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Abstract: S-scheme heterojunction has been extensively investigated for hydrogen evolution and environmental 

pollution issues. In this study, a monoclinic WO3/hydrothermally treated red phosphorus (HRP) S-scheme 

composite was prepared by hydrothermal method. XPS and EPR characterization confirmed that the monoclinic 

WO3/HRP composite formed S-scheme heterojunction. 5%WO3/HRP composite displayed the optimal 

photocatalytic activity under visible light irradiation, and its degradation rate of Rhodamine B (RhB) reached 97.6% 

after 4 min of visible light irradiation, while its hydrogen evolution rate reached 870.69 μmol·h–1·g–1 which was 

3.62 times of that of pure HRP. This could be ascribed to the tight interfacial bonding between WO3 and HRP, and 

the formation of S-scheme heterostructure, enabling rapid separation of photogenerated carriers and therefore 

improving the strong redox capacity. This study provided a promising RP-based photocatalyst to meet the demand 

for clean energy and drinking water. 
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Red phosphorous (RP) is one of the most abundant, 
inexpensive, less toxic, and easily available materials[1-3]. 
It possesses strong visible light absorption, and has great 
potential for photocatalytic applications[4]. However, the 
photogenerated electron and hole are easily recombined 
in photocatalytic efficiency, which greatly limits its 
application because of RP large particle size and agg-
lomeration[5]. RP is combined with other semiconductor 
material to construct heterojunction, which can effec-
tively overcome the above disadvantages and improve 
the photocatalytic activity[6], such as SnO2/RP[7], Bi2O3/RP[8], 
Bi2O2CO3/RP[9], g-C3N4/RP[10] and Bi2Fe4O9/RP[11]. The-
refore, it is necessary to find suitable semiconductor 
matching RP to build heterojunction. 

Tungsten trioxide (WO3), as a typical n-type semicon-
ductor with narrow bandgap energy (2.4–2.8 eV)[12], was 
widely used in the management of environmental 
remediation[13]. Although remarkable advances have been 
made, the narrow band gap of WO3 also causes fast 
recombination rate of photo-induced charges, leading to 

poor photocatalytic activity[14-15]. Compared with pure 
WO3 and RP, WO3/RP composite showed better hyd-
rogen evolution, which could reduce the recombination 
of charge carriers[16]. However, WO3/RP composites via 
a low temperature calcination method led to aggregation 
and decrease of the active sites of RP. 

In this study, the WO3/HRP S-scheme heterojunction 
was constructed through hydrothermal treatment. The 
photocatalytic performance was estimated by photo-
catalytic organic degradation and hydrogen evolution. 
Finally, the S-scheme heterojunction photocatalytic me-
chanism of WO3/HRP composites was directly evidenced 
by in situ X-ray photoelectron spectroscopy (XPS) and 
electron paramagnetic resonance (EPR) results.  

1  Experimental 

1.1  Preparation of WO3/HRP composite 
Preparation of WO3: Na2WO4·2H2O (60.63 mmol·L–1) 

was dissolved in 50 mL of ultrapure water, then 0.9 mL 
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of lactic acid was dropped into the solution and stirred 
for 15 min. Subsequently, pH of solution was adjusted to 
1.0 using 6.0 mol·L–1 HCl. The solution was stirred for 

30 min, and heated at 120 ℃ for 12 h, centrifuged. The 

obtained samples were washed with deionized water, 

dried at 60 ℃ for 5 h, and then calcined at 500 ℃ for 2 h. 

Preparation of WO3/HRP composites: HRP was 
treated according to Ref.[17]. The composite with HRP 
was obtained based on WO3 mass fraction (3%, 5% and 
7%), and the solution was hydrothermally treated at 

150 ℃ for 4 h, centrifuged and washed for several times, 

and freeze-dried for 18 h to obtain WO3/HRP composite 
and marked as 3%WO3/HRP, 5%WO3/HRP, and 7%WO3/HRP, 
respectively. 

