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Abstract

Co3O4/In2O3 nanocomposites were prepared via a microwave-hydrothermal method and directly 

used as photoanodes for the photoelectrocatalytic (PEC) process to reduce Cr(VI). The 

as-prepared Co3O4/In2O3 composites show a rod-like structure, which is composed of 

nanoparticles. The PEC experiments indicated that after 120 min of irradiation with 0.7 V bias 

voltage and visible light, the Cr(VI) reduction efficiency of Co3O4/In2O3 composites in aqueous 

solution was 100%, which was superior to the samples prepared by other methods. Moreover, the 

Co3O4/In2O3 composite still had a high catalytic activity after five runs of PEC experiments. 

Elimination experiments demonstrate that photo-generated electrons (e-) performed a key role in 

the catalytic reduction of Cr(VI). The significantly improved PEC performance can be attributed 

to the bias voltage and the p-n heterojunction formed between Co3O4 and In2O3. Therefore, 

Co3O4/In2O3 nanocomposites have a considerable potential for the PEC reduction of Cr(VI).

Keywords: PEC, Microwave-hydrothermal, Co3O4/In2O3, p-n heterojunction, Reduction of 

Cr(VI)
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1. Introduction

To satisfy the desire for multifunctions and lightweight of the materials and devices,1 many 

intractable problems have been created, such as energy shortages2, 3 and environmental 

pollution.4 Although water quality has been improved over the years, heavy metals5, dyes6, oil 

spills7 and other pollutants discharged from industrial wastewater have caused irrevocable 

damages to humans and others. For example, chromium (Cr) shows harmful effects due to its 

toxicity and non-biodegradability.8 It is normally present in the form of Cr(III) or Cr(VI). Cr(VI) 

is toxic and mutagenic to organisms, while trivalent chromium is one of the essential trace 

elements for humans. Traditional chromium removal methods, such as electrocoagulation, 

membrane separation, reverse osmosis, ion exchange, and chemical precipitation, are limited by 

incomplete precipitation or high operating costs and cannot effectively remove Cr(VI) ions.9 To 

protect and improve the environmental conditions, biodegradation, physical adsorption, 

photocatalytic and photoelectrocatalytic (PEC) have been widely used in industrial wastewater 

treatment.10 Photoelectrocatalysis can directly utilize solar energy to degrade various pollutants 

in water or the environment in an economical and environmentally friendly manner. Combining 

photochemical and electrolytic reactions, semiconductor-based PEC have attracted widespread 

attention in environmental protection.11 

Among the reported various transition metal oxides such as TiO2,12 and ZrO2,13 Co3O4, as a 

p-type semiconductor with effective electrons and magnetic properties,14 is considered as the 
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most universal oxide material for catalytic applications. Indium oxide (In2O3) is an n-type 

semiconductor that has superior electrical conductivity and excellent photoelectrochemical 

stability. Up to now, In2O3 nanorods, nanoribbons, and nanowires have been prepared to supply a 

greater specific surface area for reinforced photoelectrochemical reactions.15 P-CuO-N-In2O3 

quantum dot heterojunction photocatalysts for long-wavelength visible light photocatalysis were 

reported.16 Dai et al. investigated the synthesis of nanocrystalline In2O3 and reported its 

photocatalytic properties.17 Zhang et al. reported Co3O4 nanoparticles and graphene in 

synergistic effect as catalysts for the degradation of Orange II dye.18 The association of Co3O4 

nanoparticles and the graphene sheets was reported to provide superior catalytic performance 

over pure Co3O4. Wang et al. synthesized nanostructured two-component cobalt metal titanate 

and cobalt oxide, which degraded azo dyes effectively under 250W mercury light irradiation.19 

