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The In2S3-sensitized ZnO nanorod array (NRA) composite was prepared using a two-step reaction 

method. The ZnO nanorod has a diameter of approximately 100 nm and In2S3 nanoparticles were 

grown on the ZnO NRA surface. The In2S3/ZnO NRA composite sintered at 400°C exhibits the best 

photoelectrochemical cathodic protection performance under visible light. The introducing of In2S3 

into the In2S3/ZnO NRA composite results in the extension of the photoresponse of this composite to 

visible light, as well as the significant improvement of the separation efficiency of the photogenerated 

electrons and holes, and thus resulting in a dramatic increase of the photoelectrochemical cathodic 

protection performance of this composite. 
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1. INTRODUCTION 

Enormous economic losses are caused by corrosion in the globe, and the direct economic loss 

caused by corrosion is about 3.1% of the gross national product of the United States [1]. Except for the 

huge economic losses, serious environmental pollution is caused as well. Thus, it is urgent to develop 

the economic and environment-friendly corrosion protection technologies. It was found that the 

photoelectrochemical effect of semiconductors with much more negative conduction band (CB) 

potentials comparing to the corrosion potential of the coupled metal can be used to protect the metals 

from corrosion. This novel technology utilizes clean and renewable solar energy to irradiate the 

semiconductors for generating photoinduced electrons. The photoinduced electrons migrate into the 

metal surface to inhibit the anodic dissolution of the coupled metal. Importantly, the semiconductor 

materials will not be consumed away since they just act as photo-to-current conversion centers. 

http://www.electrochemsci.org/
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Therefore, this novel technology is a very promising environment-friendly corrosion protection 

method, and it has been attracting the increasing attention [2-4]. 

Since Honda et al. [5] reported the photoelectrochemical performance of TiO2, the potential 

application of semiconductor materials, represented by TiO2, has been widely investigated. Yuan and 

Tsujikawa [6] reported that TiO2 could provide the photoelectrochemical cathodic protection for 

copper under UV illumination. However, the band gap of TiO2 is wide and it only responds to UV light 

which accounts for only 3–4% of solar light. Furthermore, fast secondary recombination of the 

photogenerated electrons and holes limits the widespread application of TiO2 [7-9]. Zinc oxide (ZnO) 

is an excellent substitute for TiO2 because it is inexpensive and environmentally-friendly. Importantly, 

the electron mobility in ZnO is much higher than that in TiO2. High electron mobility can effectively 

improve the electron transfer rate and thus can effectively inhibit the secondary recombination of the 

photoinduced electron-hole pairs, resulting in the significant increase of the lifetime of the 

photoinduced charge carriers. Meanwhile, due to its ease of crystallization and antisotropic growth, 

ZnO has a significant advantage of being prepared with special nanomorphologies, such as nanotubes 

[10,11], nanorods [12,13],
 
nanowires [14,15] and nanosheets [16,17], which can further enhance the 

migration capability of the photoinduced electrons. Therefore, ZnO possesses a great application 

potential and it has been widely studied in many fields [18-27]. 

Despite the advantages of ZnO, the wide band gap (3.2 eV), which is similar with that of TiO2, 

limits the widespread application of ZnO. For TiO2, considering to utilize the solar energy more 

effectively, extensive work has been carried out to extend the light responsive region to visible light by 

preparing composites with narrow band-gap semiconductor materials. Wang et al. [28] prepared a 

CdS@TiO2 photoelectrode and found that it could provide photoelectrochemical cathodic protection 

for metals under the illumination of both UV and visible light. Lin et al. [29] prepared a 

ZnS/CdS@TiO2 thin-film photoelectrode by depositing a ZnS layer on the CdS@TiO2 surface, and 

they found this photoelectrode can provide highly efficient photoelectrochemical cathodic protection 

for stainless steel. Inspiration has been stimulated for using ZnO more efficiently, namely, coupling 