1.2  Photocatalytic pollutant degradation 
A 300 W Xe lamp (UV light was cutoff-filtered, 

140 mW/cm2) was used, and RhB was used as target 
pollutant. 5 mg photocatalyst was added into 20 mL RhB 
solution (10 mg·L–1), and then stirred in dark for 30 min 
to ensure absorption-desorption equilibrium. During the 
irradiation process, the suspension was removed every 
1 min for centrifugation and the absorbance of the resi-
dual RhB solution was determined by UV-Vis spectro-
photometer at the maximum absorption wavelength 
(λmax=554 nm). 

1.3  Photocatalytic hydrogen evolution 
Photocatalytic hydrogen production was carried out by 

using a 300 W Xe lamp (UV light was cutoff-filtered, 
140 mW/cm2). The generated hydrogen was in situ dete-
cted periodically using an online gas chromatography 
(GC-7900) with a thermal conductivity detector. 50 mg 
photocatalyst was dispersed in 80 mL solution containing 
Na2SO3 (0.35 mol·L–1) and Na2S (0.15 mol·L–1) as the 
sacrifice agent, and the suspension was magnetically 
stirred under visible light irradiation. 

2  Results and discussion 

2.1  Photocatalyst characterization 
The crystal structures of the HRP, WO3 and 

5%WO3/HRP composite were analyzed by XRD patterns 
(Fig. 1). For pure HRP, the characteristic diffraction peak 
at 2θ=14.9° corresponded to (102) crystal plane, consi-
stent with the reported results in the literature[17]. The 
characteristic peaks of WO3 indexed at 2θ=22.8°, 24.1°, 
and 33.9° correspond to the planes (002), (020) and (200) 
facets (JCPDS 83-0951), according to the lattice para-
meters of monoclinic tungsten oxide[18-20]. For 
5%WO3/HRP composite, the diffraction peaks of the 
HRP and WO3 were obviously present. 

The surface chemical compositions of all samples  

 
 

Fig. 1  XRD patterns of HRP, WO3 and 5%WO3/HRP composite 
 

were characterized by FT-IR spectroscopy (Fig. S1). For 
pure HRP, the vibration absorption of the P–P–O, P–O 
and P=O bond located at 1008, 1178 and 1641 cm–1, 
which was consistent with the characteristic absorption 
peaks of RP[21]. For pure WO3, the absorption peaks at 
956, 823 and 753 cm–1 were referred to W=O, O–W–O 
and W–O–W bonds[22]. The characteristic peaks of WO3 
and HRP functional groups were presented in the FT-IR 
spectrum of 5%WO3/HRP, indicating the coexistence of 
WO3 and HRP in the composite. 

The morphologies of as-prepared samples were exa-
mined by SEM. HRP removed impurities from the 
surface of commercial RP, and its surface existed mic-
ropore (Fig. S2(a, d)). The typical morphology of WO3 
was rectangular nanoplates with a certain thickness 
(Fig. S2(b, e)). 5%WO3/HRP composite revealed a large 
number of loose particles, which facilitates the improved 
light adsorption, and also provides abundant spaces for 
the anchoring of other particles (Fig. S2(c, f)). Further-
more, the basic elements of W, O, and P were present in 
the WO3/HRP composite (Fig. S2(g, h). Thus, HRP and 
WO3 coexisted in the WO3/HRP composites. 

The crystal structure and lattice orientation of each 
sample were further investigated through TEM. HRP sur-
face was amorphous, and tiny folded, which was favor-
able to its surface adsorption properties (Fig. 2(a, b)). 
The WO3 nanostructure exhibited regular sheet-like 
morphology structure, which was consistent with the 
SEM results (Fig. S2(c)). The lattice size was 0.37 nm 
that matched the distance (020) planes of monoclinic 
WO3 structure, according to the lattice parameters of 
monoclinic WO3 (JCPDS 83-0951)[18]. TEM images of 
5%WO3/HRP showed that there was an additional layer 
of homogeneous WO3 on the surface of HRP and closely 
connected to each other, avoiding aggregation of HRP 
and forming a heterogeneous structure that facilitates 
interfacial charge transfer (Fig. 2(e, f)).  