Recently, some attempts have been made to promote the catalytic efficiency of Co3O4.20 To 

make oxide semiconductors sensitive to visible light and to raise the electronic-hole pair 

separation efficiency, the semiconductor was assembled with designed materials to form 

heterojunctions. Prior studies reported the preparation of Ag3PO4/Co3O4 heterojunction 

photocatalysts for the degradation of rhodamine B by a simple precipitation method.21 Huang et 

al. synthesized efficient Co3O4/CdIn2S4 heterojunction photocatalysts to enhance the 

photocatalytic CO2 reduction reaction efficiency.22

Among the types of studied heterojunctions, the internal electric field of p-n heterojunctions 

is extensively utilized to foster the migration and separation of photogenerated carriers, such as 
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in solar cells and photocatalytic systems. The Co3O4/In2O3 composite catalysts have drawn much 

focus in recent years due to their good visible light response activity and p-n heterojunction 

structure,23 and higher photogenerated electron-hole separation efficiency than single Co3O4 

catalysts. For example, Yang et al. synthesized In2O3/Co3O4 composite for over ultra-low 

temperature Co oxidation.24 Shi et al. reported that p-n heterojunction between Co3O4 and In2O3 

played an important role in triethylamine sensing.23 It has been reported that Co3O4 has the 

potential to act as a catalyst for photoelectrochemical water oxidation in visible light.25 Owing to 

the synergistic reaction between n-type and p-type semiconductors, the catalytic activity will be 

significantly improved. Consequently, the combination of Co3O4 and In2O3 can successfully 

construct p-n heterostructures with built-in charge fields. In addition, the p-n heterojunction at 

the boundary between Co3O4 and In2O3 further improves the charged separation efficiency.

Photoelectrocatalysis is a photocatalytic oxidation technology enhanced by photoelectric 

synergy, which can effectively facilitate the separation of photogenerated electrons from holes.26 

Unlike photocatalytic, PEC reaction requires a bias voltage to facilitate the effective export of 

photogenerated electrons from the outer loop and diminish the chance of electron-hole 

complexation, thereby increasing the photocatalytic reaction rate. Xu et al. prepared the 

In2O3/Co3O4 pozzolanic composites using In/Co-MOFs pyrolysis and demonstrated the efficient 

photocatalytic degradation of tetracycline and methylene blue.27 In recent years, there have been 

many studies on Co3O4/In2O3 heterojunction structures as gas sensor elements. However, there 

are few studies on the PEC degradation of pollutants in water based on Co3O4/In2O3 p-n 
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heterojunction structure.

In this study, Co3O4/In2O3 composites with a heterojunction structure were fabricate via a 

microwave-hydrothermal method. Compared with solvothermal and co-precipitation methods, 

the microwave-hydrothermal method exhibits the advantages of shorter reaction time and higher 

yields of the product. Owing to the presence of Cr(VI) mainly as Cr2O7
2- in water, K2Cr2O7 

solution was utilized to simulate Cr(VI)-containing wastewater. The experimental results 

demonstrated that the synthesized Co3O4/In2O3 composites displayed a significantly enhanced 

PEC activity for Cr(VI) reduction than pure Co3O4 and In2O3 particles. Meanwhile, the stability 

and reusability of Co3O4/In2O3 composites were investigated by cycling experiments. In 

addition, the reaction mechanism was also confirmed by various characterization techniques such 

as radical trapping experiments and Mott-Schottky (MTS). This study provides a theoretical 

basis for the utilization of PEC reduction of Cr(VI) in wastewater.

2. Experimental

2.1. Preparation of catalysts

To prepare the Co3O4/In2O3 nanocomposites, InCo bimetallic precursors were firstly 

synthesized via a microwave-hydrothermal method. In brief, 1.455 g of Co(NO3)2‧6H2O, a 

certain amount of In(NO3)3‧4.5H2O, and 1.8 g of CO(NH2)2 were dissolved by 50 mL deionized 

water, forming a clear metal salt solution. The In/Co molar ratios were set to be 0.03:1, 0.05:1, 

and 0.07:1, respectively. The resulting solution was then transferred to a 

microwave-hydrothermal parallel synthesizer (Beijing XiangHu Science and Technology 
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Development Co., Ltd, XH-800S, China). By applying a microwave power of 1000 W, the 

reaction temperature was raised to 120 ° C within 30 minutes. After hydrothermal reaction at 

