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Abstract 
The novel photoelectrochemical cathodic protection technology is actively researched and developed for alleviating severe 
corrosion of marine metallic materials. And the corresponding sustained photoelectrochemical cathodic protection in the 
dark, under the collaboration of the electron storage materials, is also developed and optimized. WO3, as a kind of electron 
storage material, shows great potential in this area. The WO3/graphene oxide (WO3/GO) nanothorn cluster composites were 
synthesized via solovthermal method. The nanoscale graphene oxide (GO) sheets, added as templates, result in the formation 
of WO3 nanothorn clusters in the WO3/GO composite. The hybrid structure of the WO3/GO composite was formed when the 
GO adding amount is 0.2 wt%, denoted as WO3/GO 0.2. The lattice of WO3 contracted slightly and the crystallinity of WO3 
was enhanced. The WO3/GO 0.2 nanothorn cluster composites promote the transfer and storage efficiency of the electrons 
compared with pure WO3. The high conductivity of the partly reduced GO leads to a faster electron transfer in the WO3/
GO composite. The sustained photoelectrochemical cathodic protection performance of the WO3/GO composite under the 
assistance of TiO2 (i.e., the coupling of WO3/GO 0.2-TiO2) for 304 stainless steel (SS) was promoted. A larger number of 
photoinduced electrons, generated by TiO2 under white light illumination, can be stored in the WO3/GO composite and be 
transferred to the coupled 304 SS electrode after shutting off the light.
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Graphic abstract
WO3/GO composite exhibits enhanced sustained photoelectrochemical cathodic protection performance for 304 stainless 
steel under the assistance of TiO2.

Keywords  WO3 nanothorn clusters · Nanoscale graphene oxide · Composite materials · Electron storage · The sustained 
photoelectrochemical cathodic protection

1  Introduction

  Recently, the photoelectrochemical cathodic protection 
technology, which utlizes solar energy to generate pho-
toinduced electrons through the semiconductor photoelec-
tric conversion technology to protect metallic structures, 
has attracted increasing attentions of scientists since it is 
environmental friendly and sustainable [1–11]. It is not like 
other corrosion protection technologies, which may consume 
materials, deplete energy and even pollute the environments. 
However, this technology has an inherent drawback, that is, 
needing the light illumination for generating electrons. In 
the dark, the semiconductor materials will not possess the 
photoelectrochemical effect, and thus they cannot generate 
the photoinduced electrons to offer the cathodic protection 
for the coupled metallic materials. Therefore, studying and 
developing the electron storage materials, and conjuncting 
them with semiconductor materials for photoelectrochemi-
cal cathodic protection would benefit for solving the above-
mentioned issues without sunshine (e.g., at night or in rainy 
and cloudy days) [12–17]. In the presence of light illumina-
tion, some of the photogenerated electrons will transfer to 

the coupled metallic materials and provide the photoelec-
trochemical cathodic protection for them, meanwhile, the 
excess photogenerated electrons can be stored by the elec-
tron storage materials. The stored electrons can be released 
and transferred to the coupled metallic materials to keep 
the cathodic protection running effectively once the light is 
shut off, which is called the sustained photoelectrochemical 
cathodic protection.

In the last 20 years, WO3, as a kind of electron storage 
material, shows potential application in photochromism, 
photoelectrochemical storage and sustained photoelectro-
chemical cathodic protection for metallic materials [18–24]. 
The ability of the photoinduced reduction energy storage 
of WO3 is achieved by the injection and extraction of elec-
trons and H+ or Li+ cations, and consequently resulting in 
the color change. The intensity of energy storage and the 
switching time of the color change in WO3 strongly rely on 
the availability of electrons for facilitating the redox reac-
tion of W6+↔W5+. When electrons and cations are injected, 
the electronic structure of WO3 is modified, and the Fermi 
level of WO3 moves upward (i.e., shift negatively). As a 
result, excess electrons fill the t2g band of WO3, which is 
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accompanied with the color change of tungsten from trans-
parent to blue. WO3 has been applied in the sustained pho-
toelectrochemical cathodic protection for metallic materials. 
Tatsuma et al. reported that a composite of TiO2 coating 
layer coupled with a WO3 coating layer, in which can store 
the electrons and reductive energy like a pool [12]. 304 SS 
can be protected from corrosion under UV illumination with 
TiO2 and WO3 coating (50 % area of each single coating), 
which exhibits sustained photoelectrochemical cathodic 
protection effect because the stored charge is retained for 
approximately 4 h after shutting off the UV illumination. 
The TiO2/WO3 composite coating has also the identical 
function but the efficiency is lower than the composite 
coated separately with TiO2 and WO3 (50 % area of each 
single coating). Zhou et al. prepared TiO2/WO3 bilayer coat-
ings on 304 SS [13], and the 304 SS can maintain the effect 
of sustained photoelectrochemical cathodic protection for 
6 h in the dark after 1 h of illumination by UV light. The 
effective modifications are essential to further harness and 
enhance the energy storage property of WO3.