ZnO with a narrow band gap semiconductor material such as CdS. However, the toxicity of Cd has 

restricted its widespread application in the field of photocatalysis. It was found that In2S3 is an 

excellent alternative semiconductor material of CdS. Among the crystalline forms of In2S3, β-In2S3 is 

an excellent n-type semiconductor with the band gap of 2.0-2.3 eV [30,31]. It was reported that β-In2S3 

showed a very stable photocatalytic activity for the photoelectrochemical water splitting and the 

photoinduced degradation of Rhodamine B and methyl orange [32,33]. Furthermore, the CB potential 

of In2S3 is approximately -0.8 V (vs. SHE), which is more negative than the open circuit potentials 

(OCPs) of most of metals. Therefore, it is believed that β-In2S3 may provide photoelectrochemical 

cathodic protection for most of metals under visible light. 

In the present work, ZnO nanorod array (NRA) was prepared on the fluorine-doped tin oxide 

(FTO) conductive glass surface by hydrothermal method and subsequently deposited a layer of In2S3 

on the ZnO NRA surface by chemical bath deposition. The photoelectrochemical cathodic protection 

performance of the In2S3/ZnO NRA composite for 304 stainless steel (304 SS) was studied under 

visible light. Finally, the promotion mechanism of the photoelectrochemical cathodic protection for 

304 SS by using the In2S3/ZnO NRA composite under visible light was proposed.  
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2. EXPERIMENTAL 

2.1 Preparation of ZnO NRA 

The preparation of ZnO NRA on the FTO conductive glass was based on the method used by 

Law et al. [34]. An FTO glass (10×10 mm
2
) was first ultrasonically cleaned for 10 min in a liquid 

mixture made by acetone, isopropanol and pure water with the volume ratio of 1:1:1, and subsequently 

cleaned with pure water for 10 min by sonification, then rinsed with pure water and dried. The cleaned 

FTO conductive glass was then deposited with a ZnO nanoparticle seed layer by applying the 

following steps: 1.83 g zinc acetate and 1.26 g diethanolamine were dissolved in 25 mL anhydrous 

alcohol. A homogeneous sol was formed after stirring at 60 
°
C for 30 min. A dip-coating method (1 

cm·min
-1

 pulling rate) was applied to deposit an evenly distributed sol film onto the FTO conductive 

glass. A even ZnO nanoparticle seed layer was then built on the FTO glass surface after heating at 500 
°
C for 1 h.  

1.1 g zinc acetate, 0.7 g hexamethylenetetramine, 0.072 g polyethyleneimine and an 

appropriate amount of pure water was mixed together to form a solution with a total volume of 200 mL 

after stirring for 20 min in an ice bath. 35 mL of this mixed solution was then transferred to a 50-mL 

polytetrafluoroethylene tube. The FTO glass pre-deposited with a ZnO nanoparticle seed layer was 

immersed into the solution in this polytetrafluoroethylene tube. The sample was faced down, and 

maintained at a certain angle versus the wall of this polytetrafluoroethylene tube, and hydrothermally 

treated at 95 
°
C for 4 h. This treatment was repeated again to increase the rod length of the ZnO NRA. 

The second reaction time was 3 h. The prepared sample was firstly rinsed with pure water and then 

rinsed with anhydrous alcohol, after that, the sample was then annealed at 500 
°
C for 1 h. All reagents 

used in this work were of analytical grade from Aladin Industrial Corporation, China. 

 

2.2 Preparation of the In2S3/ZnO NRA composite 

In2S3 was grown on the ZnO NRA using chemical bath deposition by applying the following 

steps. The FTO glass with ZnO NRA was sequentially immersed into 0.01 mol·L
−1

 In(NO3)3, pure 

water, 0.1 mol·L
−1

 Na2S and pure water for 1 min. The steps mentioned above were repeated for 10 

times. The ZnO NRA was then rinsed with pure water and dried, and finally sintered at 300, 400 and 

500 
°
C for 30 min, respectively. The In2S3/ZnO NRA composite was obtained. The In2S3/ZnO NRA 

composites sintered at 300, 400 and 500 
°
C are expressed as the In2S3/ZnO NRA-300, In2S3/ZnO 

NRA-400 and In2S3/ZnO NRA-500 composites, respectively. 