120 °C for 2 h, purple precursors were collected, and were washed and dried for further use. To 

convert the precursors into the Co3O4/In2O3 nanocomposites, the as-prepared precursors were 

calcined in a muffle furnace for 2 h at a certain temperature (i.e., T=350, 400, 450, 500, and 

550 °C). The as-prepared samples are labeled as CI-M-T, where M is the In/Co molar ratio and T 

is the calcination temperature. The detailed information of the samples, such as the In/Co molar 

ratio, the needed amount of the materials and the abbreviations, are listed in Table S1. For 

comparison, pure Co3O4 and In2O3 particles were prepared via similar methods, except for the 

absence of In(NO3)3‧4.5H2O or Co(NO3)2‧6H2O in the metal salt solution.

2.2. Preparation of PEC electrode

The PEC electrode was prepared by a drop-casting method. In brief, 30 mg of catalyst, 15 

mg of PTFE, and 6 mg of acetylene black were dispersed in 1 mL ethanol after ultrasonic 

treatment for 15 min. The mixture was subsequently coated on a piece of nickel foam (2 × 2 

cm2). After drying at 60 °C for 12 hours,28 the nickel foam loaded with the active substance was 

weighed and the difference in mass before and after drop-casting was the loading mass of the 

sample. The current density was calculated based on the geometric area of nickel foam electrode 

(2 ×  2 cm2). The thickness of the nickel foam was 0.5 mm and was supplied by the 

manufacturer, Suzhou Shengnuo Technology Company Limited.

2.3. PEC performance tests

The PEC performances were evaluated via a previously reported method with minor 
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modifications.29 Please see the Supporting Information for details.

3. Results and discussion

3.1. Preparation and characterization

Scheme 1. Synthetic route for Co3O4/In2O3 composites.
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Figure 1. (A) XRD patterns and (B) PEC reduction efficiency of Cr(VI) under 0.7 V bias voltage and visible 

light irradiation of the samples with different In/Co molar ratios and Co3O4 and In2O3 particles; (C) XRD 

patterns and (D) PEC efficiency of Cr(VI) under 0.7 V bias voltage and visible light irradiation of the samples 

prepared at different calcination temperatures and photocatalytic and electrocatalytic reduction efficiency of Cr 

(VI) of Co3O4/In2O3 composites.

As shown in scheme 1, the Co3O4/In2O3 composites were prepared by a 

microwave-hydrothermal method and a subsequent calcination process. To screen out the 

optimal In2O3 content, a series of Co3O4/In2O3 composites with different In/Co molar ratios were 

prepared, and then their PEC performances were evaluated. The X-ray diffraction patterns of 

Co3O4, In2O3, and Co3O4/In2O3 composites with different In/Co molar ratios are shown in Figure 
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1A. For the Co3O4 sample, the diffraction peaks at 19.1°, 31.3°, 36.9°, 44.7°, 59.4°, and 65.4° 

can be indexed to the (111), (220), (311), (400), (511) and (440) planes of cubic Co3O4 (JCPDS, 

No. 42-1467), respectively.30 For the In2O3 sample, the five diffraction peaks at 2θ = 21.4°, 

30.5°, 35.4°, 51.1°, and 60.7° correspond to the (211), (222), (400), (440) and (622) 

crystallographic planes of cubic In2O3 (JCPDS, NO. 06-0416), respectively.31 The Co3O4/In2O3 

composites prepared by calcination at 450 °C exhibit all the characteristic peaks of Co3O4, as 

well as the diffraction peaks corresponding to the (222) and (440) planes of In2O3. However, in 

comparison with pure Co3O4, the characteristic peaks of Co3O4 in the Co3O4/In2O3 composites 

shift toward a lower angle, which can be attributed to the higher radius of the In dopant than that 

of Co atoms from the Co3O4 host.17 The results of the XRD measurement illustrate that the 

Co3O4/In2O3 heterojunction structure has been synthesized.