XPS survey spectra were conducted to investigate the 
chemical compositions and bonding configurations of the 
samples[23]. C, O, P and W were present in the composite  
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Fig. 2  TEM images of (a, b) HRP, (c, d) WO3 and 
(e, f) 5%WO3/HRP composite 

 

(Fig. S3(a)). The high-resolution P2p spectrum of HRP 
(Fig. 3(a)) was deconvoluted into two peaks at 129.82 
and 130.61 eV, corresponding to P2p3/2 and P2p1/2, resp-
ectively, and the binding energy peak at 134.19 eV 
corresponded to P–O bond, indicating the presence of 
phosphorus oxides on the surface of HRP. While in 
5%WO3/HRP composite, the P–O bond disappeared and 
the binding energies of the P2p3/2 and P2p1/2 were shifted 
towards higher binding energy, 130.12 and 130.97 eV, 
respectively, indicating that combination can prevent 
further oxidation of HRP. The W4f region of WO3 
(Fig. 3(b)) was divided into two peaks at 35.52 and 
36.33 eV, assigned to W4f5/2 and W4f7/2 orbitals of W5+. 
Another two peaks at 37.66 and 38.32 eV were corres-
ponded to the W4f5/2 and W4f7/2 orbitals of W6+. W5+ was 
derived from the unsaturated W–O bonds on the surface 
of WO3. The presence of W5+ indicated the exfoliation of 
bulk WO3 into ultrathin WO3 nanosheets. The binding 
energy at 41.63 eV was associated with W5f3/2

[24]. While, 
the binding energies of W4f5/2 and W4f7/2 in the 
5%WO3/HRP composite shifted to low binding energy, 
and the ratio of W6+/W5+ increased, which facilitated its 
energy conversion. Thus, when HRP was closely con-
tacted with WO3, the electrons could flow into WO3 from 
HRP though the interface. Therefore, the heterojunction 
was formed between WO3 and HRP, leading to strong 
electronic interaction. 

 
 

Fig. 3  (a) P2p and (b) W4f XPS spectra of samples 
 

2.2  Photocatalytic performance 
2.2.1  Photocatalytic degradation 

The photodegradation performance of these catalysts 
was tested under visible light irradiation with RhB as the 
target pollutant (Fig. 4(a)). The equilibrium state of 
adsorption-desorption between the photocatalyst and the 
target pollutant was achieved after 30 min of reaction in 
the dark. Obviously, WO3/HRP composites showed better 
adsorption capacity for RhB. Under visible light condi-
tion, the photodegradation performance of WO3/HRP 
composites were higher than those of HRP and WO3, and 
5%WO3/HRP composite was demonstrated the highest 
photocatalytic activity, and its removal rate reached 
97.6% after 4 min. However, with further increasing of 
the WO3/HRP ratio, the photocatalytic performance dec-
reased since the excess WO3 hinder the transfer of photo-
generated carriers and reduce the exposure of active sites. 

The photodegradation reactions of RhB in the synth-
esized samples conformed to the pseudo-first-order reac-
tion model (Fig. 4(b)): 

 ln(Ct/C0′) = −kt    (1) 
where k is the rate consistent (min−1), C0′ is the con-
centration of pollutants in the equilibrium of adsorption- 
desorption, and Ct is the concentration of contaminants 
for the remaining time after irradiation. The k of HRP, 
WO3, 3%WO3/HRP, 5%WO3/HRP and 7%WO3/HRP 
were 0.17, 0.01, 0.68, 0.75 and 0.69 min–1, respectively. 
Among them, the k of 5%WO3/HRP composite was high-
est, which was 4.5 and 75 times of those of HRP and 
WO3. Therefore, the formation of heterojunction  