 

2.3 Characterizations of the In2S3/ZnO NRA composite 

The morphologies of the prepared composites were studied by a scanning electron microscope 

(SEM, JSM-6700F, JEOL, Tokyo, Japan). The crystalline structures of the prepared composites were 

analyzed using X-ray diffraction (XRD, D/MAX-2500/PC, Rigaku Co., Tokyo, Japan). The 

distribution of In2S3 on the ZnO NRA surface and the microstructure of the In2S3/ZnO interface were 

investigated using a high-resolution transmission electron microscope (HRTEM, FEI Tecnai G20, FEI 
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Company, USA). The elemental compositions and the bonding information of the prepared composites 

were studied by an energy dispersive spectrometer (EDS, FEI Tecnai G20, FEI Company, USA) and 

X-ray photoelectron spectroscopy (XPS, Axis Ultra, Kratos Analytical Ltd., England). The optical 

absorption performance of the prepared composites were studied by a UV/Vis diffuse reflectance 

spectrophotometer (U-41000, HITACHI, Tokyo, Japan). 

 

2.4. Photoelectrochemical measurements 

The photoelectrochemical cathodic protection performance measurements were done in a 

homemade experimental setup using CHI 660D electrochemical workstation (Shanghai Chenhua 

Instrument Co., Ltd., China). This experimental setup is composed of two coupled cells, corrosion cell 

and photoelectricity cell. A Nafion membrane (N-117, DuPont Co., USA) is used to connect these two 

cells to allow for the conduction of the solution in these two cells. A similar arrangement has been 

used previously [35]. The prepared In2S3/ZnO NRA composite thin-film photoelectrode was put into 

the solution in the photoelectricity cell, which is 0.25 mol·L
−1

 Na2S + 0.35 mol·L
−1

 NaOH, and the 304 

SS electrode was put into the solution in the corrosion cell, which is 3.5 wt% NaCl. The light source 

was a 300-W Xe arc lamp (PLS-SXE300, Beijing Changtuo Co. Ltd., Beijing, China). The 

photoelectricity cell is covered with tinfoil to shield light, just leaving a hole with diameter of ~3 cm, 

equipped with a quartz window, to pass through the light. A 420-nm cutoff filter was put in front of 

this quartz window to remove light with wavelengths <420 nm to generate visible light. The light was 

then irradiated on the back side of the In2S3/ZnO NRA composite thin-film photoelectrode through this 

quartz window. The power energy density is 150 mW·cm
-2

. 

The variations of current densities and OCPs caused by visible light illumination were tested to 

evaluate the cathodic protection performance of the prepared In2S3/ZnO NRA composites. To measure 

the photoinduced current density, the photoelectrode and the 304 SS electrode must be connected via a 

zero-resistance ammeter which allows to test the current density without polarization. To realize this 

test using CHI660D Electrochemical Workstation, the In2S3/ZnO NRA composite thin-film 

photoelectrode was connected to the working electrode interface of the potentiostat and the 304 SS 

electrode was connected to the groundwire interface of the potentiostat. The counter electrode interface 

of the potentiostat was connected by short circuit with the reference electrode interface of the 

potentiostat. In this way, the potentiostat acted as a zero-resistance ammeter and can measure the 

galvanic couple current with zero polarization. To measure the potentials, the In2S3/ZnO NRA 

composite thin-film photoelectrode and 304 SS electrode were also coupled with each other and 

connected to the working electrode interface of the potentiostat. An Ag/AgCl (saturated KCl) electrode 

was used as a reference electrode and was connected to the reference electrode interface of the 

potentiostat.  

 

3. RESULTS AND DISCUSSION 

Figure 1 shows the XRD patterns of the prepared In2S3/ZnO NRA composites sintered at 300 
°
C (Curve 1a), 400 

°
C (Curve 1b) and 500 

°
C (Curve 1c). ZnO (shown as circle), SnO2 (shown as 
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triangle) and In2S3 (shown as square) are detected in these three composites, and In2O3 (shown as oval) 

is only found in the In2S3/ZnO NRA composite sintered at 500 
°
C. 
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Figure 1. XRD patterns of the In2S3/ZnO NRA composites sintered at 300 (a), 400 (b) and (c) 500 
°
C. 

