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Abstract: Due to its favorable excited-state physicochemical properties, indium oxide (In2O3) has
widely captured attention as a potentially great photocatalyst. However, an inferior charge separation
efficiency limits its application. Recently, an increasing amount of evidence has demonstrated that the
construction of surface defects is an effective strategy to boost photocatalytic performances. In this
work, a ruthenium (Ru) species was successfully introduced into the lattice of In2O3 nanoparticles
through co-precipitation and thermal treatment. It was found that the content of surface oxygen
vacancies was directly related to the amount of Ru3+ doping, which further determines the sepa-
ration efficiency of photogenerated carriers. As a result, the 0.5% Ru-In2O3 samples enriched with
oxygen vacancies exhibit dramatically enhanced photocatalytic dehalogenation performances of
decabromodiphenyl ether and hexabromobenzene, about four times higher than that of the pure
In2O3 nanoparticles. This study emphasized the significance of the surface defects of the photocata-
lyst and may provide a valuable strategy to prepare highly active photocatalysts for photocatalytic
dehalogenation reactions.

Keywords: Ru−In2O3; oxygen vacancies; photocatalytic dehalogenation

1. Introduction

Brominated flame retardants, such as decabromodiphenyl ether (Deca−BDE) and
hexabromobenzene (HBB), are widely used in various industries to attain effective fire re-
sistance for consumer products (e.g., textiles, electronics, etc.) [1,2]. Recently, an increasing
amount of research has reported that these kinds of aryl halides, as a series of endocrine hor-
mones, have high toxicity, environmental persistence and bioaccumulation potential, which
might pose significant harm to humans and animals [3–8]. In order to control pollution
due to brominated flame retardants, various technologies have been developed. Among
them, photocatalysis, as one of the most promising green and renewable environmental
treatment technologies, has proved to be effective in the removal of brominated flame
retardants [9–11]. For instance, TiO2 photocatalysis has been used in the degradation of
polybrominated diphenyl ethers (PBDEs) in a series of liquid systems [12]. Zhang et al.
found that the In2O3 nanospheres can be used as a visible-light responsive catalyst for the
decomposition of gaseous aryl halides [13]. However, these reported catalysts have the
common problem of low photocatalytic performances, which are mainly due to the low
separation efficiency of photogenerated electron–hole pairs [14]. To solve this problem,
many modification methods, such as facet engineering, novel metal deposition and the
construction of heterojunctions, were studied. Guo et al. reported that Pd nanoclusters
decorated with TiO2 nanosheets were able to rapidly degrade 4-bromobiphenyl in 30 min
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due to a strong chemical interaction and effective electron transfer [15]; Feng et al. con-
firmed that the exposed high-energy facets of Co3O4 nanosheets greatly promoted the
separation efficiency of photogenerated electron–hole pairs and significantly enhanced
the photocatalytic performances [16]; Liu et al. facilitated the charge separation at the
TiO2/Bi2MoO6 interface by fabricating heterojunctions [17].

Besides the above approaches, it has been reported that the construction of surface
defects, such as oxygen or hydroxide defects, could also promote photocatalytic perfor-
mance by improving the charge separation efficiency and adjusting the localized electronic
states of semiconductors [18–22]. In this case, surface defects often serve as active sites for
promoting the transfer of photogenerated electrons, both in the bulk phase and interface,
thereby improving the separation efficiency of photogenerated carriers [23–25]. Among
them, oxygen vacancies are one of the most common defects on a semiconductor’s surface.
For the semiconductor photocatalysts, one way to produce an oxygen-vacancy-rich surface
is by adjusting the reductive preparation conditions. For example, Bi et al. synthesized
defective K4Nb6O7 nanosheets by introducing oxygen vacancies with the decomposition
of KBH4, which had a six-times higher hydrogen evolution rate than that of the K4Nb6O7
samples without oxygen vacancies [26]; Yang et al. found that the oxygen vacancy content
of the OVH-TiO2 obtained by reducing TiO2 aggregates in a hydrogen atmosphere was
much higher than that of the original TiO2 samples [27]. As another method, ion doping is
also an effective way to adjust the oxygen vacancy content. Moreover, a disordered surface
caused by ion doping may intensify the localization of electrons, which is beneficial for
transferring photogenerated electrons and lowering the activation energy of the reaction.
In this case, Wang et al. prepared TiO2 nanorods enriched with oxygen vacancies through a
C-N-S three-doping method to enhance its visible photocatalytic activity [28]; Huang et al.
used metallic Cu and Bi nanoparticles to co-modify the BiVO4 to generate surface oxygen
vacancies, which exhibited a higher absorption capacity for visible light and a superior
charge separation efficiency compared to the original one [29]. In particular, it has been
reported that Ru dopants were intentionally introduced into the In2O3 lattice as active sites,
which not only narrow the bandgap energy but also cause the formation of oxygen vacan-
cies, improving catalytic activity [30,31]. In addition, besides oxygen vacancy formation,
the doping of Ru species could lead to an excellent hydrogen spillover effect, promoting
hydrogen dissociation and adsorption, which is significant for the reduction reactions
coupled with protons, such as the dehalogenation of brominated flame retardants [32].

