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An all-solid-state Z-scheme ZnS-CdS-Ag@TiO2 nanoheterojunction was successfully fabricated to 

reduce the recombination rate of photogenerated charge carriers and enhance the photocathodic 

protection efficiency for 403 stainless steel (SS). The results showed that the photoabsorption spectrum 

of the composite film was expanded into the visible light region and that the photocurrent density was 

remarkably enhanced. Under irradiation conditions, the composite film as a photoanode could exhibit a 

striking photocathodic protection performance for the 403SS. These results demonstrated that the Z-

scheme system is beneficial for improving the separation of photogenerated charge carriers, thus 

achieving a highly enhanced photocathodic protection performance. 
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1. INTRODUCTION 

Since 1972, when Fujishima and Honda demonstrated that TiO2 semiconductor materials could 

split water into hydrogen [1], the photocatalytic activity of TiO2 materials has attracted great interest in 

the academic world. To data, TiO2 semiconductor materials have been widely used in photocatalysts [2], 

dye-sensitized solar cells [3], photocatalytic decomposition of water into hydrogen [4], and sensors [5]. 

In addition, some researchers have reported that the photoelectrochemical properties of TiO2 could be 

applied to the cathodic protection of metals [6-8]. Compared with conventional cathodic protection, the 

photocathodic protection technology has no need to supply current or sacrificial anodes, and can achieve 

green and nonpolluting protection of metals [6]. However, there are two key drawbacks to the practical 

application of photocathodic protection of bare TiO2 films. On the one hand, due to the wide band gap 

of TiO2 (anatase Eg = 3.2 eV), it can only be excited only by UV light which only accounts for 4-5% of 
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the solar spectrum [9-11]. On the other hand, the high recombination rate of the photoinduced electron-

hole pairs in TiO2 will reduce the photoelectric conversion efficiency [10,12]. To address these obstacles, 

various modification strategies have been employed to modify TiO2 for the purpose of improving the 

photoelectric conversion activity, including elemental doping [13], loading with noble metals [14], and 

coupling TiO2 with narrow gap semiconductors [15].  

Among the small band gap semiconductors, CdS is one of the most promising photocatalyst 

candidates due to its narrower band gap (Eg=2.4 eV), allowing for visible light absorption of the solar 

spectrum [16]. When CdS is combined with TiO2, many remarkable photoelectrochemical properties 

can be created because the combined band-edge levels are capable of driving charge transfer under 

visible light irradiation. TiO2/CdS heterojunction systems have been extensively investigated in 

photovoltaic [17], water-splitting [18], photocatalysis [19], and photocathodic protection [20]. However, 

the disadvantage of this composite system is that the redox ability of the photogenerated electrons and 

holes is weakened after charge transfer [21]. It is difficult for the heterojunction system to simultaneously 

possess high charge-separation efficiency and strong redox capability. Therefore, it is desirable to 

construct a new type of heterojunction system to solve the aforementioned problems. 

Recently, Z-scheme photocatalytic systems (two-step photoexcitation), mimicking the natural 

photosynthesis processes, have been widely used [22-24]. The Z-scheme photocatalytic system consists 

of two photoexcitation systems (PSⅠ  and PSⅡ ), which can achieve spatial isolation of the 

photogenerated electrons and holes. Thus, the electron-hole recombination rate may be reduced. Among 

all Z-scheme systems, the all-solid-state Z-scheme system has attracted increasing attentions, owing to 

its much higher photocatalytic activity [25,26]. In such all-solid-state Z-schemes system, in addition to 

the two photoexcitation systems (PSⅠand PSⅡ), there is also a constructor to serve  as the electron transfer 

mediator, such as a noble metal or reduced graphene oxide (rGO). The insertion of a conductor between 

PSⅠand PSⅡ forms a known ohmic contact with low contact resistance [27]. The photogenerated 

electrons from the conduction band of PSⅡ can directly recombine with the photogenerated holes from 

the valence band of PSⅠthrough the ohmic transfer. This reduces the distance of Z-scheme electron 

transfer. Therefore, the all-solid-state Z-scheme system exhibits dramatically enhanced performance in 

photoelectric conversion activities. 

