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Novel mesoporous ZnO/FeWO4 (Zn/FeWO4) heterojunctions with network-like structure were synthesized with a 

combination of thermal decomposition and hydrothermal method. The samples were characterized by X-ray diffraction 

(XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy 

(XPS), N2 sorption and Brunauer-Emmett-Teller (BET) surface area, diffuse reflection spectra (DRS) and photoluminescence 

spectroscopy (PL). The result showed that the size of FeWO4 was reduced by the modification of ZnO. With the increasing 

molar ratio of ZnO to FeWO4, the quantum size of FeWO4 decreased from 11 nm to 4 nm, as is followed by a surprisingly 

band gap broadening. Photocatalytic activity toward degradation of RhB under visible light irradiation was investigated. 

The optimum decomposition rate of RhB using the prepared 1.5Zn/FeWO4 heterojunction was almost 39 and 9.7 times as 

that of pristine ZnO and FeWO4, respectively. The active species trapping experiments showed that the holes exhibited an 

obvious influence on the photocatalytic degradation process. The study on the mechanism showed that the enhanced 

photocatalytic activity was mainly ascribed to heterojunction construction and band gap broadening, which enhance the 

efficient transfer and the oxidation potential of holes. This heterojunction shows a potential industrial application to 

remove undesirable organics from the environment. 

 

1. Introduction 

In recent years, semiconductor photocatalysis has attracted 

considerable interest because it provides a promising pathway for 

solving environmental pollution and energy shortage 1-4. Metal 

tungstates belong to an important family of semiconductor with 

potential application in various fields, such as in catalysis5, 

photoluminescence6, microwave application7 and humidity 

sensors8 etc. Among various metal tungstates, monoclinic ferrous 

tungstate (FeWO4) is a indirect band gap semiconductors with a 

narrow band gap of 1.8-3.0 eV 9, 10, which matches the solar visible 

spectrum well. Recently, Yu et al. firstly reported the photocatalytic 

degradation activity of FeWO4 under modeling sunlight in 2009 11. 

Kuang et al. reported the photocatalytic decomposition activity of 

spindle-like FeWO4 nanoparticles under UV irradiation 12. However, 

the visible light photocatalytic efficiency of FeWO4 is not ideal 

because of the poor quantum yield caused by the rapid 

recombination of photogenerated electrons and holes. Thus, it is of 

considerable significance to develop an efficient strategy to 

promote the separation efficiency of internal charge carriers of 

FeWO4 photocatalysts. 

As a result, many attempt have been made to overcome these 

disadvantages, including controlling the morphology10, 11, forming 

composite structures or heterojunctions13, 14. Construction of a 

heterostrucutre photocatalyst might be an effective way to 

enhance the visible light photocatalytic activity of FeWO4, such as 

FeWO4/TiO213, FeWO4/Fe3O414. The enhanced photocatalytic 

activity of the composites was ascribed to the improvement of 

charge separation and the interfacial charge transfer efficiency15, 

16. It is well known that ZnO has been recognized as an excellent 

material for photocatalytic process because of its high 

photosensitivity, low cost and nontoxic nature17, 18. Up to now, 

some novel photocatalysts have been developed by coupling ZnO 

with other semiconductors, such as g-C3N4/ZnO19, CdS/ZnO 

heteroarchitecture20, Cu2O/ZnO21, SnO2–ZnO heterojunction22, 

ZnO/BiOI23, and BiVO4–ZnO24, etc. The ZnO-based heterojunction 

exhibited enhanced photocatalytic activity originating from the 

efficient separation and transfer of charge carriers. Motivated by 

these efforts, we intend to design ZnO/FeWO4 heterojunction to 

enhance the visible light photocatalytic activity of FeWO4. By 

calculating the energy band positions of ZnO and FeWO4, it was 

found that the energy levels of FeWO4 and ZnO are well-matched, 

suiting to construct a heterojunction with efficient electron-hole 

separation ability. However, to the best of our knowledge, there is 
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no report on the fabrication of ZnO/FeWO4 heterostructures with 

efficient photocatalytic activity under visible light irradiation.  