 

The diffraction peaks of ZnO are clearly observed, which possess the similar crystal structure 

of wurtzite (JCPDS no. 36-1451). Two peaks at 2θ = 23.7° and 28.8° are observed, which can be 

assigned as the (220) and (222) crystal planes of In2S3 (JCPDS no. 32-0456). This indicates that In2S3 

was successfully deposited on ZnO surface. SnO2 is observed which could come from the FTO 

substrates. For the In2S3/ZnO NRA-500 composite, a peak at 2θ=30.58° is observed and this peak is 

assigned as the (222) crystal plane of In2O3 (JCPDS no. 06-0416). This may be due to the partial 

transformation from In2S3 to In2O3 during the sintering of the In2S3/ZnO NRA composite at 500
°
C. 

 

 

 

Figure 2. SEM images of the In2S3/ZnO NRA composites sintered at 300 (a), 400 (b) and 500 
°
C (c). 

 

(c) (b) (a) 
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The morphologies of the In2S3/ZnO NRA composites were analyzed using SEM and the 

relevant results are shown in Figure 2. The nanorods with diameter of approximately 100 nm are ZnO 

NRA, and the sintering temperature plays little effect on the morphology of ZnO NRA. The In2S3 

nanoparticles were successfully deposited on the ZnO nanorod surface. Additionally, there was little 

difference in the diameters of the In2S3 nanoparticles sintered at 300 
°
C and 400 

°
C. However, the 

agglomeration of the In2S3 nanoparticles can be clearly observed after sintering at 500 
°
C, which 

demonstrates that physical and chemical changes might occur in the In2S3 nanoparticles at this 

sintering temperature. 
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Figure 3. HRTEM morphologies of the In2S3/ZnO NRA composite sintered at 400 
°
C under low (a) 

and high (b) magnification, and the EDS results (c) of the In2S3/ZnO NRA composite sintered 

at 400 
°
C 

 

HRTEM was employed to characterize the In2S3/ZnO NRA-400 composite, and the results are 

shown in Figure 3. As shown in the HRTEM image of the In2S3/ZnO NRA-400 composite obtained at 

low magnification (Figure 3a), a thin cladding layer and some nanoparticles of In2S3 are observed on 

the ZnO nanorod surface. 
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Figure 4. XPS spectra of the In2S3/ZnO NRA composite sintered at 400 
°
C. (a) the total survey 

spectrum, (b) the In3d XPS core level spectrum, (c) the S2p XPS core level spectrum, (d) the 

Zn2p XPS core level spectrum, (e) the O1s XPS core level spectrum. 

 

HRTEM image of the In2S3/ZnO NRA-400 composite obtained at high magnification (Figure 

3b) shows that the interface between In2S3 and ZnO is unclear, demonstrating that some of In2S3 has 

diffused into ZnO surface and has combined with ZnO very well. The parallel fringes with a spacing of 

0.32 nm is observed, which is assigned to the (311) crystal plane of β-In2S3 [36]. Figure 2c shows the 

EDS results of the In2S3/ZnO NRA-400 composite, and Zn, O, In, and S elements are detected in this 

composite. The Cu element is obtained in Figure 2c since the EDS test was done using HRTEM with a 

copper mesh substrate. 

XPS was used to investigate the chemical composition and states of the In2S3/ZnO NRA-400 

composite. Figure 4a shows the total survey spectrum with the binding energy peak positions 

calibrated with C1s at 284.6 eV. Figure 4b shows the In3d XPS core level spectrum. The binding 

energy peaks at 452.3 and 444.8 eV can be assigned to the characteristics of the electron orbits of 

In3d3/2 and In3d5/2, respectively. The binding energy peaks at 161.1 and 162.2 eV are the characteristic 

peaks of the electron orbits of S2p3/2 and S2p transition, respectively, as shown in Figure 4c. The XPS 

results are agreed with those of In2S3 reported in literature [37], which confirms the existence of In2S3 

in this composite. Figure 4d shows the Zn2p XPS core level spectrum. The binding energy peaks at 