The PEC reduction efficiencies of Cr(VI) for Co3O4/In2O3 composites with different In/Co 

molar ratios are shown in Figure 1B. All PEC reduction tests were performed at pH=2 (Please 

see detailed descriptions in Supporting Information and Figure S1). To eliminate the interference 

of adsorption, the concentration of Cr(VI) after 30 min of adsorption in the dark was used as the 

PEC initial concentration. As shown in Figure S2, after 30 minutes, an adsorption-desorption 

equilibrium for Cr(VI) was establish, and the adsorption amount of Cr(VI) of the tested samples 

was all less than 14%. The PEC reduction efficiencies of Cr(VI) for Co3O4/In2O3 composites 

with different In/Co molar ratios are shown in Figure 1B. It is demonstrated that, under the 0.7 V 

bias voltage and visible light irradiation, the Cr(VI) PEC reduction efficiencies of different 
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samples follow an order of CI-5%-450 (95.08%) > CI-7%-450 (86.83%) > CI-3%-450 (73.88%). 

Consequently, the In/Co molar ratio of 5% was selected for further evaluation.

Next, the influence of calcination temperatures on the Cr(VI) reduction efficiency was 

investigated. The Co3O4/In2O3 composites (In/Co molar ratio is 5%) prepared at different 

calcination temperatures were characterized and their performance were tested. No other 

impurity peaks appear in the XRD spectra of Co3O4/ In2O3 (Figure 1C), which indicates that the 

as-prepared composites have high purity and good crystallinity.4 With the increase of calcination 

temperature, the observed sharper diffraction peak is indicative of a larger gain size and a higher 

degree of crystallinity.32

Figure 1D shows the PEC performances of the samples calcined at different temperatures. It 

was observed that both of photocatalysis and electrocatalysis (0.7V) are inefficient for Cr(VI) 

reduction, which a low efficiency of only 47.33% and 7.79%, respectively. In sharp contrast, the 

PEC method delivered high performances, with an optimal Cr(VI) reduction efficiency of 100% 

being achieved over the CI-5%-400, indicating that the synergistic effect of photocatalysis and 

electrocatalysis improves the reduction efficiency. Thus, it is demonstrated that the Co3O4/In2O3 

composites (In/Co molar ratio is 5%) prepared at 400 °C show an optimal Cr(VI) reduction 

performance.
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Figure 2. SEM images of (A) Co3O4, (B) In2O3, (C) CI-5%-350, (D) CI-5%-400, (E) CI-5%-450, (F) 

CI-5%-500 and (G) CI-5%-550; (H) EDS elemental mapping images of CI-5%-400.

Figures 2A-G display the SEM images of the prepared Co3O4, In2O3 particles, and 

Co3O4/In2O3 composites. As shown in Figure 2A, the Co3O4 shows a rod-like morphology, 

whereas the In2O3 consists of irregular porous nanosheets (Figures 2B). Figures 2C-G shows the 

morphology of the composites at different calcination temperatures. The CI-5%-400 exhibits a 

rod-like morphology (Figure 2D), and increasing calcination temperature leads to a higher 
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degree of agglomeration and a more irregular morphology (Figures E-G). This may be attributed 

to the loss of water molecules and interlayer species of the hydroxide precursor during 

calcination.33

Figure 2H shows the SEM and EDS elemental mapping images of CI-5%-400. It can be 

seen that O, Co, and In elements are evenly distributed in CI-5%-400. Although the elemental 

mapping image of In is not clear compared with that of O and Co, which is because the content 

of In is lower than that of O and Co, it can be concluded that trace amount of indium has been 

doped in the composites. Furthermore, the SEM-EDS analysis (Figure S3) indicates an In/Co 

atomic ratio of 0.043 for CI-5%-400, which is in consistence with the feed ratio of In and Co 

metal salts.15

Figure 3. (A-B) TEM images and (C) HRTEM image of CI-5%-400.

The microstructure and morphology of the CI-5%-400 were further characterized by TEM 

analysis. It reveals that the CI-5%-400 consists of numerous nanoparticles (Figures 3A and B). 