Since the emergence of graphene in 2004 [25], enor-
mous studies have proved that graphene, with the distinctive 
quasi-two-dimensional (2D) structure of individual graphene 
sheets, has a monolayer of sp2-bonded carbon atoms. Gra-
phene exhibits extraordinary electronic transport properties 
and physicochemical properties [26, 27]. Reduced graphene 
oxide (rGO) has been proved that it can assist the transfer of 
the electrons when incorporating rGO with WO3 nanoparti-
cles [28, 29]. And the graphene oxide (GO) sheets, adopted 
as the supporters, can anchor WO3 to grow on them during 
the synthesis process, and thus, the electrons can be trans-
ferred via the 2D GO sheets and stored in the adjacent WO3 
nanoparticles. This kind of GO-based composite is expected 
to improve the electron storage ability of WO3. Neverthe-
less, preparation of such composite requires that the WO3 is 
compatible with GO and is homogeneously distributed. The 
oxygen-containing functional groups in GO make them as 
desirable supporters to anchor components for the synthesis 
of GO-based composites. The graphene-based nanocompos-
ites are usually prepared from the reduction of GO-based 
materials through a chemical method or heat treatment. 
However, these methods have some defects, i.e., using toxic 
hydrazine hydrate, suffering from some harsh conditions 
including using organic solvents, poisonous agents, and heat 
treatment processes.

In the present paper, the WO3/GO nanothorn cluster com-
posites were synthesized using nanoscale graphene oxide 
and WCl6, and using a facile solovthermal in situ growth 
method in alcohol. During the solvothermal process, the 
growth of WO3 on GO sheets and partial reduction of GO 
occurred simultaneously, resulting in the uniform deposi-
tion of minor scale WO3 nanothorns on the partially reduced 
GO (PRGO) nanosheets. Finally, the application of WO3/GO 

composite in the sustained photoelectrochemical cathodic 
protection after shutting off the light was investigated. Com-
bining the prepared WO3/GO composite with a semicon-
ductor material, the photoinduced electrons generated by 
the selected semiconductor material can be used to charge 
the WO3/GO composite. In this work, the commercial TiO2 
(P25) without any pre-treatment was chosen as the semi-
conductor, and the photoelectrode was fabricated by coat-
ing TiO2 and the WO3/GO composite on the surface of the 
FTO conductive glass (single coating layer, 50 % area of 
each material). Using this coating method, the electron stor-
age efficiency of the WO3/GO–TiO2 system will be greatly 
improved compared with other coating methods [12]. The 
untreated commercial TiO2 will charge the WO3/GO com-
posite using the photoinduced electrons generated by TiO2. 
Subsequently, utilizing the WO3/GO–TiO2 system, the pho-
toelectrochemical cathodic protection performance and the 
sustained photoelectrochemical cathodic protection perfor-
mance after shutting off the light for 304 SS were studied. 
Compared with that of pure WO3, the WO3/GO composite 
exhibits an enhanced electron storage performance and an 
enhanced sustained photoelectrochemical cathodic protec-
tion performance for the coupled 304 SS under the assis-
tance of TiO2 after shutting off the light. The promoting 
mechanism for the enhanced electron storage performance 
of the WO3/GO system was also studied in this work. The 
effect of GO or rGO on the electron storage property of the 
prepared WO3/GO composites in the sustained photoelec-
trochemical cathodic protection for metallic materials was 
analyzed. This work would be helpful for controlling the 
growth and the electronic storage property of WO3, mean-
while, it would also benefit the development of the sustained 
photoelectrochemical cathodic protection technique for met-
als coated with photoelectric energy storage materials.

2 � Experimental

2.1 � Preparation of the WO3/GO composite 
and fabrication of the WO3/GO–TiO2 
photoelectrode

The preparation of the WO3/GO composite was based on a 
facile method that combines the solovthermal method [30] 
with the in-situ growth method. The preparation process is 
illustrated in Scheme 1. First, the GO, produced from natural 
graphite, was obtained as exfoliated powder from JCnano 
(JCGO-99-1-50n, the size of the GO sheet is approximately 
50 nm). A calculated amount of GO was added into etha-
nol and ultrasonically vibrated for 2 h to form a stable dis-
persion with a concentration of 0.5 mg mL−1. The detailed 
preparation process is listed as follows: A certain amount 
of the prepared GO dispersion, which was accounted for 
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0.1, 0.2, 0.3 and 0.4 wt% of the mass of WO3, were dis-
solved in 20 mL of ethanol, ultrasonically dispersed for 1 h. 
WCl6 (0.4 g) were dissolved in a mixture of ethanol (40 mL) 
and poly(ethylene glycol) (20 mL, molecular weight MW = 
400 Da) under magnetic stirring. The resulting solution was 
poured into the GO solution under magnetic stirring to form 
a homogeneous solution, which was then transferred to a 
Teflon-lined stainless steel autoclave and heated at 180 °C 
for 24 h. A blue precipitate was collected by centrifugation 
and washed with ethanol for several times, and the WO3/GO 
composite was obtained after drying at 60 °C. The WO3/GO 
composites with the GO accounting for 0.1, 0.2, 0.3 and 
0.4 wt% of the mass of WO3 are denoted as WO3/GO 0.1, 
WO3/GO 0.2, WO3/GO 0.3 and WO3/GO 0.4, respectively. 
For comparison, the pure WO3 was also prepared by the 
same method without adding GO. It should be claimed that 
the “WO3” written in this paper is actually nonstoichiomet-
ric. Here, the “WO3” is used to describe the products just to 
keep consistency throughout the whole paper for readability.

