagent Co., Ltd. Fluorine-doped tin oxide (FTO) conductive glass
substrates were supplied by Hangzhou Fei Shi Er Biotechnology Co.,
Ltd. All experiments utilized deionized water with a resistivity of 18.2
MΩ·cm.

2.2. Pretreatment of Titanium Plates. Titanium plates with a
working area of 1.0 cm2 served as substrates. Before use, the titanium
plates underwent a pretreatment process. This involved sandblasting,
followed by ultrasonic cleaning for 60 min in a 5 wt % sodium
carbonate solution. Subsequently, the plates were etched for 2 h in a
20 wt % hydrochloric acid solution at 80 °C and finished with a 15
min ultrasonic cleaning in deionized water.

2.3. Synthesis of TiO2/TP. The TiO2 electrode, supported by a
titanium plate (TiO2/TP), was prepared through an electrochemical
anodization process using a conventional two-electrode setup with the
titanium plate and platinum sheet serving as the anode and cathode,
respectively. The electrolyte was composed of 0.5 wt % ammonium
fluoride (NH4F) in ethylene glycol (EG) with 2 vol % deionized
water. During the process, the titanium plate and platinum sheet were
immersed in the prepared electrolyte, and anodization was carried out
at 60 V for 40 min, leading to the growth of a TiO2 layer on the
surface of the titanium plate. Following anodization, the samples were
rinsed with deionized water and dried at room temperature. The dried
specimens were then heated in a muffle furnace at 500 °C in air with a
ramp rate of 2 °C/min and held for 2 h to yield the TiO2/TP. Powder
samples were subsequently scraped from the titanium plates for
further processing.

2.4. Synthesis of TiO2−x/TP. The prepared TiO2/TP was placed
in a quartz tube, which was initially evacuated by using a vacuum
pump and then filled with hydrogen gas. The sample was
subsequently heated to 500 °C at a rate of 5 °C/min and maintained
at this temperature for 4 h in a H2 atmosphere-5% H2 (Ar). Afterward,
it was cooled to room temperature under a continuous flow of
hydrogen gas. This process resulted in the formation of an oxygen
vacancy-enriched TiO2−x/TP electrode. Powder samples were scraped
from the titanium plates for further processing.

2.5. Synthesis of TiO2−x(TiO2)/FTO. TiO2 and TiO2−x photo-
anodes were prepared by using the drop-casting technique. Fluorine-
doped tin oxide (FTO) conducting glass substrates (2 × 2 cm2) were
cleaned sequentially by sonication in acetone, ethanol, and deionized
water for 15 min each and then dried using nitrogen purging. A total
of 20 mg of TiO2 (or TiO2−x, calcined at 500 °C for 4 h under a
hydrogen atmosphere) powder was dispersed in a solution containing
1 mL of water and 1 mL of ethanol. The mixture was sonicated for 2 h
in a cold-water bath. Subsequently, 0.5 mL of the prepared dispersion
was uniformly applied to the FTO glass (effective area of 2 cm2) and
dried at 100 °C for 30 min to enhance adhesion.

2.6. Ozone Removal Experiment. Ozone removal of ozone was
achieved by passing ozone gas into the KI/KOH electrolyte. In this
case, the volume of the electrolyte was 50 mL, and the composition
was 0.2 M KI and 1 M KOH.

Electrochemical catalysis for ozone removal: the ozone gas flow
rate was 300 mL/min, and the ozone concentration was 500 ppm.
The electrodes used were TiO2−x/TP electrodes for the cathode and
Pt sheet electrodes for the anode. The actual running area of the
cathode electrode was 1 cm2, and the current was 0.2 A. In the high-
concentration ozone removal experiment, the ozone concentration
was increased to 1500 ppm, and the rest of the experimental
conditions were not changed.