Moreover, the high-resolution TEM (HRTEM) image of CI-5%-400 shows the clear lattice 

fringes with an interval of 0.243 and 0.292 nm (Figure 3C), corresponding to the Co3O4 (311) 

and In2O3 (222) planes, respectively, 34,35 suggesting a close contact between Co3O4 and In2O3. 
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The selected electron diffraction (SAED) patterns of Co3O4 and In2O3 show the (220), (311), 

(440), and (222), (400), (440) crystal planes, respectively, demonstrating the successful 

preparation of the Co3O4 and In2O3 particles (Figure S4 A,B). Moreover, as shown in Figure 

S4C, for the CI-5%-400, the SAED exhibits Co3O4 (311) and In2O3 (222) crystalline planes, 

which further indicate that Co3O4/In2O3 composites were successfully prepared. In addition, the 

CI-5%-400 also exhibits highly crystalline and polycrystalline character (Figure S4C).36

Figure 4. (A) Full survey spectrum of CI-5%-400, (B) the XPS spectra of O 1s of CI-5%-400, Co3O4 and 
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15

In2O3, (C) the XPS spectra of Co 2p of CI-5%-400 and Co3O4, (D) the XPS spectra of In 3d of CI-5%-400 and 

In2O3. 

The chemical composition and elemental valence states of the catalysts were investigated 

through XPS measurements.37 The XPS full survey spectrum of CI-5%-400 is shown in Figure 

4A, which shows the presence of Co, In, and O elements.38 The O 1s spectra (Figure 4B) exhibit 

three peaks at 529.78, 531.1, and 533.7 eV, which can be attributed to the lattice oxygen (O2-), 

oxygen vacancy (OH-) and molecular water (H2O) species, respectively.38,39 For Co 2p spectra 

(Figure 4C), two peaks at 780.2 and 795.3 eV belong to Co 2p3/2 and Co 2p1/2, respectively.40 

Furthermore, the difference in binding energy between the Co 2p3/2 and Co 2p1/2 orbitals (15.1 

eV) suggests the co-existence of cobalt(II) and cobalt(III) species.41 Moreover, the peaks located 

at the binding energies of 794.9 and 779.9 eV can be attributed to Co3+,42 and the peaks at 796.8 

and 781.6 eV originate from Co2+.40 The Co3+/Co2+ ratio of Co3O4/In2O3 (1.38) is slightly higher 

than Co3O4 (0.61). Figure 4D displays the In 3d XPS spectra of In2O3 and CI-5%-400. The two 

main peaks at 444.6 and 452.1 eV are attributed to the 3d5/2 and 3d3/2 spin orbitals of In,43 

respectively. Compared with pure In2O3, the In 3d spectrum of Co3O4/In2O3 heterojunction shifts 

toward higher binding energy, indicating a higher valence state of In from Co3O4/In2O3, which is 

similar to the literature.23 On the other hand, there was no significant difference in the valence 

state of the samples obtained at different calcination temperatures (Figure S5). The above results 

demonstrate that the electronic structures of Co3O4 and In2O3 in Co3O4/In2O3 composites were 

significantly modified, which might be attributed to the close contact between Co3O4 and In2O3.
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Figure 5. N2 adsorption−desorption isotherms and pore size distribution curve of samples: (A) Co3O4, (B) 

In2O3, (C) CI-5%-350, (D) CI-5%-400, (E) CI-5%-450, (F) CI-5%-500 and (G) CI-5%-550.

The N2 adsorption-desorption isotherms measurements for the composites prepared at 
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different calcination temperatures, Co3O4, and In2O3 particles were carried out. As shown in 

Figure 5, all the samples exhibit the type IV adsorption isotherms with H3-type hysteresis loops 

according to the IUPAC classification, which demonstrate the presence of the mesoporous 

structures.44 Furthermore, the specific surface area, pore size, and pore volume of all samples are 

shown in Table S2. The Co3O4 and In2O3 show a low specific surface area of 9.51 m2g-1, and 

25.76 m2g-1, and a small pore volume of 0.01 cm3g-1and 0.06 cm3g-1, respectively. In sharp 

contrast, the CI-5%-400 exhibits a significant increase in the specific surface area (32.72 m2g-1) 

and the pore volume (0.09 cm3g-1), suggesting that the heterogeneous interfaces between Co3O4 

and In2O3 create more pores and provide a higher specific surface area, which are favorable for 

exposing more active sites and thus improving the PEC performances.45 On the other hand, 

increasing the calcination temperature leads to significantly decreased specific surface areas of 

Co3O4/In2O3 composites (Table S2), which may be attributed to a higher degree of agglomeration 

at higher calcination temperatures,46 in consistence with XRD and SEM results. Moreover, 

CI-5%-400 has the largest (10.74 nm) pore size, and the pore size distributions of the samples 

ranging from of 4-11 nm, which provides an efective transport pathway for the PEC reaction 

process.