In this work, we synthesized Ru−In2O3 nanoparticles with different oxygen vacancy
contents by doping different amounts of Ru3+ in the lattice of In2O3. Characterization
results indicate that the oxygen vacancy content of In2O3 is directly related to Ru doping,
of which the 0.5% Ru−In2O3 sample had the highest oxygen vacancy content. The pho-
tocurrent, electrochemical impedance and surface photovoltage response results confirm
that the 0.5% Ru−In2O3 sample had the highest separation efficiency of photogenerated
electron and hole pairs, which is in accordance with the XPS results. We selected Deca−BDE
and HBB as the model organic pollutants to evaluate the photocatalytic dehalogenation
performances of the as-prepared Ru−In2O3 samples. Compared with other samples, 0.5%
Ru−In2O3 nanoparticles exhibited superior photocatalytic dehalogenation activities for the
removal of both Deca−BDE and HBB, which are closely related to its highest content of
surface oxygen vacancies. Our results indicate that the increased oxygen vacancy content
of photocatalysts caused by ion doping could effectively promote the removal efficiency of
brominated flame retardants, which are persistently toxic in the environment.

2. Materials and Methods
2.1. Chemical Reagents

Indium nitrate hydrate (In(NO3)3·H2O) and ruthenium chloride (RuCl3) were obtained
from Innochem Chemical Reagent Co. Ammonia solution (NH4OH), ethyl alcohol and
isopropyl alcohol were purchased from Sinopharm Chemical Reagent. Deionized water
was obtained from Wahaha Group Co., Ltd (Hangzhou, China). Nafion was purchased
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from Sigma-Aldrich (St Louis, MO, USA). All the other chemical reagents were purchased
from J&K Chemicals Co (Beijing, China). All chemicals used in this work were purchased
in analytical grade and used without any purification.

2.2. Synthesis of Ru−In2O3 Nanoparticles

Ru−In2O3 nanoparticles were synthesized following a modified version of a previ-
ously published procedure [23]. All chemicals were used as received without any further
purification. In a typical synthesis, 1.8 mmol of the In(NO3)3·H2O was dissolved in a mixed
solution containing 6 mL of anhydrous ethanol and 2 mL of deionized water to obtain
solution A. Solution B was prepared by adding 2.5 mL of ammonia solution (27%) into
7.5 mL of anhydrous ethanol. Then, the above solution A and solution B were rapidly mixed
together to form a white suspension, which was immediately transferred to a pre-heated
oil bath at 80 ◦C and stirred for 10 min. The resulting suspension was then removed from
the oil bath and allowed to settle and cool to room temperature before being centrifuged,
washed three times with deionized water and ethanol, respectively and dried in a freeze
dryer for 10 h. The dried precursor was collected, ground, and then calcined in a muffle
furnace at 250 ◦C in air for 3 h to obtain the sample labeled as 0% Ru−In2O3. RuCl3 was
added into the solution A under different Ru/In molar ratios (0.1%, 0.5% and 1%) with the
other steps remaining unchanged to obtain the samples labeled as 0.1% Ru−In2O3, 0.5%
Ru−In2O3 and 1% Ru−In2O3, respectively.