1045.0 and 1021.7 eV are assigned to the electron orbits of Zn2p1/2 and Zn2p3/2, respectively, which 

can be assigned to the Z-O bonding. For the O1s XPS core level spectrum (Figure 4e), two peaks are 

(c) (d) 

(e) 
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observed by curve fitting, in which the peak at 530 eV can be assigned to the Z-O bonding, while the 

peak at 531.7 eV is due to the chemically adsorbed oxygen which may come from the hydroxyl groups 

on the surface [38]. Considering the observation of O1s peak and Zn2p peak, ZnO can be confirmed in 

this composite [39]. By combining the experimental results obtained from Figures 1-4, In2S3 was 

deposited on ZnO surface. In2O3 was only detected on the surface of the In2S3/ZnO NRA composite 

sintered at 500 
°
C. 
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Figure 5. UV/vis diffuse reflectance spectra of the In2S3/ZnO NRA composites sintered at 300 (a), 400 

(b) and 500 
°
C (c). 

 

Figure 5 shows the UV/Vis diffuse reflectance spectra of In2S3/ZnO-300 (a), In2S3/ZnO-400 (b) 

and In2S3/ZnO-500 (c) composites. In visible light region, the In2S3/ZnO-400 composite exhibits the 

best light absorption capability. The In2S3/ZnO-300 composite shows weaker light absorption 

capability than the In2S3/ZnO-400 composite. This could be due to the difference of the crystallinity of 

In2S3 in the In2S3/ZnO-300 and In2S3/ZnO-400 composites. Higher crystallinity results in higher light 

absorption capability [40]. The crystallinity of In2S3 in the In2S3/ZnO-400 composite is much higher 

than that of In2S3 in the In2S3/ZnO-300 composite [41], therefore, the light absorption of the former 

one is higher than the latter one. However, the In2S3/ZnO-500 composite shows weaker light 

absorption capability than the In2S3/ZnO-400 composite. This could be due to the partial 

transformation from In2S3 to In2O3 during the sintering of the In2S3/ZnO NRA composite at 500
°
C. 

In2O3 has a direct band gap of 3.6 eV and an indirect band gap of 2.8 eV, which are much larger than 

that of In2S3 [42]. The larger band gap results in the blue shift of light absorption. Therefore, the 

In2S3/ZnO-500 composite shows less light absorption in visible light region. Particularly, two 

absorption thresholds at 571 and 438 nm are observed for the In2S3/ZnO-400 and In2S3/ZnO-500 

composite, which correspond to the band gap of 2.17 and 2.83 eV, respectively. After sintered at 500 
°
C, the band gap of the In2S3/ZnO composite has increased by 0.66 eV and thus results in the decrease 

of the light absorption in visible light region. This is in accordance with the reports in previous reports 

[43-46], from which the band gap of In2S3 increases with the enhancing of the sintering temperature. 
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The photoelectrochemical cathodic protection performance of the In2S3/ZnO NRA composites 

was studied by measuring the variations of OCP and the photoinduced current density under 

intermittent visible light on and off. The OCP is an important parameter for judging whether a metal is 

cathodically protected or not. If the OCP can be shifted to negative direction under light illumination, 

the metal can be cathodically protected. Figure 6 shows the OCP variations of the 304 SS electrode 

coupled with the photoelectrodes prepared by the In2S3/ZnO NRA composites sintered at 300 (Curve 

a), 400 (Curve b) and 500 
°
C (Curve c) under intermittent illumination of visible light. When visible 

light is switched on, the 304 SS electrode coupled with the photoelectrode show a rapid potential drop, 

indicating that the electrons in the valence band (VB) of In2S3 were excited to its CB and subsequently 

transferred to the coupled 304 SS, leading to a potential drop of the 304 SS electrode under visible 

light. This is similar to the photoelectrochemical cathodic protection of TiO2 under UV light 

illumination [47]. As shown in Figure 5, at the third cycle, the potential drop of 304 SS electrode 

coupled with the In2S3/ZnO-300, In2S3/ZnO-400 and In2S3/ZnO-500 thin-film photoelectrode is 

approximately 220, 300 and 140 mV, respectively. Obviously, the In2S3/ZnO-400 thin-film 

photoelectrode can provide the maximum potential drop under visible light. 
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Figure 6. Variations of the open circuit potential of the galvanic coupling of the 304 SS electrode and 

the thin-film photoelectrodes prepared with the In2S3/ZnO NRA composites sintered at 300 (a), 