Tada et al. [25]. first reported an all-solid-state Z-scheme CdS-Au-TiO2 three-component (3C) 

nanojunction system. The Z-scheme 3C nanojunction exhibited much higher photocatalytic activity than 

the single-(1C) and two-component (2C) systems. Xie et al. [28] combined the 3C system with a 

onedimensional nanotube array structure. Rather et al. [29] fabricated a C3N4-Au-TiO2 nanocomposite 

possessing outstanding performance for water splitting. So far, a number of works have reported on the 

application of all-solid-state Z-scheme type nanocomposites in the photoelectrolysis of water and 

the photocatalytic degradation of the organic pollutants. However, no report related to the all-solid-state 

Z-scheme type nanocomposites for photocathodic protection has been found. 

In this work, an all-solid-state Z-scheme type CdS-Ag@TiO2 nanocomposite was fabricated by 

pulse electrodeposition and the successive ion layer adsorption and reaction (SILAR) technique. To 

suppress CdS photocorrosion, a ZnS shell was provided by the SILAR method. The CdS was chosen to 

sensitize the TiO2, and Ag acted as a transporter of electrons. This nanocomposite shows an impressive 

photocathodic protection performance for the 403 stainless steel (SS). 
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2. EXPERIMENTAL 

2.1. Materials 

All of the chemical reagents were of analytical grade and used without further purification. Pure 

deionized water was used throughout the preparation of all aqueous solutions. Sodium hydroxide 

(NaOH), silver nitrate (AgNO3), nitric acid (HNO3), sodium nitrate (NaNO3), chromic nitrate (CdNO3), 

zinc nitrate (ZnNO3), and sodium sulfide (Na2S) were purchased from Sinopharm Chemical Reagent Co. 

Ltd. Ti foil (99.7% purity) and 403SS were purchased from Tianjin yuanhao metal materials Co. Ltd. 

 

2.2. Synthesis of ZnS-CdS-Ag@TiO2 

The ZnS- CdS-Ag@TiO2 sample was prepared as follows. First, the TiO2 nanowire (NW) films 

were first prepared on Ti foil by the hydrothermal method according to our previous report [30]. The Ti 

foil was reacted with a 10 M NaOH solution (80 mL) in a Teflon-lined stainless steel autoclave (100 

mL) at 150 oC for 6 h. After the hydrothermal process, the sample was soaked in a 0.1 M HNO3 solution 

for 8 h, and  the samples were then annealed in a muffle furnace at 450 oC for 2 h. Second, Ag 

nanoparticles were deposited on the TiO2NWs by the pulse electrodeposition method using a two-

electrode system consisting of TiO2NWs as the working electrode and a Pt foil as the counter electrode 

[31]. The TiO2NW films were immersed in a 0.01 M AgNO3 and 0.1 M NaNO3 mixed aqueous solution. 

The pulse electrodeposition current was -15 mA cm2 with a 0.2 s on-time and 0.3 s off-time. The number 

of the pulse cycles was 600. Third, CdS nanoparticles were fabricated by the SILAR method. The 

Ag/TiO2 sample was alternately immersed in a 0.4 M Cd(NO3)2 solution and 0.1 M Na2S solution for 1 

min. Finally, a ZnS layer was assembled onto the surface of the CdS nanoparticles, in order to improve 

the stability of the sample. The CdS-Ag@TiO2 film was alternately immersed in a 0.6 M Zn(NO3)2 

solution and 0.1 M Na2S solution for 1 min. The immersion cycle of the prepared a ZnS layer was 

repeated for up to 20 cycles. Following each immersion, the film was rinsed with deionized water to 

remove excess precursors and dried at room temperature.  