704 无 机 材 料 学 报 第 38 卷 
 

 
 

    

  

 
 

Fig. 4  (a) Photodegradation curves, (b) rate curves, and (c) hydrogen production rates of HRP,  
WO3, 3%WO3/HRP, 5%WO3/HRP, and 7%WO3/HRP composites 

 

could enhance the photocatalytic activity. Furthermore, 
after five cycles of photocatalytic degradation of RhB, 
5%WO3/HRP composite still had high photocatalytic 
activity (90.4%), showing good stability with practical 
application potential. 

2.2.2  Photocatalytic hydrogen evolution 
The photoreduction ability of HRP, WO3 and WO3/HRP 

composites were examined by photocatalytic water 
splitting into hydrogen. HRP possessed a relatively low 
photocatalytic activity with hydrogen production rate of 
240.5 μmol·h–1·g–1, and the pure WO3 was almost absent, 
whereas a sharp increase in the rate of hydrogen produ-
ction was observed in the WO3/HRP composite 
(Fig. 4(c)). Fascinatingly, the hydrogen evolution rate of 
5%WO3/HRP composite was 870.69 μmol·h–1·g–1, which 
was 3.62 times of that of pure HRP. The apparent 
quantum efficiency (AQE) was calculated according to 
the following formula[26]: 

 AQE= (2·NA·M)/(Eλ/(hc))×100%   (2) 
Where NA is the Avogadro’s constant (6.02×1023 mol–1), 
M is the average H2 generation rate (mol·s–1), E is power 
of lamp source, h is the Plank’s constant (6.626×10–34 J·s), 
λ is the excitation wavelength, and c is the speed of light 
(3.0×108 m·s–1).  

AQE of 5%WO3/HRP composite was calculated to be 
11.61%. Further increasing the amount of WO3 beyond 
5% lead to a decrease in photocatalytic hydrogen evolu-
tion rate, which could originate from shielding of the 

light absorption by excess amount of WO3. Therefore, 
appropriate WO3 content had a remarkable effect on the 
activity enhancement of WO3/HRP composite.  

The above RhB photodegradation and photocatalytic 
hydrogen evolution results exhibited that the 5%WO3/ 
HRP composite possessed superior photocatalytic acti-
vity. The introduction of appropriate WO3 content inhi-
bits the overgrowth and agglomeration of HRP, and the 
heterojunction between WO3 and HRP promotes the 
separation of electrons and holes and accelerates the 
carrier migration. 

2.3  Catalyst mechanism analysis 
The optical absorption properties of prepared samples 

were investigated by UV-Vis DRS (Fig. 5(a)). HRP had 
significant absorption of visible light, meaning it was 
typical visible light photocatalytic material. For pure 
WO3, the absorption edge was located at around 446 nm. 
Compared with pure WO3 and HRP, the 5%WO3/HRP 
composite had a red-shifted absorption edge, which 
illustrated enhancement of absorption in both UV and IR 
regions. The UV-visible light absorption performance of 
5%WO3/HRP composite combined the advantages of two 
materials, which successfully formed a heterojunction, 
and enhanced light-trapping ability. The band gap (Eg) 
values of the pure HRP and WO3 were obtained through 
transformation with Kubella-Munk function, and were 
1.9 and 2.78 eV, respectively (Fig. 5(b)). 

The generation, migration, and recombination processes 
 

 
 

Fig. 5  (a) UV-Vis DRS spectra of HRP, WO3 and 5%WO3/HRP composite, (b) Tauc plots of HRP and WO3,  
and (c) I-t curves of HRP, WO3 and 5%WO3/HRP composite 
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of photocarriers were investigated by PL spectra, 
transient photocurrent (I-t) curves and electrochemical 
impedance spectroscopy (EIS) measurements[29]. The 
5%WO3/HRP composite had lower PL signal, indicating 
lower recombination of photoinduced electrons and holes 
(Fig. S3(c)). In addition, the photocurrent signal intensity 

of the 5%WO3/HRP composite was 3.3 A/cm2, which 

was 4~5 times of those of HRP (0.8 A/cm2) and WO3 

(0.7 A/cm2), respectively (Fig. 5(c)). These results 
implied that the lifetime of the photoexcited 
electron-hole pairs was significantly prolonged due to the 
more efficient separation, after combining HRP with WO3.  