400 (b) and 500 
°
C (c) under intermittent visible light illumination. 

 

Figure 7 shows the variations of the photoinduced current densities (i-t curve) for the galvanic 

coupling between the prepared photoelectrode and the 304 SS electrode at a bias potential of 0 V (vs 

Ag/AgCl). Current densities immediately shifted to positive direction as soon as the light was switched 

on, as shown in Figure 7, indicating that the In2S3/ZnO NRA thin-film electrode acted as an anode and 

the 304 SS electrode acted as a cathode under light illumination. Meanwhile, the positive excitation 

current under light illumination demonstrated that the energies of the photoinduced electrons generated 

by the In2S3/ZnO NRA composite were high enough to overcome the energy barriers between the 



Int. J. Electrochem. Sci., Vol. 10, 2015 

  

8792 

In2S3/ZnO NRA thin-film photoelectrode and the 304 SS electrode. Thus the photoinduced electrons 

would transfer to the 304 SS electrode to generate a positive current and they would be consumed by 

the oxygen reduction at the interface between 304 SS and 3.5 wt% NaCl. These results indicated that 

the 304 SS was cathodically protected by the coupled photoelectrode under visible light. As shown in 

Figure 7, the photoelectrodes prepared by the In2S3/ZnO-300, In2S3/ZnO-400 and In2S3/ZnO-500 

composites could provide the coupled 304 SS with about 150, 280 and 220 μA·cm
−2

 of current density 

under visible light illumination, respectively. More photogenerated electrons were excited to the CB of 

In2S3 under visible light for the In2S3/ZnO-400 composite than the In2S3/ZnO-300 and In2S3/ZnO-500 

composites, letting the Fermi level of In2S3 move close to its CB potential. These reduced the potential 

of the In2S3/ZnO-400 thin-film photoelectrode to a much more negative level, which is in accordance 

with the observations for the photoinduced OCPs shown in Figure 6. Meanwhile, higher photoinduced 

current density can polarize the coupled 304 SS electrode to a much more negative potential and thus 

provide much better cathodic protection for it. The results obtained in Figures 6 and 7 indicate that the 

In2S3/ZnO-400 composite can provide the largest potential drop (300 mV) and the biggest 

photoinduced current density (280 μA·cm
−2

), demonstrating that the In2S3/ZnO-400 composite 

possesses the best photoelectrochemical cathodic protection performance under visible light.  
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Figure 7. Variations of the current densities with time for the thin-film photoelectrodes prepared with 

the In2S3/ZnO NRA composites sintered at 300 (a), 400 (b) and 500 
°
C (c) coupled with the 304 

SS electrode under intermittent illumination by visible light. 

 

Shazly et al. [41] reported that the crystallinity of In2S3 increased with the increase of the 

sintering temperature. In this work, the crystallinity of In2S3 in the In2S3/ZnO-400 composite should be 

much higher than that of In2S3 in the In2S3/ZnO-300 composite. High crystallinity of the 

semiconductor would result in a higher photovoltaic effect, and thus can generate much better 

photoelectrochemical cathodic protection performance [48]. This is in good agreement with the 

UV/Vis result, which the In2S3/ZnO-400 composite shows higher visible light absorption capability 
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than the In2S3/ZnO-300 composite. However, the In2S3/ZnO-500 composite can provide much weaker 

photoelectrochemical cathodic protection performance than the In2S3/ZnO-400 composite although the 

crystallinity of In2S3 in the In2S3/ZnO-500 composite will be much higher than that of In2S3 in the 