 

2.3 Characterization  

The morphologies of the as-prepared films were characterized by a field-emission scanning 

electron microscope (FE-SEM Hitachi S4800). The chemical composition was analyzed by energy 

dispersive X-ray (EDX) spectrometry. The crystallographic structure of the films was measured by an 

X-ray diffractometer (XRD Bruker D8 Advance) with Cu Kα. The photoabsorption properties of the 

samples were recorded by a UV-vis-NIR spectrophotometer (Varian, Cary 5000). X-ray photoelectron 

spectroscopy (XPS) was carried out by an X-ray photoelectron spectrometer (Tecnai G2 20) with Al Kα 

as the X-ray source. 

The photoelectrochemical performances of the as-prepared samples were measured by an Ivium 

(CompactStat) electrochemical workstation with a three-electrode system consisting of a photoanode as 

the working electrode (10 mm × 10 mm × 0.1 mm), a saturated calomel electrode (SCE) as the reference 
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electrode and a platinum wire as the counter electrode. A CEL-S500 Xe lamp was employed as the light 

source. The photocurrent measurement and electrochemical impedance spectroscopy (EIS) were applied 

at open-circuit voltage. EIS results were obtained at an AC voltage of 10 mV amplitude over the 

frequency range from 10-2 to 105 Hz. 

The photocathodic protection properties of the as-prepared photoanode samples were measured 

by a homemade system according to our previous report [32]. The protected metal was 403 stainless 

steel (403SS 10 mm × 10 mm × 2 mm). The electrolyte in the photoelectrochemical cell was a mixed 

solution of 0.05 M Na2S and 0.2 M NaOH, while in the corrosion cell it was 0.5 M NaCl. The two cells 

were connected by a salt bridge (1.0 M KCl in agar contained in a flexible glass tube). Either TiO2 or 

the TiO2 composite film (10 mm × 10 mm × 0.1 mm) served as a photoanode in the photoelectrochemical 

cell. In the corrosion cell, the 403SS, a platinum sheet and SCE served as the working electrode, counter 

electrode and reference electrode, respectively. The 403SS electrode was coupled to the photoanode by 

a Cu wire. The measurements of potential and electrochemical impedance spectroscopy (EIS) were 

conducted using an Ivium electrochemical measurement system. EIS results were obtained by applying 

an AC voltage of 10 mV amplitude over the frequency range of 10-2 to 105 Hz. The measured EIS data 

were fitted by ZsimpWin fitting software. All measurements were carried out at room temperature and 

were repeated at least three times to check the reproducibility. 

 

 

 

3. RESULTS AND DISCUSSION 

Figure 1a shows the SEM images of the TiO2 sample prepared in 10 M NaOH solution under 

hydrothermal conditions for 6 h. The film possessed a porous network morphology. The magnified image 

shows that the network consisted of scrolled-up nanowires. As shown in Figure 1b, the typical peaks at 

2θ =25.5o and 48.3o indicated that the pure TiO2 NW film crystallized in the anatase phase (JCPDS card 

no. 21-1272)[24]. The ZnS-CdS-Ag@TiO2 and Ag@TiO2 films exhibited the similar XRD patterns (not 

shown in Figure 1) as the pure TiO2 film, revealing that the addition of CdS, Ag, and ZnS hardly affected 

the crystalline structure of TiO2. No characteristic diffraction peaks of CdS, Ag, and ZnS are observed 

due to their lower content and/or high dispersion and relatively low diffraction intensity. Therefore, the 

EDX and XPS spectra were further measured to analyze the elemental composition of the composite 

films. Figure 1c presents the SEM image of the ZnS-CdS-Ag@TiO2 film obtained after 20 cycles of CdS 

and 5 cycles of ZnS. It can be observed that CdS and ZnS particles were uniformly distributed on the 

nanowire surface. The EDX spectrum (Figure 1d) reveals that the ZnS-CdS-Ag@TiO2 films were 

composed of Ti, O, Ag, Cd, Zn and S. 

The XPS measurement was carried out to further determine the chemical composition and the 

surface states of the as-prepared samples. Figure 2a shows the high resolution XPS spectrum of Ti 2p. 