Photoelectrochemical catalysis for ozone removal: the ozone gas
flow rate was 300 mL/min, and the ozone concentration was 50 ppm.
The electrodes used were TiO2−x/FTO electrodes for the cathode
and Pt sheet electrodes for the anode. The actual running area of the

Figure 2. XPS spectra of TiO2 and TiO2−x: (a) Ti 2p and (b) O 1s. (c) Raman spectra of TiO2 and TiO2−x. (d) EPR spectra of TiO2 and TiO2−x
(TiO2−x calcination conditions: 500 °C for 4 h under a H2 atmosphere).
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cathode electrode was 2 cm2, and the current was 0.02 A. A 500 W Xe
lamp (Perfect Light FX 3000, equipped with an AM 1.5 G filter) was
employed to simulate 1 sun illumination. The light intensity was
calibrated to 100 mW·cm−2 by a standard irradiatometer.

Ozone was generated by an ozone generator (CH-ZTW6G,
CHUAVG, China) and detected by an ozone detector (Model 106-
M, 2B Technologies, USA).

3. RESULTS AND DISCUSSION
3.1. Characterization of Electrode Morphology and

Composition. The synthesis process of the TiO2−x/TP
cathode is shown in Figure 1a, which includes anodic oxidation
as well as a hydrogen calcination step. The pretreatment of the
Ti plate makes the surface rough (Figure 1b). The AFM test
data in Figure S1 prove this result. Immediately after
anodization as well as calcination treatment, a layer of in situ
grown porous TiO2 was obtained on the surface of the TP
(Figure 1c). Finally, it was calcined under a hydrogen
atmosphere, and TiO2−x/TP was obtained by the reduction

of hydrogen (Figures S2 and S3). The results of the BET tests
in Figure S4 and Table S1 show that the specific surface area,
pore size, and pore volume of TiO2−x samples were partially
increased after the hydrogen calcination treatment. The results
of XRD (Figure 1d) show that TiO2 and TiO2−x are highly
crystalline, and both are TiO2 with a single anatase phase. In
the high-resolution transmission electron microscopy
(HRTEM) images (Figure 1e), TiO2−x has many visible lattice
defects, which is strong evidence of the successful introduction
of oxygen vacancies.

3.2. Characterization of Oxygen Vacancy Defects at
Electrodes. To show more clearly the difference in oxygen
vacancy concentration between TiO2 and TiO2−x samples, they
were characterized by XPS, Raman spectroscopy, and EPR as
shown below.
In the Ti 2p spectra (Figure 2a and Figure S5), the peaks

near 459 and 465 eV belong to Ti4+ 2p3/2 and Ti4+ 2p1/2,
respectively.27,28 It can be seen that the binding energies of
both peaks of the TiO2−x sample are lower than those of the

Figure 3. (a) LSV curves of TiO2−x/TP electrode and TiO2/TP electrode. (b) Faradaic efficiency of TiO2−x/TP electrodes and TiO2/TP
electrodes at different current densities. (c) Cdl values obtained from CV curves for TiO2−x/TP electrodes and TiO2/TP electrodes. (d) MA, ECSA,
and SA values for TiO2−x/TP and TiO2/TP electrodes. (e) TiO2−x/TP electrode stability test curve (TiO2−x calcination conditions: 500 °C for 4 h
under a H2 atmosphere).
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TiO2 sample. In the O 1s spectra (Figure 2b and Figure S5),
three peaks can be classified near 530, 531.5, and 532.5 eV,
which correspond to surface lattice oxygen (OL), surface
oxygen vacancies (OV), and chemisorbed oxygen (Oc),
respectively. It can be seen that the surface oxygen vacancy
peak area of TiO2−x samples synthesized under different
conditions are enhanced compared to that of the TiO2
sample.29,30

As shown in the Raman spectra (Figure 2c), both TiO2 and
TiO2−x samples have obvious signals near 150, 200, 390, 500,
and 620 cm−1, which are consistent with the standard peak
signals of the TiO2 anatase phase.

31 However, as can be seen in
the 110−190 cm−1 localized magnification, the peak position
of the TiO2−x sample is shifted to the right compared to that of
the TiO2 sample, which is attributed to the phonon
confinement due to the oxygen vacancies.32

In the EPR spectra (Figure 2d and Figure S6), the intensity
of the peak at g = 2.003 is proportional to the oxygen vacancy
concentration of the sample. From Figure 2d and Figure S6, it
can be seen that the peak intensity at g = 2.003 of the TiO2−x
sample is significantly stronger than that of the TiO2
sample.4,33,34

The above series of characterization results all show that the
oxygen vacancy concentration of TiO2−x samples obtained
after the high-temperature calcination treatment of TiO2
samples with hydrogen is significantly enhanced. Among
them, the TiO2−x samples obtained by calcination at 500 °C
for 4 h in a H2 atmosphere have the highest oxygen vacancy
concentration.