Herein, ZnO/FeWO4 mesoporous heterojunctions with network-like 

structure were, for the first time, prepared by a simple thermal 

decomposition followed by a hydrothermal process. The 

modification of ZnO reduced the size of FeWO4, which can 

significantly tune the band gaps of ZnO/FeWO4 composites. The 

excellent photocatalytic activity of ZnO/FeWO4 heterojunctions was 

evaluated by degrading RhB under visible light irradiation. The 

active species trapping experiments showed that the holes played 

an important role in the photocatalytic degradation process. In 

addition, the ZnO/FeWO4 heterojunction also exhibited a high 

stability and durability after four successive cycles. Finally, the 

possible photocatalytic mechanism of this heterojunction was 

proposed based on the investigation of reactive species and the 

band structure of FeWO4 and ZnO. 

2. Experimental 

2.1. Materials Synthesis 

All the reagents were purchased from Sinopharm Chemical Reagent 

Co., Ltd. and used directly for experiments without any further 

purification. Deionized water was used throughout this study. The 

ZnO sample was synthesized by a facile thermal treatment. Briefly, 

an appropriate amount of (ZnCO3)2·[Zn(OH)2]3 was calcinated at 

280 ℃ in an muffle furnace for 3 h with the heat rate of 10 ℃ min-1. 

After being cooled to room temperature, the obtained white 

products were washed by absolute ethanol and distilled water 

three times and then dried at 60 ℃ overnight.  

the ZnO/FeWO4 composites were synthesized through a modified 

solvothermal method 11. Briefly, an appropriate amount of ZnO 

was dispersed in a mixed solution with 3.5 mL of distilled water and 

63 mL of ethylene glycol with ultrasonication for 30 min. Then, 5 

mmol of FeCl3·6H2O was added to the ZnO suspension and stirred 

magnetically for 30 min. Subsequently, 5 mmol of Na2WO4 ·2H2O 

dissolved in 3.5 mL of distilled water was dropwise added to the 

above mixture. 10 mmol of sodium acetate was then added to the 

above mixture with continuous stirring. After 30 min stirring, the 

above suspension was transferred into a stainless steel autoclave 

(100 mL) with a Teflon liner and heated at 200 ℃ for 12 h. After 

being cooled to room temperature naturally, the obtained products 

were separated and washed with absolute ethanol and distilled 

water and then dried at 60 ℃ for 6 h. The molar ratio of ZnO to 

FeWO4 in the as-prepared composites was 0.5, 1, 1.5, and 2. And 

the corresponding samples were denoted as 0.5Zn/FeWO4, 

1Zn/FeWO4, 1.5Zn/FeWO4 and 2Zn/FeWO4, respectively.  

For comparison, the pure FeWO4 sample was prepared with the 

absence of ZnO under the same conditions. To evaluate the effect 

of the heterojunction on the photocatalytic activity of the 

Zn/FeWO4 heterostructures, a mechanically mixed FeWO4 and ZnO 

sample (M-1.5Zn/FeWO4) was prepared. 

2.2 Materials Characterization  

The crystalline phases of the Zn/FeWO4 composites were recorded 

by X-ray diffraction (XRD) with a Bruker D8 diffractometer (Cu Kα 

radiation, λ=0.15406 nm). The morphology and structure of the as-

prepared samples was examined with scanning electron microscope 

(SEM, S-4800, Hitachi) and transmission electron microscope (TEM, 

JOEL JEM 2001). X-ray photoelectron spectra (XPS) of the catalysts 

were recorded in an ESCA-3 Mark II spectrometer (VG Scientific Ltd., 

England) using Al Kα (1486.6 eV) radiation. Ultraviolet visible (UV-

vis) diffuse reflection spectra were measured by means of a UV-vis 

spectrophotometer (TU-1901, China), which involves an integrating 

sphere attachment in the range of 200 to 800 nm. BaSO4 was used 

as the reflectance standard material. The photoluminescence (PL) 

spectra of the samples were recorded on a Hitachi F-4600 

fluorescence spectrophotometer to observe the recombination rate 

of electron-hole pairs. All of the measurements were performed at 

room temperature.  