The WO3/GO–TiO2 system thin-film photoelectrodes 
were fabricated by evenly depositing the TiO2 (P25) and 
the prepared WO3/GO powder slurry separately onto the 
surface of the fluorine-doped tin oxide (FTO) conductive 
glass. Commercialized FTO conductive glass was used in 
this work and the FTO conductive glass was 40 × 10 mm2 
in size. Prior to the deposition, the FTO glass was ultra-
sonically cleaned in acetone of analytical grade for 5 min, 
rinsed with deionized water, and then dried with a clean 
dry airflow. One edge of the conductive side of the FTO 
glass was carefully covered with insulating tapes, leaving 
an exposed surface of 20 × 10 mm2, which was divided into 
two equal parts of 10 × 10 mm2, respectively. Then, 1 mg 
of the TiO2 (P25) and 1 mg of the prepared WO3 or WO3/
GO powder were respectively mixed with 0.1 mL of deion-
ized water in an agate mortar, and were carefully ground for 
10 min to form slurry. The TiO2 slurry was evenly spread 
over one half of exposed effective area of the FTO glass, that 

is 10 × 10 mm2, while the other part of the exposed area of 
the FTO glass was evenly coated with the prepared WO3 or 
WO3/GO slurry. The insulating tape on the edge of the FTO 
glass was removed after the slurry had dried in ambient air. 
After that, the FTO glass deposited with the as-prepared 
powder was heated to 80 °C for 2 h. Uncoated parts of the 
conductive side of the FTO glass were isolated with insulat-
ing glue. Besides, the WO3/GO electrode, pure WO3 elec-
trode or pure TiO2 (P25) electrode were also fabricated by 
uniformly depositing 1 mg of the WO3/GO composite, pure 
WO3, or pure TiO2 (P25) slurry onto the exposed effective 
area (10 × 10 mm2) of the FTO glass.

The 304 SS electrode was prepared by embedding a 
square 304 SS in epoxy resin and the exposed area for test-
ing was 10 × 10 mm2. The 304 SS electrode was succes-
sively wet ground to 2000 grits by SiC papers before being 
ultrasonically cleaned in analytical grade ethanol for 5 min.

2.2 � Characterizations

The crystalline structures of the prepared powders were 
identified using Ultima IV X-Ray Diffractometer (XRD) 
(Rigaku Co., Tokyo, Japan). The morphologies and the 
microstructure of the prepared powders were analyzed 
using a scanning electron microscope (SEM) (F250, FEI 
Company, USA) and a high-resolution transmission elec-
tron microscope (HRTEM) (Tecnai G20, FEI Company, 
USA). The elemental composition and the bonding infor-
mation of the synthetic products were analyzed using an 
X-ray photoelectron spectroscopy (XPS) on a Thermo VG 
scientific spectrometer; model ESCALAB 250 (Al Kα, 
hν = 1486.6 eV; Mono X-ray source). The binding energy 
was calibrated according to the signal of adventitious car-
bon (binding energy = 284.8 eV). The Raman spectra were 
recorded on an inVia spectrometer (Renishaw, England) with 
a laser excitation of 633 nm.

2.3 � Electrochemical/photoelectrochemical 
measurements

The electrochemical performance of the WO3/GO electrode 
or pure WO3 electrode (working electrode) were examined 
by measuring the electrochemical impedance spectra (EIS). 
The WO3/GO or pure WO3 thin-film photoelectrode was 
acted as the working electrode. A Pt electrode served as the 
counter electrode and the reference electrode was the Ag/
AgCl electrode. EIS tests were performed in 0.1 M Na2SO4 
in the dark at open circuit potential over the frequency range 
between 105 and 10−1 Hz, with a 5 mV AC perturbation 
using 12 points/decade.

The photoelectrochemical cathodic protection and sus-
tained photoelectrochemical cathodic protection perfor-
mances were evaluated by the variations of the current 

Scheme  1   Schematic illustration for the synthesis procedure of the 
pure WO3 and the WO3/GO composites
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densities of the galvanic couple between the 304 SS elec-
trode and the prepared photoelectrode and the variations 
of the potentials of the 304 SS electrode coupled with the 
prepared photoelectrode under intermittent white light on 
and off. These measurements were performed in 3.5 wt% 
NaCl solution using a CHI 660D electrochemical work sta-
tion (Shanghai Chenhua Instrument Co., Ltd.), which is 
similar to the arrangement that has been used previously 
[31]. The white light source was a 300-W Xe arc lamp 
(PLS-SXE300C, Beijing bofeilai Co. Ltd., Beijing, China). 
The light passed through a flat circular quartz window and 
illuminated on the photoelectrode. The light intensity was 
approximately 520 mW cm−2 at the sample surface.