3.3. Electrochemical Performance Testing. In order to
evaluate the electrochemical performance of the TiO2−x/TP
cathode for IO3RR, the electrode was tested through a
standard three-electrode system in a 0.2 M KIO3 + 1 M KOH
solution. First, the samples with different calcination temper-
atures and times were analyzed by linear scanning voltammetry
(LSV) and electrochemical impedance spectroscopy (EIS).
The LSV curves responded to the catalytic performance of the
electrode, while the EIS responded to the electrochemical
impedance of the electrode.35−37 It can be seen that the sample
obtained by calcining at 500 °C for 4 h has the best IO3RR
performance and the fastest electron transport rate (Figure
S7). Combined with the previous data, 500 °C calcination for
4 h was identified as the synthesis conditions for TiO2−x/TP
electrodes.
The LSV curves in Figure 3a show that the TiO2−x/TP

cathode only requires 0.17 V to reach a current density of 10

mA/cm2, which is much higher than the −0.20 V of the TiO2/
TP electrode. In addition, the Tafel slope plots obtained from
the LSV curves as well as the EIS curves of the electrodes also
clearly reflect the high IO3RR kinetics as well as the low
interfacial resistance of the TiO2−x/TP electrodes (Figure S8).
In the electrochemical reduction of IO3

−, the reactions
occurring at the cathode and anode are shown in Figure S9.
The hydrogen evolution reaction (HER) at the cathode is a
side reaction. The Faradaic efficiency of the electrodes is an
important metric for evaluating the electrodes.38 As can be
seen from Figure 3b, the Faradaic efficiency of the TiO2−x/TP
electrode for IO3RR at different current densities is 95% on
average (Figure S10). At a high current density of 0.5 A/cm2,
the Faradaic efficiency of the TiO2−x/TP electrode is also close
to 90%, which is much higher than that of the TiO2/TP
electrode (46%). Furthermore, the TiO2−x/TP cathode also
offers significant advantages over other common cathode
materials, combining both low overpotential and high Faradaic
efficiency (Figure S11).
Based on the cyclic voltammetry (CV) curves (Figure S12)

of the samples at different sweep speeds, the corresponding
double-layer capacitance (Cdl) values can be calculated.39−42

Figure 3c shows that the Cdl of the TiO2−x/TP electrode (9.1
mF/cm2) is significantly higher than that of the TiO2/TP
electrode (0.5 mF/cm2). The electrochemically active surface
area (ECSA) of the electrode was estimated by comparing the
Cdl value of the electrode with the Cs value (60 μF/cm2) of the
ideal smooth oxide bilayer capacitance. The specific activity
(SA) could be further obtained by combining with the current
at 0.17 V vs RHE (Figure 3d). The values of ECSA (455 cm2)
as well as SA (21.98 mA/cm2) of the TiO2−x/TP electrode
were significantly improved compared to those of the TiO2/TP
electrode. Using the LSV curve of the electrode and the
catalyst mass, the catalyst mass activity (MA) at different
potentials can be obtained (Figure 3d). The TiO2−x/TP
electrode exhibited a mass activity of −10 A/g, which was
much higher than that of the TiO2/TP electrode (−0.03 A/g)
at 0.17 V vs RHE.
Stability is an important indicator of whether the electrode is

of practical value. In this paper, the stability of TiO2−x/TP
electrodes was evaluated using the constant current timing
method at both 100 and 500 mA/cm2. The results in Figure 3e
show that the stability of the TiO2−x/TP electrode is greater
than 250 h under the two current density conditions. The SEM
and XRD results (Figure S13) after the stability test also reflect

Figure 4. SHINERS spectra of (a) TiO2 and (b) TiO2−x samples at different potentials (TiO2−x calcination conditions: 500 °C for 4 h under a H2
atmosphere).
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that there is no obvious damage to the composition and
morphology of the electrodes.