The arc radius of 5%WO3/HRP composite was smaller 
than those of HRP and WO3, indicating the minimum 
charge impendence and the fastest reaction speed (Fig. 6(a)).  
This finding was consistent with the higher photocata-
lytic activity of the 5%WO3/HRP composite due to the 
tight interface between WO3 and HRP, which promoted 
carrier separation migration. Similarly, the equivalent 
circuit was analyzed to provide more intuitive under-
standing of the internal charge and surface charge- 
transfer mechanism of the catalyst during the reaction 
(insert in Fig. 6(a)). Here, R1 and R2 were denoted as the 
electrolyte solution and charge transfer resistances, 
which included the resistances of the photocatalyst, ITO 
substrate, electrolyte solution, and wire connections 
throughout the circuit. CPE1 was the constant phase 
element that represents the bilayer capacitance of the 
charge transfer, and W1 was the resistance with inter-
facial diffusion. R1 of HRP, WO3 and 5%WO3/HRP were 

10.1, 11.71 and 12.53 , respectively. Under the same 
concentration, R2 of HRP, WO3, HRP and 5%WO3/HRP 

were 672, 167 and 93.4 , respectively. Obviously, the 
interfacial charge resistances of heterojunction com-
posites were lower, indicating easier charge transfer. 
Therefore, the superior photocatalytic activity of 
5%WO3/HRP composite contributed to the highest 
photoelectric conversion efficiency, smaller interfacial 
transfer impendence and enhanced visible light absor-
ption ability. The carrier lifetime (τe) of samples are 

based on the EIS bode plots (Fig. S4(a, b)), proving the 
carrier transfer process, according to the equation[30]: 

 τe =1/(2πfmax)    (3) 
where fmax is the maximum frequency peak position, the 
calculated τe of the HRP and 5%WO3/HRP composite 
were 1.68 and 2.7 ms, respectively. The carrier lifetime 
of 5%WO3/HRP heterostructure composite was much 
longer than those of pure HRP, suggesting that the 
formation of the heterostructure between HRP and WO3 
could greatly prolong the lifetime of the photo-generated 
electrons, and enhanced the photocatalytic activity. 

2.4  Photogenerated carrier analysis 
The energy band structures of samples were revealed 

by Mott-Schott (M-S) measurements (Fig. 6(b)). The flat 
potentials (Efb) of HRP and WO3 were –0.8 and –0.66 V 
(vs. Ag/AgCl), respectively, and then converted to the 
hydrogen standard electrode potential based on the 
formula: 

Efb (vs. NHE) =Efb (pH 0, vs. Ag/AgCl) + 
        EAgCl + 0.059·pH    (4) 

Where EAgCl is 0.197 V, and pH of the electrolyte was 6.8. 
Here, Efb (vs. NHE) of HRP and WO3 were –0.2 and 
–0.06 V, respectively. The slopes of WO3 and HRP 
curves were positive, both samples were n-type semicon-
ductors, and Efb is 0.1–0.3 V higher than its conduction 
band potential (ECB). Therefore, the ECB of HRP and 
WO3 were –0.4 and –0.26 V (vs. NHE). In accordance 
with the formula: Eg = EVB–ECB, the EVB were 1.5 and 
2.52 V, respectively. 