2.3. Characterization

The structure and phase of the as-prepared samples were determined by X-ray diffrac-
tion (XRD) analysis on a D8 ADVANCE diffractometer with Cu Kα radiation. The Cu
target wavelength was 0.154056 Å, and the slit width was 5 nm. The samples were pressed
into a pellet and scanned in the range of a 10◦–80◦ diffraction angle with a step size of
0.02 ◦/step and a scan speed of 0.1 s/step. The chemical compositions were tested by X-ray
photoelectron spectroscopy (Thermo Electron Corporation, Waltham, MA. USA) with Al
Kα radiation. The samples were uniformly applied to a double–sided adhesive surface for
testing, and the scanning range was -9 eV–1551 eV with dwell time of 58 s and pass energy
of 30 eV. All the binding energies were calibrated by carbon (C1s 285.0 eV). The morphology
and size of the as-prepared samples were examined by field emission scanning electron
microscopy (FESEM, S-4800). Photocurrent and electrochemical impedance spectroscopy
(EIS) in Na2SO4 (0.5 M) aqueous solution were acquired on a CHI660 electrochemical work-
station with a standard three-electrode cell, where 75 mg of the as-prepared catalyst sample
powders were sonicated in a mixture of 1.5 mL isopropanol and 20 µL Nafion solution for
30 min. Then, 20 µL of the suspensions were dripped onto a 1 × 1 cm2 size FTO conduc-
tive glass as the working electrode, a Pt electrode as auxiliary electrode, and a standard
calomel electrode as reference. Photocurrent measurement used a 300 W xenon lamp as the
light source, and the frequency in the electrochemical impedance spectroscopy test ranged
from 100 kHz to 0.1 Hz. The surface photovoltage spectroscopy (SPS) measurements were
performed according to the previous reports [33,34].

2.4. Photocatalytic Dehalogenation Reactions

Deca−BDE was dissolved in a tetrahydrofuran solvent to prepare a stock solution
with a concentration of 10−3 mol/L. Prior to the experiments, the stock solution was
diluted 100 times to a concentration of 10−5 mol/L using methanol as the solvent. The
photocatalytic reaction was carried out in a freshly prepared 20 mL Deca−BDE solution
with the addition of 15 mg of as-prepared photocatalysts in a Pyrex vessel. The vessel was
sealed with a rubber stopper under an argon atmosphere. Before irradiation, the suspension
was firstly magnetically stirred for 30 min in darkness to achieve the adsorption–desorption
equilibrium, followed by purging with argon for 40 min to remove air. The suspension was
then irradiated at constant temperature (25 ◦C) using cooling circulation water. A 300 W
xenon lamp (CEL-HXF300, Beijing China Education Au-light Co., Ltd.) with a 400 nm
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cutoff filter served as the light source. During the photocatalytic reaction, 1 mL of the
suspension was sampled and centrifuged at predetermined time intervals. The supernatant
was filtered through a 0.22 µm membrane and then analyzed using high-performance liquid
chromatography (Thermo scientific Ultimate 3000 HPLC) equipped with a diode array
detector and SB−C18 chromatographic column (4.6 × 150 mm). Pure methanol served as
the mobile phase at a flow rate of 1.0 mL/min, while the detector wavelength was set at
240 nm. The photocatalytic degradation of HBB was carried out under similar experimental
conditions as that of Deca−BDE, except for the quantity of the photocatalysts (30 mg).
Cyclic tests were carried out under identical experimental conditions as those employed for
the Deca−BDE degradation. Before each cycle, the recovered samples, including the filtered
particles on the membrane and the remaining precipitates in the vessel, were collected and
dried using a freeze dryer for 6 h.