3 � Results and discussion

3.1 � Morphology, microstructure and composition 
analyses of the prepared WO3/GO composites

The crystal structures of the prepared WO3/GO composites 
were characterized using XRD and the results are shown 
in Fig. 1. The XRD patterns of the GO and the prepared 
pure WO3 are also given in Fig. 1 for comparison. All dif-
fraction peaks of pure WO3 match well with the hexago-
nal WO3 phase (JCPDF card no: 85-2460) [32, 33]. The 
diffraction peak of (002) of WO3 phase (JCPDF card no: 
85-2460) in the WO3/GO 0.1 composite shifts towards 
higher angles compared with that of pure WO3, indicating 
the slight lattice contraction of WO3. When the amount of 
GO increases to 0.2 and 0.3 wt%, the diffraction peaks of 
the WO3/GO 0.2 and WO3/GO 0.3 composites correspond 
to another hexagonal WO3 phase (PDF#33-1387), implying 

a gradual change of the crystal phase of WO3. These results 
reveal that the addition of nanoscale GO sheets during the 
solvothermal synthesis of WO3 could influence the crystal 
phase by changing the crystallization behaviors and kinet-
ics of WO3. The added GO possesses oxygen-containing 
functional groups on its surface, which greatly enhances the 
interaction between the outermost oxygen of WO3 and the 
oxygen functional groups on the surface of GO [34, 35], 
and consequently influences the lattice and crystallinity of 
WO3 as mentioned in literatures [34–36]. As compared the 
crystallization of the WO3/GO composites with pure WO3, 
the GO as a template in the solvent will strengthen the reac-
tions among the components or ions. The addition of GO is 
beneficial for anchoring the components or ions to combine 
and react on the surface of GO, which promotes the syn-
thesis and the crystallization of the composite. Besides, as 
shown from the XRD pattern of pure GO, the diffraction 
peak of (002) for GO located at 10.2° is not a sharp peak, 
which locates at a lower peak position by comparing with 
those at 10.8° for the GO in some literatures [34, 37]. The 
diffraction peak of the XRD pattern of GO is in terms of its 
interlayer spacing, relating to the sheet size and the degree 
of oxidation. The smaller sheet size of nanoscale GO will 
lead to the less overlap of the sheet, and then lead to the less 
sharp of the diffraction peak at 10.2°. The higher oxidation 
degree of GO will bring in more interlayer groups, enlarge 
the interlayer spacing and cause the shift of the diffraction 
peak towards the lower peak position. Therefore, this result 
confirms that the GO used in this work are nanoscale sheets 
with a high oxidation degree and a large amount of groups 
(such as oxygen-containing groups) in the interlayers of the 
GO. This characteristic will influence the growth of WO3. 
In addition, the diffraction peak of (002) of the adopted GO 
at 10.2° is not observed in the WO3/GO film that may due 
to the low content of GO in it.

SEM and HRTEM were carried out to study the mor-
phologies of the prepared WO3/GO 0.2 and pure WO3. 
Figure 2 shows the SEM images of the prepared pure WO3 
at low (Fig. 2a) and high (Fig. 2b) magnifications. The 
pure WO3 sample exhibits nanorods (NRs) structure with 
the diameter of approximately 33–47 nm and the length 
of approximately 190 nm. During the synthesis of WO3, 
the sulfate ions will be adsorbed on the crystal faces paral-
leled to the c-axis of WO3 to form WO3 NRs [32]. Figure 3 
shows the SEM image, TEM images and HRTEM images 
of the prepared WO3/GO 0.2 composite. The results sug-
gest that the WO3/GO composite grow in the form of 
nanothorn clusters. The high-magnification TEM images 
and the HRTEM images of the WO3/GO 0.2 composite 
confirm that the WO3 NRs were refined and agglomerated 
to form nanothorn clusters compared with the pure WO3. 
In Fig. 3e, it can be seen that the WO3 were anchored 
growing on GO slice layer. The diameter and length of an 

Fig. 1   XRD patterns of the prepared pure GO, pure WO3 and WO3/
GO composites
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individual WO3 nanothorn in the WO3/GO 0.2 composite 
are approximately 4.8 nm and 70 nm, respectively, which 
are much smaller than those of the pure WO3. In Fig. 3f, 
the lattice fringe of 0.632 nm and 0.384 nm can be indexed 
as the (100) and (002) planes of hexagonal WO3, respec-
tively [33]. The lattice fringe of 0.384 nm in Fig. 3f indi-
cates that WO3 grew in parallel along the [002] direction 
to form nanothorn [38]. GO slice layer not only provides 
the nucleation sites for the growth of WO3 grains, but also 
restrains the growth of the WO3, resulting in the forma-
tion of much shorter WO3 nanothorn for the WO3/GO 0.2 
composite compared with pure WO3. During the prepara-
tion process, W6+ was firstly adsorbed on the surface of 
GO slice by electrostatic interaction, and then, the WO3 
nanothorns were generated via in-situ condensation and 
dehydration via the alcoholysis process. The electrostatic 
adsorption property of GO with oxygen-containing func-
tional groups can induce the WO3 nanothorns to aggregate 
in the form of clusters; each cluster comprises many small 
nanothorns with uniform length and width.

XPS measurements were performed to determine the 
chemical compositions and the valence states of the com-
ponents for the prepared WO3 and WO3/GO 0.2 composite, 
and the relevant results are shown in Fig. 4. Figure 4a shows 
the W4f XPS core level spectra. The binding energy peaks 
of pure WO3 locate at 34.4 and 36.5 eV, respectively, which 
correspond to the typical binding energies of W5+ oxidation 
states. The binding energy peaks of the WO3/GO 0.2 com-
posite are found at 36.2 and 38.4 eV, which are attributed 
to the spin-orbit splitting of the W4f components (W4f7/2 
and W4f5/2) and are consistent with those of tungsten (VI) 
[39, 40]. The XPS results indicate that the oxidation state 
of W in WO3 transfers from W5+ to W6+ due to the addi-
tion of GO. The oxygen-containing functional groups on the 
surface of GO contribute to the interaction between WO3 
and GO sheets [41], which may sustain the valence state 
of W with W6+. Figure 4b shows the C1s XPS core level 
spectra. The main peak at the binding energy of 284.8 eV 
is attributed to the non-oxygenated C–C and C=C bonds. 
The high-resolution C1s XPS spectrum of the WO3/GO 0.2 