3.4. Analysis of the IO3
− Electrochemical Reduction

Process. In order to further understand the reduction of IO3
−

at the TiO2−x/TP electrode, the process was analyzed using
shell-isolated nanoparticle-enhanced Raman spectroscopy
(SHINERS).43−45 The SHINERS technique uses Au@SiO2
colloidal dispersions as signal enhancers and can detect
extremely weak Raman signal changes. In SHINERS, the
Raman peaks near 800, 685, and 430 cm−1 are attributed to
IO3

−, IO2
−, and IO−, respectively,46 which suggests that the

reduction process of IO3
− at the cathode, as shown below, is a

one-by-one detachment of O atoms.

+ + +IO 2e H O IO 2OH3 2 2 (3-1)

+ + +IO 2e H O IO 2OH2 2 (3-2)

+ + +IO 2e H O I 2OH2 (3-3)

In SHINERS measurement, different potentials (−0.4 to −1
V) were used for TiO2 as well as TiO2−x samples, respectively,
to detect the Raman signal changes during the electrochemical
reduction process of IO3

− (Figure 4). First, Raman peaks
belonging to IO3

− were detected on both TiO2 and TiO2−x
samples when no voltage was applied, but the peak intensity
was higher on TiO2−x samples compared to that on TiO2
samples, which suggests that the adsorption of IO3

− on TiO2−x
was stronger. With the gradual increase in voltage, the Raman
peaks belonging to IO3

− on the TiO2−x samples were not
detected at −0.7 V, while the Raman peaks belonging to IO3

−

on the TiO2 samples were not detected at −0.9 V. The Raman
peak strengths belonging to IO3

− are related to the adsorption
and reaction rates. The adsorption rate is usually considered to
be constant, while the reaction rate increases with increasing
voltage. The lower vanishing voltages of the IO3

− Raman peaks
on the TiO2−x samples further reflect its superior IO3RR
performance over TiO2.
As the test voltage continued to change, the Raman peaks of

IO2
− as well as IO− were detected. Among them, the Raman

peaks belonging to IO2
− disappeared at lower voltages, and its

peaks were not even detected on the TiO2−x samples.
However, Raman peaks belonging to IO− were detected on
both TiO2 and TiO2−x samples, and their vanishing voltages
were higher than those of the IO3

− Raman peaks, which
reflects that the reduction of IO− to I− in IO3RR is the slowest
among the three steps and is the decisive step of the reaction.

3.5. DFT Calculation. In order to gain a more in-depth
understanding of the phenomena in the experiments, density
functional theory (DFT) was used for theoretical calculation of
the samples.19,47−49

First, as shown in Figure S14, TiO2 as well as TiO2−x
samples were constructed. Their density of states (DOS) plots
reflect that the introduction of oxygen vacancies in TiO2 causes
the overall energy band of the sample to move down to below
the Fermi energy level, and electrons are more likely to jump
to the Fermi energy level, enhancing the conductivity of the
sample.
The hydrogen evolution reaction (HER) acts as a competing

reaction to IO3RR, as shown in Figure 5a, and the introduction
of oxygen vacancies on the TiO2 samples inhibits the
adsorption of H atoms on the samples, which in turn inhibits
the occurrence of HER. In addition, the adsorption energy of
IO3

− on the TiO2−x sample is also larger than that on the TiO2

sample, as shown in Figure 5b. All of these data indicate that
the TiO2−x sample has higher selectivity for IO3RR compared
to HER.
Finally, the IO3RR process was calculated by using TiO2 and

TiO2−x samples. As shown in Figure 5c, the introduction of
oxygen vacancies in the IO3RR process greatly reduces the
energy barrier for the reduction of the *HIO to *H reaction
and optimizes the IO3RR process, which is consistent with the
SHINERS results discussed above. In addition, it can be seen
that the activation energy required for each step of the reaction
in the IO3RR process of the TiO2−x sample is smaller than that
of the TiO2 sample, which greatly proves that the TiO2−x
sample has superior IO3RR kinetics.