2.3 Photocatalytic Test  

The photocatalytic activities of the as-prepared products were 

evaluated by the degradation of RhB dye under visible light 

irradiation. The photocatalytic reactor (PLS-SXE 300, Beijing Perfect 

light Co., Ltd.), consists of a quartz glass with a circulating water 

jack and a 300W Xe lamp with a 420 nm cutoff filter. Typically, an 

aqueous solution of RhB (100 mL, 10
-5 

M) was placed in a glass, and 

30 mg photocatalyst was added. Prior to irradiation, the 

suspensions were magnetically stirred in the dark for about 60 min 

to obtain a good adsorption-desorption equilibrium. At 30 min 

intervals, 5 mL of the solution was taken out and centrifuged to 

remove the photocatalyst. Then, the filtrates were analyzed by 

recording variations of the absorption band maximum (553 nm) in 

the UV-vis spectra of RhB with a TU-1901 spectrophotometer.  

2.4. Active species trapping and radical quantification experiments 

To detect the active species generated in the photocatalytic process, 

various scavengers including isopropyl alcohol (IPA,10 mmol L
−1

), p-

benzoquinone (p-BQ, 1 mmol L
−1

), and triethanolamine (TEOA, 10 

mmol L
−1

) were introduced into the solution of RhB
25

. The other 

photocatalytic process was the same as the former photocatalytic 

activity test (Section 2.3.).  

2.5 Photoelectrochemical measurements 

The photoelectrochemical characteristics were measured in a 

CHI660D electrochemical working station using a standard three-

compartment cell under Xe arc lamp irradiation with 300 W. In a 

typical procedure, a commercial ITO glass (1.0 × 1.0 cm
2
) was 

ultrasonicated in an ethanol and distilled water bath prior to use. 

The clean ITO glass substrate was then immersed in the slurry of 

the as-prepared photocatalyst (3 mg) and ethanol (3 ml) mixtures. 

The substrate was then vacuum-dried at 80 °C to eliminate ethanol 

and subsequently maintained at 100 °C overnight. ITO glass coated 

with the as-prepared samples, a piece of Pt sheet, a saturated 

calomel electrode (SCE) and 0.01 M Na2SO4 were used as the 

working electrode, the counter electrode, the reference electrode 

and the electrolyte, respectively. 

3. Results and discussion 

The network-like ZnO/FeWO4 mesoporous heterojunction 

photocatalysts with tunable band gaps have been synthesized via a 

two-step route. ZnO nanoparticles were first obtained by 

calcination the corresponding precursors. After that Zn/FeWO4 

heterojunctions was prepared with a solvothermal treatment. 

3.1. Characterization of samples 
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Fig. 1 presents the XRD patterns of the as-prepared FeWO4, 

ZnO, and ZnO modified FeWO4 samples. As shown in Fig. 1a 

and f, all the diffraction peaks can be well indexed to 

monoclinic FeWO4 (JCPDS card no.46-1446) and hexagonal 

ZnO (JCPDS card no. 36-1451), respectively. Besides, no traces 

of other phases are discovered, indicating the high purity of 

the samples. For the modified products, the XRD peaks of 

monoclinic FeWO4 and hexagonal ZnO were observed, 

confirming the coexistence of ZnO and FeWO4. After 

modification with ZnO, all the diffraction peaks become 

broader and weaker, confirming the formation of the 

nanostructure material
26

.  Moreover, the decreased peak 

intensity of the ZnO modified FeWO4 products indicates the 

crystal growth inhibition effect between the ZnO and FeWO4
27

. 