Fig. 2   a The low-magnification 
SEM image and b the high-
magnification SEM image of 
the prepared pure WO3

Fig. 3   a SEM image, b, c TEM images and d, e, f HRTEM images of the prepared WO3/GO 0.2 composite
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composite can be deconvolved into two peaks corresponding 
to C atoms in the C–O bonds at 286.2 eV and the C–C bonds 
at 284.8 eV due to the presence of GO [42, 43]. C peak is 
not observed at around 281 eV, indicating that the potential 
carbide species, such as WC, are not presented in the WO3/
GO 0.2 composite [44].

Raman spectroscopy is a useful technique for distinguish-
ing the order structure and the reduction degree of GO lay-
ers and GO-based materials [42, 45]. Therefore, the Raman 
spectra of GO and the prepared WO3/GO composites were 
measured and the results are shown in Fig. 5. As expected, 
the pure GO has two peaks located at around 1351 and 
1599 cm−1, corresponding to the D and G peaks of hexago-
nal carbon-type structure of graphene, respectively. The G 
band peak at around 1599 cm−1 is the characteristic peak 
of graphitic sheets due to the C–C vibrations of the carbon 
with a sp2 orbital structure, while the D band at 1351 cm−1 is 
related to the defects/disorders vibration of the C–C bond 
[46–48]. Based on the results shown in Fig. 5, the intensity 
ratios of D peak to G peak, ID/IG, for WO3/GO 0.1, WO3/GO 
0.2 and WO3/GO 0.3 are 1.51, 1.43 and 1.20, respectively. 
The higher the value of ID/IG is, the higher the reduction 
degree of GO achieves [42, 45], and thus, the value of ID/IG 
is usually used to evaluate the reduction degree of GO. The 
values of ID/IG in the prepared WO3/GO 0.1 and WO3/GO 
0.2 composites are higher than that of GO (1.33), reveal-
ing that the GO was partly reduced after the solvothermal 
process during the growth of WO3. Therefore, the Raman 
results suggest that the GO has been partially reduced into 
rGO [34]. The higher reduction degree of GO is beneficial 
to the charge transfer in the WO3/GO composite. When the 
amount of GO increases to 0.3 wt%, the ID/IG (1.20) are 
lower than that of the untreated GO. This may be due to the 

excessive addition of GO, which induces the agglomeration 
and accumulation of GO in the composite.

3.2 � The sustained photoelectrochemical cathodic 
protection performance of the prepared WO3/
GO–TiO2 system

Firstly, in order to analyze the effect of GO on the electri-
cal properties of WO3, the EIS plots of the WO3 and WO3/
GO 0.2 thin-film photoelectrodes were measured in 0.1 M 
Na2SO4 and the results are shown in Fig. 6. The equivalent 
electrical circuit employed for fitting the obtained EIS plots 
was inserted in Fig. 6. In the equivalent circuit, Rs was the 
solution resistance; Q represents the constant phase angle 
element, its impedance is equal to (Y0(jω)n)−1, where ω is 

Fig. 4   High-resolution XPS spectra of a W4f and b C1s for the prepared pure WO3 and WO3/GO 0.2 composite

Fig. 5   Raman spectra of the prepared WO3/GO composites and pure 
GO
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the ac-voltage angular frequency (rad s−1), and Y0 and n 
are the frequency-independent parameters. Qc and Rf are 
the capacitance and resistance of the surface film, respec-
tively. Qdl and Rct are the double layer capacitance and the 
charge transfer resistance of the electrochemical reactions 
occurred at the film/FTO substrate interface, respectively. 
As shown in Fig. 6, the measured data are the dots with 
different symbols, while, the solid lines are the fitted results 
using the provided equivalent circuit. The measured data 
are fitted very well. Table 1 shows the fitted parameters of 
the EIS data. Rf is decreased in the order of Rf(WO3/GO 
0.2) < Rf(WO3), suggesting that the resistance of the WO3 
was decreased after the hybridization with GO. This result 
reveals that the hybrid structure of WO3/GO 0.2 facilitates 
the electron transfer among the charge collector of WO3, 
demonstrating that the addition of GO nanosheets enhances 
the conductivity of the WO3/GO composites.

The sustained photoelectrochemical cathodic protection 
performance of a photoelectric conversion energy storage 
material mainly depends on the ability of supplying elec-
trons to the coupled metals to be protected after the light is 
shut off. WO3 majorly acts as an electron storage material. 
However, single WO3 cannot offer enough photoinduced 

electrons to the coupled metals under white light illumina-
tion because the conduction band of WO3 is not more nega-
tive enough than the work function of the coupled metals. 
TiO2 is a typical semiconductor material with good photo-
electrochemical cathodic protection performance and it can 
offer a lot of electrons to the coupled metals under white 
light illumination. Unfortunately, it does not possess the 
electron storage function. Therefore, WO3 are often adopted 
to assist TiO2 for the purpose of achieving the ability for 
storing up the photoinduced electrons [12, 13].