The Ti 2p peak was deconvolved into two peaks at 458.7 eV (Ti 2p 3/2) and 464.4 eV (Ti 2p 1/2) , 

representing the Ti4+ species in a tetragonal structure[18]. The O1s spectrum (Figure 2b) is slightly 

asymmetric. The principal peak located at 531.5 eV corresponds to Ti-O in TiO2. The minor peak at 

532.4 eV was assigned to chemical hydroxyl [33,34]. The Ag 3d 3/2 and Ag 3d 5/2 peaks are located at 

373.8 and 367.8 eV, respectively, as shown in Figure 2c. Furthermore, the splitting energy of the Ag 3d 
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doublet is 6.0 eV, indicating the formation of metallic Ag [35]. The deconvoluted peaks of the Cd 3d 

5/2 and Cd 3d 3/2 are located at 404.7 and 411.5 eV with a splitting energy of 6.8 eV, manifesting the 

Cd2+ in CdS (Figure 2d) [36]. From the Figure 2e, it can be seen that the binding energy of Zn 2p 3/2 is 

located at 1021.9 eV [37]. The S 2p spectrum as shown in Figure 2f, can be fitted into two individual 

peaks S 2p 3/2 and S 2p 1/2 at 161.2 eV and 162.3 eV, which corresponds to the S2- [38]. These results 

further confirm that the ZnS-CdS-Ag@TiO2 composites have been successfully fabricated. 

 

             
 

Figure 1. SEM image of (a)TiO2 NW film and (c) ZnS-CdS-Ag@TiO2; (b) XRD spectrum of TiO2 NW 

film, (d) EDX spectrum of ZnS-CdS(20c)-Ag@TiO2 film. 

 

The optical properties of the as-fabricated films were further measured by UV-vis absorption 

spectra. Figure 3 shows the UV-vis absorption spectra of (a) pure TiO2 and (b) ZnS-CdS(20c)-Ag@TiO2 

samples. It is obvious that the TiO2 NW sample mainly absorbed UV light at a wavelength of 

approximately 370 nm. Compared with the pure TiO2 NW film, the absorption spectrum of the ZnS-

CdS(20c)-Ag@TiO2 film extended into the visible region and the absorption edge was nearly 700 nm. 

For a given semiconductor, the band gap energy (Eg) can be determined using the Tauc plot by the 

following equation [26]: 

  αhυ=k(hυ- Eg)
ŋ/2                                                 (1) 

where α, h, υ and k are the absorption coefficient, Planck constant, light frequency and a constant, 

respectively. Furthermore, ŋ is a constant determined by the type of optical transition of a semiconductor, 

which is equal to 1 for a direct-gap material, and 4 for an indirect-gap material [39,40].  According to 

Eq. (1), the intercept of the tangents to the plots of (αhυ)2/ŋ vs (hυ) can be employed to determine the 

band gaps of TiO2 and ZnS-CdS(20c)-Ag@TiO2 films, due to their indirect electronic transitions. The 

band gap energies of the TiO2 and ZnS-CdS(20c)-Ag@TiO2 films were calculated to be 2.97 eV and 

1.76 eV, respectively. These results indicated that the strong interactions between TiO2, Ag and CdS in 

the ZnS-CdS-Ag@TiO2 composite might result in an obvious narrowing of the band gap, which favors 

extension of the absorption range. 

file:///C:/Users/Administrator/AppData/Local/youdao/dict/Application/7.0.1.0227/resultui/dict/


Int. J. Electrochem. Sci., Vol. 14, 2019 

  

820 

              
 

Figure 2. XPS spectra of (a) Ti 2p, (b) O 1s, (c) Ag 3d, (d) Cd 3d, (e) Zn 2p, and (f) S 2f. 

 

      
 

Figure 3. UV-vis absorption spectra and band gaps of different samples. 