3. Results and Discussion
3.1. Characterizations of Ru−In2O3 Nanoparticles

XRD, SEM and TEM/HRTEM measurements were carried out to study the structure
and morphology of the as-prepared Ru−In2O3 samples. Figure 1 illustrates the XRD
patterns of different Ru−In2O3 samples. From the figure, it can be observed that all the
samples retained the characteristic cubic structure of In2O3 and are in good agreement with
the standard pattern (JCPDS Card no. 44-1087), which indicates that well-crystallized single-
phase In2O3 had been successfully synthesized under the current experimental conditions.
The diffraction peaks at 2θ = 21.5◦, 30.5◦, 35.4◦, 37.6◦, 41.8◦, 45.6◦, 51.0◦, 55.9◦ and 60.6◦ are
assigned to the (211), (222), (400), (411), (332), (431), (440), (611) and (622) planes of cubic
In2O3, respectively. With increasing the Ru-doping content in the as-prepared Ru−In2O3
samples, there were no significant changes observed in terms of intensity or the position
of diffraction peaks, indicating that Ru doping did not alter the crystal structure of In2O3
components. The strong and sharp diffraction peaks imply good crystallinity of the samples.
No diffraction peaks of Ru components or other impurities were observed in any of the
samples, possibly because the doped Ru components were too little to reach the detection
limit. Additionally, the Scherrer equation was employed to calculate the crystallite sizes
of different Ru−In2O3 samples. The calculated results for 0% Ru−In2O3, 0.1% Ru−In2O3,
0.5% Ru−In2O3 and 1% Ru−In2O3 samples are 7.89, 8.60, 8.24 and 8.34 nm, respectively.
Meanwhile, the morphology and size of the as-prepared Ru−In2O3 samples were also
characterized by the SEM and TEM/HRTEM images presented in Figures 2 and 3. SEM
images in Figure 2a and Figure S3 reveal that the 0% Ru−In2O3 samples are irregular
agglomerates with spherical nanoparticles less than 10 nm in size, which is in accordance
with the XRD results. From the SEM and TEM images in Figure 2b, Figure S4 and Figure 3a,
the 0.5% Ru−In2O3 samples exhibit no significant change in shape and size compared
to those of the 0% Ru−In2O3 samples. Moreover, Figure 3b contains a HRTEM image
displaying clear crystal lattice fringes with a spacing of 0.291 nm attributed to the (222)
plane of cubic In2O3 (JCPDS Card no.44-1087), which is consistent with our XRD findings.

The optical properties of the as-prepared samples were studied using UV-visible
diffuse reflectance spectroscopy. As shown in Figure 4a, compared to the pure In2O3
samples, the absorption band edges of the Ru-doped In2O3 samples have undergone a
significant red shift, which gradually increased with the increase of Ru content. As shown
in Figure 4b, the optical band gap energy (Eg) of the as-prepared Ru−In2O3 samples was
calculated by Tauc plot according to the results of the UV diffuse reflectance spectra. The
calculation formula is as follows [35,36],