3.2. Optical and electrical properties

The UV-vis diffuse reflectance spectra (DRS) of the as-prepared catalysts within the range 

of 200-800 nm were measured and were shown in Figure 6A. It is shown that the visible light 

response range of Co3O4/In2O3 composites loaded with Co3O4 extends from 400 nm to 800 nm. 
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This can be attributed to the light absorption of Co3O4. Meanwhile, the sample CI-5%-400 has a 

high light absorption intensity, indicating its potential of effectively utilizing visible light energy. 

Figure 6. (A) UV-Vis diffuse reflectance spectra, (B) PL spectra, (C) transient photocurrent spectra, (D) CV 

curves and (E) EIS spectra of Co3O4, In2O3 particles and Co3O4/In2O3 composites.    

Then photoluminescence (PL) spectroscopy analysis was carried out to provide more 
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insight into the PEC properties of the samples.47 Under an excitation wavelength of λ=266 nm, 

the PL of pure In2O3 shows an obvious peak at 530 nm, but the Co3O4/In2O3 composites showed 

the similar emission peak intensity to Co3O4 due to the consistency in structure and morphology 

between Co3O4/In2O3 and Co3O4 (Figure 6B). More notably, compared with other synthesized 

samples, CI-5%-400 has the lowest fluorescence intensity, indicating improved efficiency of the 

migration and separation of photogenerated electrons-hole, thereby effectively enhancing the 

PEC activity.20

We tested the transient photocurrent responses for all the samples. As shown in Figure 6C, 

the Co3O4/In2O3 composites exhibit higher photocurrent densities than In2O3 and Co3O4, 

indicating that the heterojunction could produce more charge carriers and advantageously 

separate electron-hole pairs. Moreover, an optimal photocurrent density was achieved over the 

CI-5%-400. In order to reveal the electrochemical characteristics, cyclic voltammetry (CV) tests 

were carried out by using a three-electrode system in Cr(VI) solution (10 mg/L, 100 mL) with a 

scan rate fixed at 50 mV/s. As shown in Figure 6D, CI-5%-400 delivers a higher current density 

than Co3O4 and In2O3 samples, suggesting a better redox activity of the composite catalyst. 

Furthermore, electrochemical impedance spectroscopy (EIS) was used to further evaluate the 

charge transfer impedance. As shown in Figure 6E, the CI-5%-400 exhibits the smallest arc 

radius, which is indicative of a low charge transfer resistance and a fast electron transfer 

dynamics.48 These analyses demonstrate that p-n heterojunctions of the CI-5%-400 significantly 

improve the separation and migration of photogenerated carriers, suggesting a great promise of 
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the CI-5%-400 as a PEC catalyst.

3.3. Photoelectrocatalytic activity

The catalytic reduction activities of Cr(VI) of CI-5%-400 at different bias voltages (0 -1 V) 

were investigated. As displayed in Figure 7A, the reduction rate increased sequentially with the 

increase of bias voltage, which can be attributed to the improved photocurrent and the 

accelerated charge migration under an appropriate bias voltage.49 Under 0.7 and 1 V, Cr(VI) 

reduction rates of 100% can be achieved within only 2 h, making the CI-5%-400 amongst the 

most efficient catalysts for PEC Cr(VI) reduction (Table 1).

Table 1. Comparison of PEC performance of CI-5%-400 with other catalysts.

Preparation

 method

Reaction 

time
Photocatalysts

Compounds 

degraded
Concentration

Catalytic efficiency

(%)
Ref.