 

The properties of the charge transfer and photogenerated electron lifetime can be estimated by 

from the transient photocurrent density under illumination. The photocurrent response of different films 

with several on-off cycles is presented in Figure 4A. All of the samples showed a sharp anodic current 
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peak and a steady state current. In all cases, the modified TiO2 electrode presented a higher photocurrent 

density than the pure TiO2 electrode. Especially, the ZnS-CdS-Ag@TiO2 electrodes (curves c, d and e) 

displayed a much higher photocurrent density compared with the Ag@TiO2 electrode. The enhanced 

photocurrent performance may be  ascribed to the high separation efficiency of photoinduced carriers 

via the Z-scheme form and the strong absorption in the visible light region. It is recognized that a 

maximum photocurrent density of 19.97 mA cm-2 was achieved (ZnS-CdS(20c)-Ag@TiO2). Therefore, 

the ZnS-CdS(20c)-Ag@TiO2 film was the study electrode in the following paragraphs. 

EIS is a powerful technology for studying the charge transfer and recombination processes at 

semiconductor/electrolyte interfaces [41]. Figure 4B shows an EIS plot of different semiconductor 

electrodes at open-circuit potential under white light irradiation conditions. It can be observed that the 

electrodes showed pronounced arcs in the EIS plane. The diameters of the arcs represent the reaction 

rate occurring at the semiconductor/electrolyte interfaces [42]. It can be observed that the EIS arc of the 

ZnS-CdS(20c)-Ag@TiO2 electrode is smaller than that of the TiO2 electrode, indicating that the rate of 

carrier separation and transfer in the ZnS-CdS(20c)-Ag@TiO2 electrode was higher. This result is 

consistent with the transient photocurrent measurement. 

 

 
 

Figure 4. (A) Photocurrent responses of (a) TiO2, (b) Ag@TiO2, (c) ZnS-CdS(15c)-Ag@TiO2, (d) ZnS-

CdS(20c)-Ag@TiO2, and (e) ZnS-CdS(25c)-Ag@TiO2 photoelectrodes; (B) Nyquist plots of the 

as-prepared samples under white light illumination; and (C) Schematic illustration of the 

electron-hole separation in the ZnS-CdS-Ag@TiO2 composites. 

 

Figure 4C illustrates the possible principle of charge carriers in the all-solid-state Z-scheme ZnS-

CdS-Ag@TiO2 composites. In the two-component heterojunction-type system (PSⅠand PSⅡ), the 

photoelectrons in the CB of PSⅠtransfer to the CB of PSⅡ,while the photoholes in the VB of PSⅡmigrate 
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to the VB of PSⅠ[43-46]. The spatial isolation of photoelectrons and photoholes can reduce the bulk 

electron-hole recombination. However, the redox capability of photoelectrons and photoholes is 

weakened after charge transfer. Therefore, it is different for the two-component heterojunction-type 

system to have both a high charge separation and strong redox capability. In the all-solid-state Z-scheme 

composite, the aforementioned problem can be solved. The path of electron transfer in the all-solid-state 

Z-scheme ZnS-CdS-Ag@TiO2 composites is different from that in a two-component heterojunction-type 

system. Primarily, the TiO2 (PSⅡ) and CdS (PSⅠ) semiconductors can generate photogenerated electron-

hole pairs under simulated solar light irradiation [47]. Subsequently, photoelectrons in the CB of TiO2 

can quickly transfer to the VB of CdS through Ag, and then recombine with photoholes in the VB of 

CdS, forming the typical electron-transfer pathway of the Z-scheme [21,27]. Thus, photoelectrons and 

photoholes are accumulated in the CB of CdS and VB of TiO2, respectively, which enabled the ZnS-

CdS-Ag@TiO2 composite film to have strong oxidation and reduction capabilities. Furthermore, the 

separation rate of photogenerated electron-hole pairs will be improved. Therefore, the ZnS-CdS-

Ag@TiO2 electrode exhibited higher photoelectric conversion performance.   