3.6. TiO2−x/TP Cathode Applied to I−/IO3
− System for

Ozone Removal Experiments. The results described above
indicate that the TiO2−x/TP cathode has abundant active sites
and exhibit excellent IO3RR performance. In order to verify the
potential application of the TiO2−x/TP electrode, it was
applied to the I−/IO3

− system for a long-term ozone removal
experiment. As seen in the experimental procedure and setup
shown in Figure S15 and Figure 6a, ozone gas was passed into
the KI/KOH electrolyte, and the ozone concentration was
measured at the outlet to determine the ozone removal effect.
The electrolysis was cycled by using TiO2−x/TP electrodes as
cathodes and Pt sheet electrodes as anodes. As shown in Figure
6b, the system was able to maintain 100% ozone conversion
after 30 days, reflecting the ability of the method to remove
ozone continuously and efficiently over a long period of time.
In addition, the system has been applied to the removal of high
concentrations of ozone (1500 and 2000 ppm). As shown in
Figure S16, the system was able to maintain a stable removal
rate for high concentrations of ozone at the beginning of the
process, but after a period of operation, the ozone conversion
rate decreased. This is related to the electron supply of the
system current and the stability of the electrodes. SEM and
XRD tests on the tested electrodes (Figure S17) showed that

Figure 5. (a) Calculated free energy changes of HER on TiO2 (101)
and TiO2−x (101) surfaces. (b) Calculated adsorption energies of
IO3

− on TiO2 and TiO2−x surfaces. (c) Calculated free energy changes
of IO3RR on TiO2 (101) and TiO2−x (101) surfaces (transition state
abbreviated as TS).
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the composition of the electrodes did not change, and the
dissolution precipitation (Figure S18) on the surface of the
electrode material leading to the destruction of the electrode
structure might be the reason for the degradation of the system
performance.
In terms of operating costs, as shown in Section S2

(Economic Analysis) of the Supporting Information, applying
TiO2−x/TP electrodes to the I−/IO3

− system removes 1 kg of
ozone for only $3.72, which is on average one-third of the
ozone treatment cost of recently reported ozone decom-
position catalysts, one-fifth of the ozone treatment cost of
activated carbon adsorption, and 1/83 333 of the ozone
treatment cost of thermal decomposition. These data reflect
the great economic benefits of the method.

3.7. Photoelectrochemical Performance Testing. In
addition to its excellent electrocatalytic properties, TiO2 also
excels in photocatalysis. The photoelectrochemical reduction
method would be a better method for IO3

− reduction than
electrocatalysis alone. In order to verify the photoelectrochem-
ical performance of TiO2−x materials, a series of character-
izations and testing were carried out.
The incident photocurrent conversion efficiency (IPCE)

spectra show an IPCE value of 55% for TiO2−x after hydrogen
calcination treatment (Figure S19).21 For this sample, a band
gap of Eg ≈ 3.08 eV can be determined (Figure S20).
Compared to the initial TiO2 sample with an IPCE of 39% and
an Eg of ∼3.22 eV, there is a significant improvement. Also, the
intensity of the TiO2−x sample is significantly weaker than that
of the TiO2 sample in the photoluminescence (PL) emission

Figure 6. (a) Ozone removal device diagram. (b) Ozone removal by TiO2−x/TP electrode applied to I−/IO3
− system (ozone gas flow rate: 300

mL/min; ozone concentration: 500 ppm; TiO2−x calcination conditions: 500 °C for 4 h under a H2 atmosphere).