(αhv) = A(hv − Eg)n/2

hv = 1240/λ

where α represents the absorption coefficient, h is the Planck constant, v is the vibration
frequency of light, A is a proportionality constant, and the exponent n is related to the
semiconductor type [37]. From Figure 4b, it was calculated that the band gaps of 0%
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Ru−In2O3, 0.1% Ru−In2O3, 0.5% Ru−In2O3 and 1% Ru−In2O3 were 2.92 eV, 2.62 eV,
2.21 eV and 2.27 eV, respectively. The doping of Ru evidently enhanced absorption in the
visible light region.
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XPS measurements were performed to further study the surface element composition,
chemical state and the amount of oxygen vacancy. Figure 5a shows the survey XPS spectrum
of the 0.5% Ru−In2O3 samples, in which the binding energy peaks of In 4d, In 4s, Ru 3d, In
3d, O 1s, In 3p and In 3s were detected, indicating the existence of In, O and Ru elements
in the Ru−In2O3 samples. Especially, in Figure 5b, the high-resolution XPS spectrum of
Ru 3d located at 284.3 eV indicates that Ru3+ has been successfully doped into the In2O3
lattices. As shown in Figure 5c, the peaks at 444.4 and 452.0 eV are attributed to the binding
energies of the In 3d5/2 and In 3d3/2 levels, respectively, which correspond to the In3+ in
the In2O3 lattices according to previous reports [38,39]. From the O 1s region in Figure 5d,
the O 1s binding energy peak at around 529.7 eV is attributed to the lattice oxygen of In2O3
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components, while the appearance of shoulder peaks with higher binding energies can
be attributed to the combination of chemisorbed oxygen and surface hydroxyl groups,
which can be divided into peaks at around 530.9 eV and 532.0 eV, respectively [38]. It is
reported that the chemisorbed oxygen of In2O3 is caused by oxygen vacancy [39]. Hence,
from the O 1s core-level XPS spectra in Figure 6, we used the ratios of peaks around at
530.9 eV to quantify the surface oxygen vacancy contents of the as-prepared Ru−In2O3
samples and the results were listed in Table 1. From Table 1, the OL, OV and OH represent
the oxygen atoms from the lattice, chemisorbed oxygen and surface hydroxyl groups of
different Ru−In2O3 samples, respectively. Among them, for the 0.5% Ru−In2O3 samples
the ratio of oxygen vacancy to all oxygen species was 44.3%, obviously higher than that
of In2O3 doped with 0%, 0.1% and 1% Ru (20.6%, 22.6% and 22.2%, respectively), which
could directly lead to its superior photocatalytic behaviors as discussed below.
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Table 1. Atom ratio of the OL, OV and OH for different Ru−In2O3 samples.

Sample Atom Ratio of
OL (%)

Atom Ratio of
OV (%)

Atom Ratio of
OH (%)

Atom Ratio of
Ru (%)

0% Ru−In2O3 59.3 20.6 20.1 0
0.1% Ru−In2O3 50.4 22.6 27.0 0.1
0.5% Ru−In2O3 36.5 44.2 19.3 0.5
1% Ru−In2O3 56.5 22.2 21.3 1.0

Photocurrent response, electrochemical impedance spectroscopy (EIS) and surface
photovoltage response (SPS) measurements were used to investigate the delocalization and
separation efficiency of photogenerated carriers. As shown in Figure 7a, the photocurrent
response of 0.5% Ru−In2O3 under visible light irradiation was significantly higher than
that of the 0% Ru−In2O3, 0.1% Ru−In2O3 and 1% Ru−In2O3, indicating the photogen-
erated carriers of 0.5% Ru−In2O3 have the highest separation efficiency. From Figure 7b,
the EIS plot of the 0.5% Ru−In2O3 samples exhibits a smaller arc radius than that of other
Ru−In2O3 samples, indicating an improvement of migration and delocalization of photo-
generated carriers. As shown in Figure 7c, the SPS response curves of all the Ru−In2O3
samples display a broad peak from 300 to 450 nm. Similarly, the SPS response of the 0.5%
Ru−In2O3 samples is much more intense in comparison with that of other Ru−In2O3
samples. All the above mentioned results prove that the 0.5% Ru−In2O3 sample exhibits
an enhanced delocalization and separation efficiency of photogenerated carriers, which is
closely related to its higher surface oxygen vacancy content.
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Figure 7. (a) Photocurrent responses, (b) electrochemical impedance spectra and (c) surface photo-
voltage responses of the different as-prepared Ru−In2O3 samples.