 

 
Fig.1. XRD patterns of the as-prepared samples: (a) FeWO4, (b) 

0.5Zn/FeWO4, (c) 1Zn/FeWO4, (d) 1.5Zn/FeWO4, (e) 

2Zn/FeWO4, and (f) ZnO. 

In order to obtain detailed information about the morphology 

and the nanostructure of the ZnO modified FeWO4 sample, 

SEM and TEM observations were carried out, and the results 

are shown in Fig. 2.  A typical SEM image (Fig. 2a) shows that 

the 1.5Zn/FeWO4 composite is composed of numerous 

nanoparticles with a diameter size in the range of about 10-40 

nm. The morphologies of the obtained ZnO, FeWO4, 

0.5Zn/FeWO4, 1Zn/FeWO4 and 2Zn/FeWO4 are shown in Fig. 

S1. Interestingly, compared to the nanoplates of FeWO4, the 

shapes of Zn/FeWO4 composites are much tiny nanospheres. A 

low-magnified TEM image of the 1.5Zn/FeWO4 composite 

shows that the sample has nanosphere morphology with 

network structure, as presented in Fig. 2b. Furthermore, in 

order to confirm the relative location of the ZnO and FeWO4 

nanoparticles, we made the cross-sectional compositional line 

profiles of the 1.5Zn/FeWO4 heterojunction (Fig. S2). Fig. S2c 

shows the EDS analysis result on the place defined by the the 

small yellow square in Fig. S2a, confirming the existence of Fe, 

W, Zn and O in this area. Besides, the line profiles of the 

corresponding compositions (Fig. S2e-f) on the the small 

yellow square reveal that distribution of Zn in the left location 

and an increase of Fe in the right location. It is worthwhile to 

note that each nanoparticles attaches to several other 

nanoparticles and no self-nucleated and isolated FeWO4 is 

observed, indicating the formation of Zn/FeWO4 

heterojunctions. A typical high-resolution TEM image of the 

Zn/FeWO4 heterojunctions is shown in Fig. 2c-d. It can be 

clearly observed that holes with a size of about 3 nm on the 

surface ZnO nanocrystals and some same pores between 

nanoparticles (highlighted by circles), indicating the 

mesoporous nature of Zn/FeWO4 heterojunctions. An interface 

region was observed in the heterostructures, indicating an 

intimate contact between the ZnO and FeWO4 nanoparticles 

(Fig. 2d). The adjacent lattice spacings of the planes are ca. 

0.26 and 0.37 nm, corresponding to the (002) planes of 

hexagonal wurtzite ZnO and (002) planes of monoclinic FeWO4, 

respectively. There are some nanoparticles on the surface of 

the ZnO nanocrystals, and the exposed surface of ZnO is easily 

observed in Fig. 2d. 

 

 
Fig. 2. (a) SEM image, (b) TEM image and (c, d) HRTEM images 

of the as-synthesized 1.5Zn/FeWO4 heterojunction 

Compare to FeWO4 nanoplate, the FeWO4 in the Zn/ FeWO4 

composites exhibits a smaller particle size (shown in Fig. S1), 

which is attributed to the following reasons: (1) in the 

nucleation process, due to the existence of ZnO, which is 

employed as a high surface template, the reactants disperse 

uniformly on its surface. Instead of homogeneous nucleation, 

the heterogeneous nucleation occurs, which can inhibit the 

crystal growth. (2) In the process of hydrothermal reaction, the 

primarily formed crystalline grains distribute uniformly on the 

surface of ZnO, which can inhibit the further growth of the 

crystals
28

. 