The cathodic protection current densities of the prepared 
composite photoelectrodes immersed in 3.5 wt% NaCl for 
the galvanic coupled 304 SS electrode under intermittent 
white light illumination are shown in Fig. 7a. The cathodic 
protection current densities under white light illumination 
are positive, indicating that the photoinduced electrons gen-
erated by the photoelectrodes could transfer to the coupled 
304 SS electrode. Thus, the photoelectrochemical cathodic 
protection derived from the prepared composite photoelec-
trodes for 304 SS has been achieved due to the reaction of 
the transferred photogenerated electrons with the dissolved 
oxygen in NaCl solution on the 304 SS surface. Figure 7b 
shows the local enlarged drawing of the rectangular area in 
Fig. 7a, from which it can be clearly observed that the values 
of the cathodic protection current densities of the prepared 
photoelectrodes for the galvanic coupled 304 SS electrode 
after the light was switched off for 100 s in the third cycle 
of the light on and off. The corresponding values of current 
density in the third cycle of the light on and off in Fig. 7a 
after 100-s illumination (I1) and after the light was switched 
off for 100 s (I2) were shown in Table 2. The current densi-
ties (I1) after 100-s illumination of the WO3–TiO2–304 SS 
and WO3/GO–TiO2-304 SS systems are lower compared 
to that of TiO2-304 SS, which are attributed to the injec-
tion of some photoinduced electrons generated by TiO2 to 
WO3 or to WO3/GO. While, the electrons generated by pure 
TiO2 coupled with 304 SS cannot be stored up. Notably, the 
current densities of the WO3/GO–TiO2 system drop much 
slower comparing to that of pure TiO2 in the dark when the 
white light was switched off.

The smaller the current density drop rate after shutting 
off the light is, the better the sustained photoelectrochemical 
cathodic protection performance is. As shown in Fig. 7a, b, 
the current drop rate of the WO3/GO–TiO2 system is signifi-
cantly decreased with the increase of the GO concentration 

Fig. 6   The EIS plots of the prepared pure WO3 and WO3/GO 0.2 
photoelectrodes in 0.1 M Na2SO4

Table 1   Fitted parameters of the EIS data shown in Fig. 6

Rs(Ω cm2) Qc Rf(Ω cm2) Qdl Rct(Ω cm2)

(Yoc) (Ω−1 cm−2 S−n) n1 (Yodl) (Ω−1 cm−2 S−n) n2

WO3 62.2 7.69 × 10− 5 0.8027 11,800 2.19 × 10− 4 0.7692 59,910
WO3/GO 51.84 1.17 × 10− 4 0.803 5703 3.39 × 10− 4 0.955 6519
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from 0 to 0.2 wt%. However, further increase of the GO 
mass ratio from 0.2 to 0.3 wt% results in higher current drop 
rates of the WO3/GO–TiO2 system. From the perspective 
of the sustained photoelectrochemical cathodic protection, 
high sustained current density after shutting off the light 
indicates the desirable sustained cathodic protection per-
formance, that is, the larger the value of I2 in Table 2 is, the 
better the sustained cathodic protection performance of the 
system is. When the mass ratio of GO in the WO3/GO com-
posite is 0.2 wt%, the WO3/GO–TiO2 system exhibits the 
highest sustained galvanic current density (5.60 µA cm−2) 

Table 2   The current densities of the galvanic coupling between the 
304 SS electrodes and the prepared photoelectrodes after 100-s illu-
mination (I1) and the corresponding current densities after the light is 
switched off for 100 s (I2) in the third cycle of the light on and off in 
Fig. 7a

current 
density / 
µA cm−2

WO3–
TiO2-304 
SS

WO3/GO 
0.1-TiO2-
304 SS

WO3/GO 
0.2-TiO2-
304 SS

WO3/GO 
0.3-TiO2 
-304 SS

TiO2-304 
SS

I1 21.01 28.09 25.95 33.2 33.28
I2 3.58 5.15 5.60 3.42 -3.31

Fig. 7   a The photoinduced current densities between the prepared 
TiO2, WO3–TiO2 or WO3/GO–TiO2 thin-film photoelectrode and the 
304 SS electrode, b the local enlarged drawing of the rectangular area 
in (a); c the photoinduced potential variations of the coupled thin-film 

photoelectrode with the 304 SS electrode under intermittent white 
light illumination, d the local enlarged drawing of the rectangular 
area in (c)
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after switching off the light, demonstrating that WO3/GO 
0.2-TiO2 possesses the optimal sustained photoelectrochemi-
cal cathodic protection performance. The hybrid structure 
in WO3/GO 0.2-TiO2 system constructed by WO3 and GO 
benefits the transfer and storage of the photoinduced elec-
trons in the WO3/GO composite.