3.2. Photocatalytic Activity

Two typical brominated flame retardants, which are toxic substances in the environ-
ment (Deca−BDE and HBB), were used to evaluate the photocatalytic performance of
Ru−In2O3 samples under visible light and Ar conditions. Figure 8, Figures S5 and S6 show
the time profiles and corresponding kinetic values of different Ru−In2O3 samples for the
photocatalytic dehalogenation of Deca−BDE and HBB, respectively. As shown in Figure 8a,
the photolysis of the Deca−BDE was negligible under visible light irradiation while the
removal efficiency of Deca−BDE by 0% Ru−In2O3 samples was only 76.4% within 30 min.
With the doping of Ru, the removal efficiency increased and the removal efficiency of 0.5%
Ru−In2O3 for Deca−BDE reached 96.3% within 30 min due to the promotion of surface
oxygen vacancy content. However, excessive Ru doping (1%) caused the sliding of surface
oxygen vacancy and thus resulted in the decrease of removal efficiency of Deca−BDE to
82.4% under the same experiment conditions. Figure 8c shows the corresponding apparent
rate constant (K) of different Ru−In2O3 samples for the photocatalytic dehalogenation of
Deca−BDE. From the figure, the K values of 0-1% Ru−In2O3 samples are 0.05457, 0.06833,
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0.13067 and 0.05856 min−1, respectively. The photocatalytic dehalogenation efficiency of
0.5% Ru−In2O3 samples is about 2.4 times higher than that of the 0% Ru−In2O3 samples.
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Meanwhile, the photocatalytic dehalogenation of HBB exhibited a similar tendency.
As shown in Figure 8b, Within 50 min, the removal efficiency of HBB by 0.5% Ru−In2O3
samples reached a maximum of 97.8%. Moreover, the calculated K values in Figure 8d for
0-1% Ru−In2O3 samples are 0.02224, 0.04557, 0.09244 and 0.03505 min−1, respectively. For
the dehalogenation of HBB, the removal efficiency of 0.5% Ru−In2O3 samples is about four
times higher than that of the 0% Ru−In2O3 samples. These results are consistent with the
above XPS results, indicating that the surface oxygen vacancy content is directly related to
the separation efficiency of photogenerated carriers and thus determines the photocatalytic
activities of the Ru−In2O3 samples. In addition, we have compared the photocatalytic
performances of Deca−BDE over Ru−In2O3 samples with seven other kinds of photocata-
lysts [40–42]. As shown in Table S1, the as-prepared Ru−In2O3 samples exhibited superior
photocatalytic dehalogenation performances compared to other photocatalysts, indicating
that the increase of oxygen vacancy content is an effective way to improve photocatalytic
performances in dehalogenation reactions. IC (ion chromatography) was used to study the
transformation products during photocatalytic degradation. As shown in Figure S1, the
formation of the bromide ion in the dehalogenation of Deca−BDE was much higher than
the conversion of Deca−BDE, which might be due to the further degradation of Nona−BDE
to Octa−BDE. Similar results could also be seen in the dehalogenation of HBB (Figure S2),
in which tetrabromo-benzene might be formed during the photocatalytic reactions.

Furthermore, we tested the stability of 0.5% Ru−In2O3 samples through cyclic ex-
periments for the degradation of Deca−BDE. As shown in Figure 9, the photocatalytic
dehalogenation efficiency of the as-prepared Ru−In2O3 samples exhibits a gradual decline
after five cycles, decreasing only from 97.7% to 91.3% after five cycles, indicating the re-
markable reusability of the as-prepared 0.5% Ru−In2O3 samples in this reaction system.
Moreover, we used XRD and FTIR to study the phase structure of the Ru−In2O3 samples
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after the reusability tests. In Figure 10a,b, no significant deviations can be observed in both
XRD patterns and FTIR spectra of the 0.5% Ru−In2O3 samples before and after undergoing
cyclic tests, thus confirming their exceptional stability.
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4. Conclusions

In summary, In2O3 nanoparticles with varying oxygen vacancy contents were cre-
ated by doping Ru through co-precipitation and subsequent thermal treatment. Through
comprehensive characterizations and measurements, we demonstrated the effective mod-
ulation of oxygen vacancy content in the Ru−In2O3 samples via Ru doping. Meanwhile,
the photocurrent, electrochemical impedance spectroscopy and surface photovoltage re-
sponse measurements reveal that the increased oxygen vacancy content could effectively
promote the separation efficiency of photogenerated electrons and holes, ultimately leading
to improved photocatalytic performances of the as-prepared Ru−In2O3 samples. As a
result, the 0.5% Ru−In2O3 enriched with oxygen vacancy exhibits dramatically enhanced
photocatalytic dehalogenation performances of decabromodiphenyl ether and hexabro-
mobenzene, approximately four times higher than that of the 0% Ru−In2O3 nanoparticles.
This study emphasized the significance of the surface defects of the photocatalyst and may
provide a valuable strategy to prepare highly active photocatalysts for brominated flame
retardant removal.
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