The chemical composition and surface chemical states of the 

as-obtained 1.5Zn/FeWO4 was investigated by XPS, and the 

corresponding results are shown in Fig. 3. Fig. 3a shows the full 

spectrum of XPS of the prepared 1.5Zn/FeWO4. The main 

peaks at 710.9, 35.5, 283.6, 1021.7 and 530.7 eV can be 

attributed to the binding energies of Fe2p, W4f, C1s, Zn2p and 
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O1s, respectively. The presence of carbon is mainly from pump 

oil due to vacuum treatment before the XPS test. In Fig. 3b, the 

peaks values at 710.4 and 723.9 eV are assigned to the binding 

energies of Fe 2p3/2 and Fe 2p1/2, respectively. In Fig. 3c, two 

peaks located at 35.5 and 37.8 eV are assigned to W 4f with 

binding energies corresponding to those of tungsten in the 

formal valence of +6. From Fig. 3d, it can be observed that the 

XPS spectrum of Zn 2p shows two individual peaks positioned 

at 1021.7 and 1044.8 eV, which are assigned to Zn 2p3/2 and Zn 

2p1/2, respectively
24

.  

 

 
Fig. 3 XPS spectra of the as-obtained 1.5Zn/FeWO4 products: (a) 

XPS full spectrum, (b) Fe2p, (c) W4f, and (d) Zn2p. 

The N2 adsorption and desorption measurement was used to 

study the Brunauer-Emmett-Teller (BET) surface areas and 

porosity of the as-prepared samples. Fig. 4 displays the typical 

N2 adsorption/desorption isotherm of FeWO4 and 

1.5Zn/FeWO4. As shown in Fig. 4, the N2 sorption isotherm of 

FeWO4 and 1.5Zn/FeWO4 is characteristic of type IV with a 

clear hysteresis loop, suggesting their mesoporous properties
29

. 

In addition, the insets in Fig. 4 show the pore size distribution 

of FeWO4 and 1.5Zn/FeWO4. It can be seen that the pore was 

mainly distributed in the range of 8−40 nm, in agreement to 

the mesoporous structure. The N2 adsorption/desorption 

isotherm of other Zn/FeWO4 composites are shown in Fig. S3. 

BET surface area (SBET) and the corresponding average pore 

diameter of the FeWO4 and Zn/FeWO4 products were listed in 

Table S1. The mesoporous structure is beneficial to the 

adsorption and transition of RhB or its intermediates during 

the photocatalytic process.  

 

 
Fig.4. N2 adsorption-desorption isotherms of (a) FeWO4 sample 

and (b) 1.5Zn/FeWO4 heterojunction. Inset: pore size 

distributions of the prepared samples 

The optical properties of ZnO, FeWO4, and Zn/FeWO4 

heterojunctions were investigated by UV−vis diffuse 

reflectance spectra, as shown in Fig. 5. The strong absorbance 

of the white ZnO naoparticles began at around 400 nm, while 

the brown FeWO4 sample exhibited profound adsorption over 

the entire visible light region. The fitting directed band gap of 

ZnO was determined to be 3.2 eV (Fig. S4). It is noted that the 

Zn/FeWO4 composites showed a broad and strong absorbance 

from 800 nm to the UV region, indicating the effective 

photoabsorption of this special structure composition. The 

indirect band gaps of the FeWO4 and ZnO modified FeWO4 was 

shown in the Fig. 5 b. With the increasing molar ratio of ZnO, 

the band gaps of Zn/FeWO4 heterosturcutres show blue shift 

(Table S2), which are attributed to the quantum confinement 

of FeWO4 nanoparticles. On the basis of the effective mass 

approximation model, the blue shift of FeWO4 nanoparticles 

relative to the bulk is dominated by confinement of electrons 

and holes, as described by the following equation
30

: 

�Eg	�R� �
h


8mR

	 �
1

m�
∗ �

1

m�
∗ � 

where ΔEg (R) is the band gap shift for the crystal radius R, h 

the Planckʼs constant, m0 the electron mass, while m
*

e and m
*

h 

are the effective masses of the electrons and holes, 

respectively. According to the above equation, the calculated 

sizes of the FeWO4 in the Zn/FeWO4 composites range from 11 

to 4 nm (Fig. S5). 
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Fig. 5. (a) UV−vis diffuse reflectance spectra of the as-obtained 

samples. (b) Kubelka-Munk (KM) plot for FeWO4 and 

FeWO4/ZnO hybrid materials. 