Figure 7c shows the corresponding variations of the 
mixed potentials of the 304 SS electrodes coupled with the 
photoelectrodes under intermittent white light illumination. 
The mixed potentials of all the coupled electrodes nega-
tively shift immediately once the white light is switched on. 
When the white light is switched off, the mixed potentials 
positively shift immediately and gradually move towards 
their initial values. The negative shift of the mixed potential 
under white light illumination is caused by the injection of 
the photoinduced electrons generated by the semiconduc-
tor materials into the coupled 304 SS. Figure 7d shows the 
local enlarged drawing of the rectangular area in Fig. 7c, in 
which can be clearly depicted the values of the mixed poten-
tials of the galvanic coupling of the 304 SS electrode and 
the prepared photoelectrodes after the light was switched 
off for 100 s in the third cycle of the light on and off. The 
corresponding photoinduced potentials after 100-s illumi-
nation (E1) and the corresponding mixed potentials in the 
third cycle of the light on and off in Fig. 7c after the light 
was switched off for 100 s (E2) were shown in Table 3. Here, 
the photoinduced potential (E1) is the value of the galvanic 
couple between the 304 SS electrode and the photoelectrode 
after 100-s illumination in the third cycle of the light on and 
off. In Table 3, although the TiO2-304 SS coupling shows 
the most negative photoinduced potential (− 0.62 V), the 
potentials of TiO2-304 SS will return to its initial values 
in the fastest speed after shutting off the light among the 
couples investigated because of the absence of the elec-
trons storage property of pure TiO2. In addition, although 
WO3–TiO2 exhibits the lowest returning speed of the mixed 
potential after shutting off the light, the photoinduced poten-
tial of WO3–TiO2-304 SS is the smallest (− 0.4 V) under 
light illumination, which makes it be unacceptable for the 
application in the field of the photoelectrochemical cathodic 
protection. The low returning speeds of the mixed potentials 
of WO3–TiO2-304 SS or WO3/GO–TiO2-304 SS systems 
are due to the electron storage property of the WO3. For 

the WO3–TiO2-304 SS or WO3/GO–TiO2-304 SS system 
under light illumination, some of the photoinduced electrons 
generated by TiO2 transfer to the coupled 304 SS, and the 
excessive photogenerated electrons are injected and stored 
in the WO3 or WO3/GO composite. Simultaneously, W6+ 
is reduced to W5+ or W4+ by the photoinduced electrons 
generated by TiO2, and the Na+ and H+ are inserted into 
WO3 to form tungsten bronze type structure of HxWO3 or 
NaxWO3, resulting in the storage of the photogenerated elec-
trons. When the light is switched off, the stored electrons 
in tungsten bronze will be released and transferred to the 
coupled 304 SS, leading to the retarded rise of the mixed 
potential. Additionally, the electric conductivity of pure 
WO3 is relatively low, and the photogenerated electrons 
cannot efficiently transfer and be stored in it, leading to the 
generation of the smallest photoinduced potential (− 0.4 V) 
of the coupling of WO3–TiO2-304 SS in the presence of 
light illumination. Conversely, the WO3/GO–TiO2 systems 
could transfer more photoinduced electrons to WO3 with the 
assistance of PRGO and react with the multivalent W ions, 
resulting in the storage of more photoinduced electrons than 
that of the WO3–TiO2. Therefore, the photoinduced potential 
of WO3/GO 0.1-TiO2-304 SS, WO3/GO 0.2-TiO2-304 SS 
and WO3/GO 0.3-TiO2-304 SS are enhanced (more nega-
tive) under light illumination compared to WO3–TiO2-304 
SS (− 0.4 V), as shown in Fig. 7c; Table 3.

After the light is switched off for 100 s in the third cycle 
of the light on and off, the mixed potential of WO3/GO 0.2-
TiO2-304 SS (− 0.419 V) is more negative than those of the 
other systems. According to the photoinduced potential and 
the potential returning speed after switched off light, WO3/
GO 0.2-TiO2-304 SS not only shows an enhanced photoin-
duced potential (− 0.465 V) under light illumination, but 
also performs a lower returning speed after shutting off the 
light compared with those of other systems. Therefore, the 
WO3/GO 0.2 composite offers an optimal sustained photo-
electrochemical cathodic protection for 304 SS after shut-
ting off the white light. The synergistic action for electrons 
storage in WO3/GO 0.2 hybrid composite will come up to an 
optimal extent with the ratio of 0.2 wt% GO. With respect 
to the further increase of the GO mass ratio to 0.3 wt%, 
the returning speed of the mixed potential of the WO3/GO 
0.3-TiO2-304 SS becomes faster than that of the WO3/GO 

Table 3   The photoinduced potentials of the galvanic couple of the 304 SS electrode and the photoelectrode after 100-s illumination (E1), and the 
corresponding mixed potentials after the light is switched off for 100 s (E2) in the third cycle of the light on and off in Fig. 7c

Potential/V (vs. Ag/
AgCl)

WO3–TiO2-304 SS WO3/GO 0.1-TiO2-
304 SS

WO3/GO 0.2-TiO2-
304 SS

WO3/GO 0.3-TiO2-
304 SS

TiO2-304 SS

E1 − 0.4 − 0.465 − 0.465 − 0.508 − 0.620
E2 − 0.333 − 0.366 − 0.419 − 0.370 − 0.319
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0.2-TiO2-304 SS. This is caused by the high electron trans-
port characteristic of partly reduced GO, and the excessive 
GO will accelerate the release of electrons in WO3 in the 
dark, which is unexpected.