Microwave-hydrother

mal

2h Co3O4/In2O3

(CI-5%-400)

Cr(VI) 10 mg/L, 100 mL PEC 100% after 120 min This work

hydrothermal 24h NiFe-LDH/Co3O4 Cr(VI) 10 mg/L, 100 mL PEC 100% after 120 min 29

Electrodeposition and 

hydrothermal 

25h Ni foam@ZnO@ZnFe-LDH Cr(VI) 10 mg/L, 100 mL PEC 96% after 210 min 50

Drop-coating and situ 

UV reduction

22h Bi/BiOI-Bi2O3 Cr(VI) 10 mg/L,100 mL PEC 99.5% after 270min  51

Solvothermal 18h TiO2 Cr(VI) 2.0μg/mL,50mL PEC 100% after 180min 52

Hydrothermal 8h Bi2MoO6@Co3O4 Reactive bright blue 

KN-R

60 mg/L, 250mL PEC 88.43% after 110min 53

Two-step 

hydrothermal 

14h Co3O4@MnO2 Reactive bright blue 

KN-R

60 mg/L, 250mL PEC 94.8% after 120min 54

Anodization and 

electrodeposition

4h Co3O4/TiO2–NTs Methyl orange 4mg/L, 30mL PEC 90.7% after 600min 20

Electrospinning 25h In2O3/Bi2MoO6 4-NP  20mg/L, 40 mL PEC 95.9% after 240min  55

Precipitation 13h In2O3 MB 20mg/L,50 mL PEC 95% after 240 min 56
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Then the recyclability of the CI-5%-400 was investigated. Although both of 0.7 and 1.0 V 

are efficient for Cr(VI) reduction, a bias voltage of 0.7 V was selected for further evaluation, in 

order to minimize the energy consumption and to maximize the economic benefits. As shown in 

Figure 7B, after five cycles of experiments, the photocatalyst still maintains an efficient catalytic 

reduction rate of more than 85%, indicating the excellent repeatability and chemical stability of 

the CI-5%-400 photoelectrode. The slight decrease in the PEC reduction rate may be relevant to 

the surface deactivation caused by the adsorption of the reduction products of Cr(VI) on the 

catalyst.57 Figure S6 shows the Cr 2p XPS spectra of the CI-5%-400 photoelectrode after the 

PEC performance test. The peaks located at 576.9 and 586.3 eV belong to Cr 2p3/2 and Cr 2p1/2 

of Cr(III),58 respectively, confirming the accumulation of Cr(III) on the surface of the catalyst, 

and the reduction of Cr(VI) to Cr(III) after the PEC reaction.59

On the basis of these results, we concluded that the CI-5%-400 is efficient and durable for 

PEC Cr(VI) reduction. The high activity, robust stability, as well as the facile and rapid synthesis 

of the CI-5%-400 make it a promising candidate for practical Cr(VI) reduction applications.
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Figure 7. (A) PEC reduction of Cr(VI) by CI-5%-400 composite at different voltages; and (B) Cycling runs 

for the PEC reduction of Cr(VI) by CI-5%-400.

3.4. Photoelectrocatalytic mechanism

To determine the active species of photoelectrocatalysis, active species trapping 

experiments were conducted (Figure 8A). Specifically, 1,4-benzoquinone (BQ, 1 mM), isopropyl 

alcohol (IPA, 1 mM), ethylenediaminetetraacetic acid disodium (EDTA-2Na, 1 mM), and silver 

nitrate (AgNO3, 0.5 mM)60 were used as scavengers of superoxide radicals (•O2
−), hydroxyl 

radicals (•OH), holes (h+) and electrons (e-), respectively. As displayed in Figure 8A, the 

reduction rate of Cr(VI) remained unchanged after the addition of BQ, IPA, and EDTA-2Na. 