The immigration, transfer, and recombination of 

photogenerated electrons and holes in the Zn/FeWO4 

heterostructures were confirmed by PL emission spectra at the 

room temperature, as shown in Fig. 6. All samples displayed a 

broad emission band in both the UV and visible region ranging 

from 330 nm to 600 nm. After the ZnO was introduced, the PL 

emission intensity of FeWO4 decreased. This may be ascribed 

to the increase in trap states on the surface defect of 

Zn/FeWO4 heterostructures
31

. Besides, the visible emission at 

about 480 nm is the characteristic near-band-edge emission 

due to the recombination of the free photogenerated 

electrons and holes
32

. Furthermore, 1.5Zn/FeWO4 and 

2Zn/FeWO4 were found to show higher UV emission (indicated 

by the steep increase in UV region) than the 0.5Zn/FeWO4 and 

1Zn/FeWO4. This result indicates the improved crystallinity of 

ZnO in 1.5Zn/FeWO4 and 2Zn/FeWO4 composites, which is 

consistent with XRD results
33

. The PL results confirm the 

importance of the heterojunctions in efficient charge 

separation. 

 

 

 
 

Fig. 6 Photoluminescence (PL) spectra measured at room 

temperature for FeWO4 and ZnO modified FeWO4 composite 

photocatalyst. The excitation wavelength was 210 nm. 

The effective separation of electron–hole pairs in 

1.5Zn/FeWO4 was also confirmed by photocurrent 

measurement of photocatalyst electrodes (Fig. 7). It can be 

clearly seen that the rapid and consistent photocurrent 

responses during on and off cycles of irradiation. It is worth to 

note that the photocurrent density of the 1.5Zn/FeWO4 

heterostructure electrode is higher than that of the pure ZnO 

and FeWO4 electrode, respectively. The enhanced 

photocurrent response of the as-prepared mesoporous 

1.5Zn/FeWO4 heterostructure indicates higher separation 

efficiency of the photoinduced electron-hole pairs and a lower 

recombination rate in such hybrid structures under light 

illumination. This can be explained by close interfacial 

connections and the synergetic effect existing in the 

1.5Zn/FeWO4 interface.  

 
Fig. 7 Photocurrents of the as-prepared samples (a) FeWO4, (b) 

ZnO, (c) 1.5Zn/FeWO4 with UV-vis light on/off cycles. 

3.2 Photocatalytic performance 

The photocatalytic activities of ZnO, FeWO4 and Zn/FeWO4 

heterojunctions were tested by degradation of RhB solution 

under visible light irradiation. As shown in Fig. 8a, pure FeWO4 

and ZnO could decompose 11% and 23% of RhB solution under 

irradiation for 150 min. As for the ZnO, The degradation of RhB 
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might be due to the dye-sensitized process
34

.  While, in the 

case of ZnO modified FeWO4 samples, the 1.5Zn/FWO4 

composite photocatalyst showed better activity than that of 

single FeWO4 and ZnO. The absorption of RhB over 

1.5Zn/FWO4 significantly decreases with the increase of 

irradiation time (Fig. S6). The intensity of the adsorption peak 

at 553 nm nearly disappears after 150 min. It also can be 

clearly seen that no corresponding increase in absorption is 

observed in the ultraviolet region, which indicates the 

complete destruction of most aromatic structures
35

. Besides, 

the correlation between the FeWO4 quantum sizes and the 

photocatalytic performances of Zn/FeWO4 was shown in Fig. 

8b. It is found that the Zn/FeWO4 with 7 nm FeWO4 

nanoparticles exhibits the best photocatalytic performance. 