To evaluate the photocathodic effect of the film, the potential of 403SS as a protected metal was 

measured. Figure 5 presents the potential response of 403SS in a 0.5 M NaCl solution coupled with 

different film photoanodes under intermittent illumination. It can be observed that the potential response 

was prompt and negatively shifted under irradiation. This was due to the transfer of the photogenerated 

electrons from the photoanodes to the surface of 403SS, causing the cathodic polarization of the steel, 

thus the metal corrosion rate is reduced [32,48-50]. The stabilized potential of 403SS coupled to the ZnS-

CdS(20c)-Ag@TiO2 and TiO2 photoanode under illumination were recorded at approximately -1174 mV 

(vs.SCE) and -118 mV (vs.SCE), respectively. The results indicated that numerous photoelectrons were 

transferred from the ZnS-CdS(20c)-Ag@TiO2 electrode to the steel. In addition , when the composite 

film continued to be illuminated after a break, the potential of 403SS again dropped to -1174 mV 

(vs.SCE), showing that the ZnS-CdS(20c)-Ag@TiO2 electrode exhibited substantial activity and 

stability. Most importantly, after turning off the light, the potential of the steel coupled to ZnS-CdS(20c)-

Ag@TiO2 films remained lower, indicating that the ZnS-CdS(20c)-Ag@TiO2 electrode still provides 

the certain cathodic protection for the steel in the dark. In other words, the ZnS-CdS(20c)-Ag@TiO2 

exhibited higher photocathodic protection than pure TiO2 photoanode. 

 

    
 

Figure 5. Time evolution of the potential of 403SS coupled to different photoanodes under illumination 

and dark conditions:(a) coupled to TiO2 and(b) coupled to ZnS-CdS(20c)-Ag@TiO2.  
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To further study the corrosion process of 403SS under photocathodic protection, EIS was 

performed under illumination. Figure 6 shows the EIS spectra of 403SS uncoupled and coupled to 

different photoanodes, and the equivalent circuit for modeling the EIS results. In the equivalent circuit, 

Rs is the solution resistance, Rct is the charge-transfer resistance, and CPE is the constant phase element 

modeling the capacitance of the double-layer. The constant phase element can be expressed by the 

following equation [51]:  

ZCPE                       ZCPE=[Y0(jw)n]-1                                   (2) 

where Y0 represents the modulus, j2 = -1 is an imaginary number, ωis the angular frequency, and 

n is the coefficient of diffusion, the value of n is in the range of 0 to 1. It was found that the impedance 

arcs in all cases were similar, but the diameter of the 403SS coupled to the photoanodes was markedly 

smaller. This may be due to a larger number of photogenerated electrons being transferred from the 

photoanode to the the surface of 403SS, leading to the cathodic current density increase for the steel 

[52]. According to the mechanism of cathodic protection of metals, the impressed current could make 

the potential of the metal sharply shift negatively and inhibit corrosion [53]. Therefore, the rate of the 

electrochemical dissolution reaction at the metal surface is suppressed. Additionally, the arc radius of 

the 403SS coupled to the ZnS-CdS(20c)-Ag@TiO2 photoanode was obviously smaller. This may be due 

to the increased number of photogenerated electrons transferred from the ZnS-CdS(20c)-Ag@TiO2 

photoanode to the surface of 403SS, leading to agreater decrease in resistance. It can be inferred that the 

ZnS-CdS(20c)-Ag@TiO2 composite film could provide a better photocathodic protection effect for 

403SS than pure TiO2 film.  

 

 
 

Figure 6. EIS results for 403SS under different conditions. 

 

 

 

4. CONCLUSIONS 

In this work, an all-solid-state Z-scheme ZnS-CdS-Ag@TiO2 composite film was successfully 

prepared by the pulsed electrodeposition and SILAR techniques. With the modification of Ag and CdS, 

the photoabsorption of the composite film shifts into the visible region and the photoelectrochemical 

performance is enhanced markedly. The resulting ZnS-CdS(20c)-Ag@TiO2 composite film exhibited 

higher photocurrent density than that of pure TiO2 film, owing to achieving a Z-scheme charge 
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separation mechanisms. In addition, the composite film, as a photoanode, could make the potential of 

403SS in a 0.5 M NaCl solution negatively shift markedly under irradiation, indicating highly effective 

photocathodic protection. Therefore, it is expected that the construction of the Z-scheme heterojunction 

composite film could provide some new strategies for the photocathodic protection of various kinds of 

metals. 
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