Besides, the variations in the mixed potential of the 304 
SS electrode coupled with the single WO3/GO 0.2 photo-
electrode (i.e., WO3/GO 0.2–304 SS) under initial 350-s 
illumination by white light and subsequently > 2000s in the 
dark was also measured and the results are shown in Fig. 8. 
The single WO3/GO 0.2 can only offer 74 mV photoinduced 
potential drop for the coupled 304 SS electrode under white 
light illumination because it cannot charge itself efficiently 
without the aid of TiO2. Thus, the single WO3/GO 0.2 can-
not offer an efficient photoinduced cathodic protection and 
sustained cathodic protection for 304 SS in 3.5 % NaCl under 
and after white light illumination. In addition, the open cir-
cuit potential of 304 SS in 3.5 % NaCl was also given in 
Fig. 8 for comparison, which is stabilized at − 0.187 V vs. 
Ag/AgCl.

Fig. 8   Variations in the mixed potentials of the 304 SS electrode cou-
pled with the single WO3/GO 0.2 photoelectrode as well as the poten-
tials of the 304 SS electrode without protection under initially 350-s 
illumination by white light and subsequently > 2000s in the dark

Fig. 9   Proposed mechanism of the enhanced sustained photoelec-
trochemical cathodic protection performance of WO3/GO 0.2-TiO2 
for 304 SS. The left part a shows the photoelectrochemical cathodic 
protection of WO3/GO 0.2-TiO2 for 304 SS under white light illumi-
nation. The right part b shows the sustained protection of WO3/GO 

0.2-TiO2 for 304 SS after shutting off the white light illumination. 
(ECB for WO3 = 0.543  V vs. Ag/AgCl. EVB for WO3 = 3.243  V vs. 
Ag/AgCl. Redox potential for O2/H2O is 1.032 V vs. Ag/AgCl. The 
Fermi level of 304 SS is approximately − 0.1 V vs. Ag/AgCl.)
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3.3 � Promotion mechanism of the sustained 
photoelectrochemical cathodic protection 
performance of the WO3/GO 0.2‑TiO2 system 
after light illumination

Figure 9 illustrates the proposed mechanism for interpreting 
the enhanced electron storage performance and sustained 
photoelectrochemical cathodic protection performance of 
the WO3/GO 0.2-TiO2 system. Under white light illumina-
tion, the electrons in the valence band of TiO2 are excited to 
its conduction band and the photoinduced electrons are gen-
erated. Meanwhile, the electrons in the valence band of WO3 
are also excited to its conduction band to generate the pho-
toinduced electrons. Since the Fermi levels of WO3 and 304 
SS are more positive than the quasi-Fermi level of the pho-
togenerated electrons on TiO2, some of the photogenerated 
electrons will transfer to the coupled 304 SS electrode and 
offer the photoelectrochemical cathodic protection for it. The 
excess photogenerated electrons will transfer to WO3 and be 
stored in it. Simultaneously, the Fermi level of WO3 moves 
upward (i.e., shift negatively). The remaining holes will be 
captured by H2O in the surrounding electrolyte to gener-
ate O2. More importantly, according to the SEM results, 
WO3 NRs have been shortened to form nanothorn clusters 
after the addition of GO. The nanothorn cluster structure 
increases the contact areas of WO3 with charges, as well as 
facilitates electrolyte to diffuse into the inner of WO3, and 
thus promotes the charging reaction in WO3. As illustrated 
in Fig. 9, the photogenerated electrons will transfer to WO3/
GO 0.2 to achieve the charging reaction. The refinement of 
WO3 for WO3/GO 0.2 hybrid structure provides more stor-
age spaces for the electrons, and ensures that a larger amount 
of photogenerated electrons are stored in the WO3/GO 0.2 
hybrid composite under light illumination. Then the Fermi 
level of WO3/GO 0.2 moves to the more negative potential 
compared to that of WO3. Ultimately, this enhances the sus-
tained releasing electrons performance for a long time in the 
dark. The stored photogenerated electrons in WO3/GO 0.2 
will be released to provide the sustained photoelectrochemi-
cal cathodic protection for the coupled 304 SS once shutting 
off the light.

4 � Conclusions

In the present paper, the role of nanoscale GO on the 
growth and the electron storage performance of WO3 was 
studied. With the addition of nanoscale GO, the lattice of 
WO3 contracted slightly and the crystallinity of WO3 was 
enhanced. The WO3 nanothorn clusters were formed in 
the WO3/GO composite when the GO adding amount is 

0.2 wt%. The SEM and HRTEM results indicate that the 
growth of WO3 will be anchored on the GO sheets and 
leads to the formation of nanothorn clusters for the WO3/
GO 0.2 composite compared with pure WO3. Then, the 
WO3 in the WO3/GO 0.2 composite are refined and grow 
in the form of nanothorn clusters. The refinement of WO3 
provides more contact areas and more storage spaces for 
the photogenerated electrons, ensuring a larger amount of 
the electrons are stored in the WO3. Besides, the formed 
hybrid structure of the WO3/GO composite promotes the 
transfer and storage efficiency of the electrons in the WO3/
GO 0.2 composite. When WO3/GO 0.2 was coupled with 
TiO2, the WO3/GO 0.2-TiO2 system exhibited an enhanced 
sustained photoelectrochemical cathodic protection perfor-
mance for the coupled 304 SS after shutting off the white 
light. More photogenerated electrons formed on TiO2 can 
be stored in the WO3/GO 0.2 composite under the white 
light illumination, and then continue to inject to the cou-
pled 304 SS electrode after shutting off the white light. 
The WO3/GO 0.2 composite is a promising material for the 
application in the field of sustained photoelectrochemical 
cathodic protection for metals.
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