However, FeWO4 nanoparticles with larger (7 nm) and smaller 

(4 nm) sizes make the Zn/FeWO4 with inferior photocatalytic 

performance.  

 

The degradation kinetics of RhB under visible light irradiation 

over the as-obtained samples was investigated by the 

Langmuir-Hinshelwood model
27

, as shown in Fig. S7. The 

apparent rate constants for the prepared photocatalysts were 

summary in Table S2. Especially, the decomposition of RhB 

over the 1.5 Zn/FWO4 heterojunction (0.0058 min
-1

) is faster 

than that of FeWO4 (0.0002 min
-1

) and ZnO (0.0006 min
-1

) by a 

factor of 29 and 9.7, respectively. To further confirm the 

heterojunction effect on the present system, the 

photocatalytic experiment of the M-1.5Zn/FeWO4 sample is 

also investigated. The photocatalytic activity of the M-

1.5Zn/FeWO4 samples is much lower than that of the 

1.5Zn/FeWO4 (Fig. S8). This result demonstrates that the 

1.5Zn/FeWO4 composite can form intimate interfaces in the 

heterojunction, rather than form loose interfaces in the 

mechanically mixed samples 
15, 36

. 

 

 
 

Fig. 8 (a) Photocatalytic decomposition of RhB solution over 

different samples under visible light irradiation, and (b) the 

effect of FeWO4 size on the photocatalytic efficiencies of the 

ZnO modified FeWO4 heterojunctions. 

In addition to photocatalytic efficiency, the stability of 

photocatalysts was another important factor for practical 

application
37

. The 1.5Zn/FeWO4 heterojunction was recycled in four 

successive photocatalytic experiments. As shown in Fig. 9a, the 

photocatalytic activity of 1.5Zn/FeWO4 sample exhibits no 

significant loss after four recycles for the photodegradation of RhB 

solution. Fig. 9b presents the XRD patterns of 1.5Zn/FeWO4 before 

and after four runs under visible light for the degradation of RhB 

solution. It can be clearly observed that the heterojunction is stable 

during the photocatalytic degradation process.  
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Fig. 9 (a) Recycling tests of 1.5Zn/FeWO4 under visible light 

irradiation, (b) XRD patterns of the 1.5Zn/FeWO4 before and after 

photocatalytic degradation of RhB solution with four cycles. 

3.3 Photocatalytic mechanism 

The activity of photocatalysts is mostly governed by surface area, 

adsorption ability and separation efficiency of photogenerated 

carriers
38

.  The comparison of the adsorption ability and reaction 

kinetics of photocatalytic degradation of RhB dye in the presence of 

different products was shown in Fig. 10. Without visible irradiation, 

the adsorption ability of composite samples follows the trend: 

1.5Zn/FeWO4> 0.5Zn/FeWO4> 2Zn/FeWO4> 1Zn/FeWO4. However, 

the degradation rate does not follow the dye adsorption trend. The 

1.5Zn/FeWO4 heterojunction obviously showed higher 

photocatalytic activity under identical experimental conditions, 

followed by 2Zn/FeWO4, and then 1Zn/FeWO4, and 0.5Zn/FeWO4. 

As a catalyst, the surface area is an important factor for its catalytic 

activity
39, 40

. However, the N2 adsorption-desorption measurements 

confirmed that the order of the photocatalytic performance of 

various photocatalysts is not consistent with the order of the 

surface area. That is to say, the enhanced photocatalytic activity is 

not due to the surface area but for other reasons. In this system, 

the enhancement of photocatalytic activity of Zn/FeWO4 

heterojunction was mainly ascribed to efficient charge separation of 

photogenerated carriers. 

 
Fig. 10 Comparison of reaction rate constant and adsorption ability 

of various photocatalysts: (a) FeWO4, (b) 0.5Zn/FeWO4, (c) 

1Zn/FeWO4, (d) 1.5Zn/FeWO4, (e) 2Zn/FeWO4, (f), (g) M-

1.5Zn/FeWO4. 