The hydroxyl radicals (·OH) was important species in 
the photocatalytic reactions, EPR spectra were presented 
in Fig. 6(c). HRP had relatively weak signal because of 
the weak oxidation potential of photogenerated holes, 
WO3 displayed moderately strong signal due to its more 
positive EVB, and 5%WO3/HRP composite had strong 
DMPO-·OH signal, so the photogenerated holes 
remained in WO3 and did not transfer to the VB of HRP. 
Because the potential of OH–/·OH pair was +2.38 V (vs. 
NHE)[31], which was positive than that of HRP (+1.5 V 
(vs. NHE)) and negative than that of the WO3 (+2.52 V  

 

 
 

Fig. 6  (a) EIS spectra of HRP, WO3 and 5%WO3/HRP composite, (b) Mott-Schottky curves  
of HRP and WO3, and (c) EPR spectra of HRP, WO3 and 5%WO3/HRP composite 
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Fig. 7  Photocatalytic mechanism of the WO3/HRP composite 
(a) Before contact; (b) After contact in darkness; (c) S-scheme transfer process of photogenerated carriers under visible light irradiation 

 
 

(vs. NHE), inferring that the ·OH radical was produced 
by WO3. These results indicated that the photogenerated 
electrons and holes in 5%WO3/HRP composite were pre-
sent in the CB of HRP and VB of WO3, respectively, and 
the charge transfer belonged to S-scheme heterojunction. 

Based on above discussions, the S-scheme mechanism 
was proposed in Fig. 7. HRP is a reducing photocatalyst 
with smaller work function (5.61 eV)[17] and higher 
Fermi level. WO3 is an oxidizing photocatalyst with large 
work function (6.23 eV)[32] and lower Fermi level 
(Fig. 7(a)). When the WO3 photocatalysts was in close 
contact with HRP, electrons spontaneously transferred 
from HRP to WO3 until their Ef reached the same level. 
During the migration of electrons, the interface region of 
WO3 possesses a positive charge due to the loss of 
electrons, which leads to the formation of electron 
depletion layer and the upward bending of the energy 
band. While interface region near the HRP is negatively 
charged due to the gain of electrons, which leads to the 
formation of an electron accumulation layer and the 
downward bending of the band edge. As a result, an 
internal electric field is formed at the interface of the 
WO3/HRP heterojunction, impeding the continuous flow 
of electrons from HRP to WO3 (Fig. 7(b)). Under visible 
light irradiation, the electrons were excited from VB to 
CB of WO3 and HRP. Driven by the internal electric field, 
band bending and Coulomb interaction, the photoge-
nerated electrons in the CB of WO3 spontaneously slid 
toward HRP, and recombined with the holes on the VB of 
HRP. However, the useful electrons and holes of strong 
redox ability could be retained (Fig. 7(c)). Therefore, the 
improved photocatalytic performance of the WO3/HRP 
composite was mainly ascribed to the formation of 
S-scheme heterojunctions, which contribute to the strong 
redox capacity for the degradation of organic water 
pollutants and hydrogen generation. 

3  Conclusions 

In this study, the S-scheme WO3/HRP heterojunction 
photocatalysts were prepared by the hydrothermal me-
thod. The heterojunctions displayed significantly enhanced 
photocatalytic RhB degradation and hydrogen evolution. 
The 5%WO3/HRP heterojunction photocatalysts degraded 
97.6% RhB within 4 min. Meanwhile, the photocatalytic 
hydrogen evolution was almost 3.62 times of pure HRP. 
The enhanced photocatalytic performance was attributed 
to the S-scheme heterojunction between WO3 and HRP, 
which effectively transferred the photo- generated 
carriers, and suppressed the recombination of 
electron-hole pairs. This work could provide new pro-
spect for design and construction of novel heterojunction 
photocatalyst. 
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单晶 WO3/红磷 S 型异质结的构建及光催化活性研究 

吐尔洪·木尼热 1, 赵红刚 1,2, 马玉花 1,2, 齐献慧 1,  

李钰宸 1, 闫沉香 1, 李佳文 1, 陈 平 1 
(新疆师范大学 1. 化学化工学院; 2.新疆储能与光电催化材料重点实验室, 乌鲁木齐 830054) 