Figure 7. (a) LSV curves and (b) transient photocurrent response spectra of different photoanodes. (c) Photocurrent stability test of TiO2−x/FTO.
(d) Schematic of TiO2 and TiO2−x photoelectrochemical reduction of IO3

− (TiO2−x calcination conditions: 500 °C for 4 h under a H2
atmosphere).
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spectrum (Figure S21). These data indicate that the
recombination of electron−hole pairs is also suppressed in
the TiO2−x sample after hydrogen treatment with a smaller
band gap, suggesting that it is an excellent photocatalytic
material. In addition, as seen in the UV−visible spectra shown
in Figure S22, the absorption intensity of TiO2−x samples in
the UV region is reduced compared to that of TiO2, but the
absorption in the visible region is significantly increased.
Overall, the TiO2−x samples showed better absorption of light
at wavelengths from 200 to 800 nm.
In this paper, TiO2 and TiO2−x loaded on fluorine-doped tin

oxide (FTO) conducting glass substrates were prepared as
photocathodes using the drop-casting method (Figure S23).
The LSV curves in Figure 7a show that the TiO2−x/FTO
photocathode provides a significantly higher photocurrent than
TiO2/FTO. Figure S24 demonstrates the corresponding
energy conversion curves, with a half-cell solar-to-iodide
(HC-STI) conversion efficiency of 0.28% for the TiO2−x/
FTO photocathode, which is higher than that for the TiO2
/FTO photocathode (0.13%). In addition, we performed
transient photocurrent and photoelectrochemical impedance
spectroscopy (EIS) measurements. The photocurrent transient
(Figure 7b) shows the remarkable photocurrent response of
the TiO2−x/FTO photocathode material, and the EIS results
(Figure S25) show that the charge transfer resistance of
TiO2−x/FTO is significantly lower than that of TiO2/FTO.
These results demonstrate the excellent photoelectrochemical
performance of TiO2−x. In addition, the potential of TiO2−x/
FTO was not significantly degraded after 20 h of continuous
illumination under certain current density conditions (Figure
7c). The XRD and SEM (Figure S26) results after the stability
tests also showed no significant changes in the electrode
structure and composition.
Finally, a schematic of TiO2 and TiO2−x photoelectrochem-

ical reduction of IO3
− is presented. In the photoelectrochem-

ical reaction, as shown in Figure 7d, TiO2−x has a narrower
band gap and electron−hole pairs that are less prone to
recombination, which results in a stronger photovoltaic
response and thus a more excellent IO3RR performance. The
excellent photoelectrochemical properties of TiO2−x provide a
cleaner and more efficient method for ozone removal by I−/
IO3

− systems, demonstrating the possibility of solar energy as a
recycled energy source for I−/IO3

− systems.
Combining the above experimental and theoretical calcu-

lations, we can know that the introduction of oxygen vacancies
makes TiO2−x have excellent electrical conductivity as well as
very high selectivity to IO3

− and at the same time reduces the
band gap of TiO2−x, as well as inhibits the recombination of its
electron−hole pairs, which results in an excellent photo-
electrochemical reduction performance. In addition, the stable
structure and composition of TiO2−x/TP and TiO2−x/FTO
allow the whole system to exhibit excellent stability. All of
these results indicate that the TiO2−x electrode with a high
oxygen vacancy concentration has excellent suitability for the
I−/IO3

− cycling system.
As shown in Figure S27, stability experiments for ozone

removal by the I−/IO3
− photoelectrochemical system were

performed. Under the test conditions (ozone concentration:
50 ppm; gas flow rate: 300 mL/min), the system showed
excellent durability: after 10 days of continuous operation, the
ozone conversion rate only decreased by about 5%. It is
noteworthy that this performance decay occurred mainly

during the last 5 days, while the ozone removal rate remained
relatively stable during the first 5 days.

4. CONCLUSION
In this paper, we employed a combination of photo-
electrochemical reduction and solution absorption methods
to achieve the efficient and continuous removal of ozone gas.
The introduction of oxygen vacancies on the TiO2−x electrode
enhanced the IO3

− adsorption effect and lowered the energy
barrier for the IO3RR process, resulting in excellent IO3RR
performance. We applied the TiO2−x/TP electrode to the I−/
IO3

− system for long-term ozone removal, which demonstrated
stable operational capability with a 100% ozone removal rate
after 30 days. Furthermore, the exceptional photoelectrochem-
ical performance exhibited by TiO2−x/FTO enables the
realization of a solar-driven I−/IO3

− photoelectrochemical
cycling system. The outstanding efficacy in ozone removal,
coupled with low operating expenses and environmentally
friendly processes, unequivocally demonstrates the applicability
of this method for industrial application.
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