While adding AgNO3 leads to significantly decreased Cr(VI) reduction rates, indicating that 

photogenerated electrons is the primary active species for Cr(VI) reduction.61

To further investigate the electron transfer process, Mott Schottky plots were utilized to 

determine the flat-band potentials of Co3O4, In2O3, and CI-5%-400 in 0.1 M Na2SO4 electrolyte, 

as shown in Figure 8B-D. The positive slope in Figure 8B and the negative slope in Figure 8C 

indicate that In2O3 and Co3O4 are n-type and p-type semiconductors, respectively. Moreover, the 

flat-band potentials of In2O3 and Co3O4 are determined to be -0.63 and 0.34 V (vs. Hg2Cl2), 

respectively. According to the relationship between the conduction band (ECB), flat-band (EFB), 

and valence band (EVB) potential (For n-type semiconductors, EFB - ECB =0.2 V; For p-type 

semiconductors, EVB – EFB =0.2 V),62 the ECB of In2O3 and the EVB of Co3O4 are calculated to be 

-0.59 V (vs NHE) and 0.78 V (vs NHE), respectively (ENHE = ESCE + 0.241 V).2 On the other 

hand, the band gaps (Eg) of Co3O4 and In2O3 particles obtained from Tauc equation are 1.40 eV 
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and 2.81 eV (Figure S7), respectively. According to the relationship between Eg, EVB, and ECB, 

the EVB of In2O3 and ECB of Co3O4 is calculated to be 2.22 and -0.62 eV, respectively (Eg= 

EVB-ECB).63 In addition, the Mott-Schottky plot of the CI-5%-400 composites (Figure 8D) shows 

a conspicuous "V-shape," indicating the construction of a p-n heterojunction between Co3O4 and 

In2O3.64 According to the energy band classification of heterojunctions,65 the Co3O4/In2O3 is a 

type II heterojunction photocatalyst, which can effectively facilitate the separation of 

photogenerated carriers.

The energy band structures of n-type In2O3 and p-type Co3O4 before contact are shown in 

Figure 9A, and the Cr(VI) reduction process can be expressed by Equation (1-3):

Co3O4/In2O3+hv →e−+ h+                                                                           ⑴

Cr2O7
2−+ 6e−+ 14H+→2Cr3++7H2O                                           ⑵

2H2O + 4h+→ O2 + 4H+                                                    ⑶

The irradiation of visible light leads to the transfer of electrons (e−) from the CB of Co3O4 

to the CB of In2O3. Meanwhile, the holes (h+) on the VB of In2O3 are transferred to the VB of 

Co3O4 (Eq. (1)). The free e− from CB then diffuse to the oxide surface, leading to the reduction 

of the adsorbed Cr2O7
2−, as displayed in Eq. (2). In the meantime, H2O molecule are oxidized to 

O2 by the holes, as shown in Eq. (3). Accordingly, the Cr(VI) reduction mechanism over the 

CI-5%-400 was proposed, as illustrated in Figure 9B. The VB of Co3O4 increases with the 

increase of Fermi energy, and the CB of In2O3 decreases with the decrease of Fermi energy until 

it reaches equilibrium.66 Therefore, the p-n heterojunction between Co3O4 and In2O3 enhances 
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the migration and separation of photogenerated carriers, effectively improving the PEC activity.

Figure 8. (A) Effect of different scavengers on the PEC reduction of Cr (VI); Mott-Schottky plots of (B) In2O3;  

and (C) Co3O4; (D) CI-5%-400.
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Figure 9. (A) Band structures of n-type In2O3 and p-type Co3O4 before contact, and (B) schematic diagram of 

the PEC reduction mechanism of CI-5%-400.

4. Conclusions

In summary, Co3O4/In2O3 composites with excellent PEC properties were synthesized via a 

facile microwave-hydrothermal method. The as-prepared CI-5%-400 composite exhibited 

excellent PEC activity, with a Cr (VI) reduction rate of 100% after 2-h PEC process, exceeding 

Co3O4 and In2O3 control samples. PL spectroscopy, transient photocurrent measurements, and 

EIS analysis demonstrated that the p-n heterojunction between Co3O4 and In2O3 significantly 

enhanced the migration and separation of photogenerated electrons and holes. Therefore, 

Co3O4/In2O3 composites display a prospective role in an environmental protection.

Supporting Information

Additional experimental details, including materials, characterization methods, 

photoelectrocatalytic performance tests, and additional tables and figures as mentioned in the 

text.
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