摘 要: S 型异质结被广泛应用于光解水产氢和解决环境污染问题。本研究通过简单的水热法制备了单晶 WO3/水热

处理后的红磷(HRP)复合材料。XPS 和 EPR 等表征结果证实单晶 WO3/HRP 复合材料形成了 S 型异质结。

5%WO3/HRP 异质结复合物在可见光下展现出最佳的光催化活性, 在 4 min 内对罗丹明 B(RhB)的降解率高达

97.6%。此外, 制氢速率可以达到 870.69 μmol·h–1·g–1, 是纯 HRP 的 3.62 倍。这可归功于单晶 WO3 和 HRP 之间形

成紧密的 S 型异质结, 使其光生载流子快速分离并提高氧化还原能力。本研究制备的 RP 基光催化剂为解决日益增

长的清洁新能源和饮用水需求提供了参考。 

关  键  词: WO3; 红磷; 光解水产氢; S 型异质结 
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Supplementary Material : 

Construction and Photocatalytic Activity of Monoclinic Tungsten Oxide/Red 
Phosphorus Step-scheme Heterojunction 

TUERHONG Munire1, ZHAO Honggang1,2, MA Yuhua1,2, QI Xianhui1,  
LI Yuchen1, YAN Chenxiang1, LI Jiawen1, CHEN Ping1 

(1. College of Chemistry and Chemical Engineering, Xinjiang Normal University, Urumqi 830054, China; 2. Xinjiang Key 
Laboratory of Energy Storage and Photoelectrocatalytic Materials, Xinjiang Normal University, Urumqi 830054, China) 

1  Experimental 

1  Characterization 
The crystal structures of the catalysts were deter-

mined by X-ray diffractometer (XRD, D8 Advance) 
with Cu-Kα radiation (λ=0.154178 nm) in the range of 
2θ=10°–80°. The functional groups of the samples 
were characterized by using Fourier transform infrared 
spectroscopy (FT-IR, TENSOR27). The morphologies 
of the as-synthesized samples were observed by field 
emission scanning electron microscope (FESEM, 
Zeiss Sigma 500). The phase structures of samples 
were examined with the high-resolution transmission 
electron microscope (HRTEM, FEI Tecnai F20). The 
surface chemical elements and the valence states of 
catalysts were characterized by using X-ray photoe-
lectron spectroscopy (XPS, ESCALAB 250Xi). The 
optical absorption of the samples was analyzed by 
ultraviolet-visible spectrometer (UV-Vis DRS, PE 
lambda 750S). The photoluminescence spectrum of  

the sample was measured by Transient fluorescence 
spectrometer (PL, Edinburgh FLS9800). In addition, 
all electrochemical experiments were carried out by 
using three electrodes electrochemical workstation 
(CHI660D), the counter electrode, reference electrode 
and electrolyte in the electrochemical characterization 
were Pt electrode, Ag/AgCl electrode, and 0.1 mol/L 
Na2SO4 solution, respectively. 

 

 
 

Fig. S1  FT-IR spectra of HRP, WO3 and 5%WO3/HRP composite 

 
 

 
 

Fig. S2  SEM images of (a, d) HRP, (b, e) WO3, (c, f) 5%WO3/HRP composite, and (g) corresponding  
elemental mapping of P, O and W, and (h) EDS spectra of 5%WO3/HRP composite 
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Fig. S3  (a) XPS survey spectra of HRP, WO3, 5%WO3/HRP composite, (b) cycling performance of RhB  
photodegradation by 5%WO3/HRP composite and (c) PL spectra of HRP, WO3, 5%WO3/HRP composite 

 

 
 

Fig. S4  EIS Bode plots of (a) HRP and (b) 5%WO3/HRP composite 
 
  

 
 
 
 
 