In2S3/ZnO-400 composite. This could be caused by the formation of In2O3 in the In2S3/ZnO-500 

composite. As reported by Datta et al. [49], In2S3 partially transformed to In2O3 at the sintering 

temperature of > 400 
°
C, and In2O3 was totally formed after sintering at 600 

°
C. In this work, In2O3 was 

only detected in the In2S3/ZnO-500 composite, and it was not observed in the In2S3/ZnO-300 and 

In2S3/ZnO-400 composites. The light absorption capability of In2O3 is much weaker than that of In2S3 

in visible light region, resulting in the weaker light absorption capability of the In2S3/ZnO-500 

composite than that of the In2S3/ZnO-400 composite in visible region. The increased light absorption 

implies that more optical energy can be utilized to protect the coupled 304 SS by the In2S3/ZnO-400 

composite, resulting in a much better photoelectrochemical cathodic protection performance of the 

In2S3/ZnO-400 composite. 
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Figure 8. Changes in the open circuit potential of the 304 SS electrode coupled with the thin-film 

photoelectrode prepared with the In2S3/ZnO NRA composite sintered at 400 
°
C under 1 h 

visible light illumination and subsequently 2 h in the dark. 

 

The stability of the photoelectrochemical carhodic protection performance of the In2S3/ZnO-

400 composite was investigated by monitoring the potential changes of the 304 SS electrode coupled 

with the In2S3/ZnO-400 thin-film photoelectrode under a 1-h illumination by visible light. Figure 8 

shows the OCP changes of the 304 SS electrode coupled with the In2S3/ZnO-400 thin-film 

photoelectrode under 1 h visible light illumination and subsequently 2 h in the dark. As shown in 

Figure 8, the OCP of the 304 SS electrode immediately decreases as soon as the visible light was 

switched on, similar with that observed in Figure 6. The potential of 304 SS keeps being stable during 

the 1-h illumination by visible light, demonstrating that the In2S3/ZnO-400 composite can provide very 

stable photoelectrochemical cathodic protection for 304 SS under visible light illumination.  
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Figure 9. Schematic illustrations of the mechanism of the photoelectrochemical cathodic protection for 

304 SS using the In2S3/ZnO NRA composite thin-film photoelectrode. 

 

Figure 9 schematically illustrates that the proposed mechanism of the photoelectrochemical 

cathodic protection for 304 SS using the In2S3/ZnO-400 thin-film photoelectrode. As we know, the CB 

potential of ZnO is more positive than that of In2S3 [50]. The electrons in the valance band of In2S3 are 

excited to its CB under visible light illumination and they can transfer to the CB of ZnO since the CB 

potential of ZnO is more positive than that of In2S3. Because the CB potential of In2S3 is more negative 

than the Fermi level of 304 SS, the photoinduced electrons generated by In2S3 will finally transfer to 

the coupled 304 SS, resulting in the cathodic protection for the coupled 304 SS. Meanwhile, the 

valence band potential of ZnO is more positive than that of In2S3. Therefore, the photoinduced holes 

generated by In2S3 cannot transfer to ZnO, and they will finally transfer to the In2S3 surface and will 

then rapidly oxidize S
2-

 ions to join the formation cycle of polysulphides. 

 

 

 

4.  CONCLUSIONS  

In this work, the In2S3/ZnO NRA composite was prepared using a two-step method. The 

introducing of In2S3 into the In2S3/ZnO NRA composite extends the light absorption range into the 

visible region and makes the In2S3/ZnO NRA composite has the visible light responsive activity. The 

photoelectrochemical cathodic protection performance of the In2S3/ZnO NRA composite is related to 

the sintering temperature and the In2S3/ZnO NRA composite sintered at 400 
°
C possesses the best 

photoelectrochemical cathodic protection capability. Under visible light illumination, the OCP of 304 

SS can decrease approximately 300 mV due to the photovoltaic effect of the In2S3/ZnO-400 composite, 

and the photoinduced current density generated by this composite is approximately 280 μA·cm
−2

. 
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