The active species in the photocatalytic reactions of RhB were 

investigated by adding different scavengers, and the results are 

shown in Fig. 11. When the triethanolamine (TEOA, a holes radical 

scavenger) is added into the reaction system, the degradation 

efficient of RhB is obviously inhibited. When the benzoquinone (BQ) 

scavenger for superoxide radicals (O2
·-
) are added into the reaction 

system, no obvious effect on the photocatalytic activity of 

1.5Zn/FeWO4was observed. Moreover, once the isopropyl alcohol 

(IPA) scavenger for hydroxyl radicals is added to the reaction system, 

a slight inhibition phenomenon for photocatalytic reaction is 

observed. These results clearly suggest that the photocatalytic 

oxidation of RhB of 1.5Zn/FeWO4 heterojunction is mainly driven by 

photo-generated holes
35

. The  O2
·-
 plays the less important role than 

those of holes and hydroxyl radicals in photocatalytic oxidation of 

RhB dye. 

 

 
Fig. 11 Effects of different active scavengers on the degradation 

RhB over 1.5Zn/FeWO4 composite. 

The energy band positions of FeWO4 and ZnO were estimated 

according to the following empirical equations 
41

: 

                         (2) 

                                 (3) 

g

C

CB E
2

1
EXE −−=

gCBVB EEE +=
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Where EVB and ECB is the valence band (VB) and conduction band 

(CB) edge potentials, respectively; X represents the absolute 

electronegativity of the semiconductor, which is defined as the 

geometric mean for absolute electronegativity of the constituent 

atoms. E
C

 is the energy of free electrons on the hydrogen scale 

(about 4.5 eV), and Eg is the band gap energy of the 

semiconductor
42

. The energy band parameters of FeWO4 and ZnO 

were calculated, and listed in Table S3. Band position calculations 

suggest ZnO and FeWO4 have the staggered energy potentials that 

can reduce the combination of the photogenerated carriers 

between the two semiconductors. 

Based on the above analysis results, we proposed the possible 

mechanism of enhanced photocatalytic activity of the Zn/FeWO4 

heterojunction. Schematic diagram of band energy positions and 

the charge transfer process of the Zn/FeWO4 heterojunction under 

visible light irradiation were shown in Fig. 12. The position of CB 

bottom and the VB top of FeWO4 (0.76 eV and 2.86 eV, respectively) 

are lower than those of ZnO (-0.40 eV and 2.80 eV, respectively). 

Besides, FeWO4 could be simultaneously excited to form electron-

hole pairs under visible light irradiation. Consequently, the 

photogenerated holes could easily transfer from the CB of the 

FeWO4 to that of ZnO, and further react with H2O adsorbed on the 

surface of the heterojunction to produce·OH. Then the resulting·OH 

and a certain amount of h
+
 could decompose the RhB dye to the 

final products. However, to continue the catalytic reaction, the 

electrons in the VB of FeWO4 must be scavenged. Given the fact 

that the CB level of FeWO4 (+0.76 eV vs. NHE) is more positive than 

E0(O2/O2
·
=-0.046 eV vs NHE), adsorbed O2 cannot be directly 

transferred to oxygen species by electrons in CB of FeWO4. Hence, 

the electrons in the FeWO4 CB are transported to the oxygen 

species through the multi-electron process 
43

. Therefore, the 

electron-hole pairs were separated efficiently on the Zn/FeWO4 

heterojunction interface. On the other hand, as the sizes of FeWO4 

nanoparticles decrease, the band gaps of Zn/FeWO4 become lager 

because of the quantum confinement of FeWO4. However, the 

valence band of FeWO4 shifts to more positive potentials to result 

in the larger valence band energy difference between FeWO4 and 

ZnO, which enhances the efficient transfer and the oxidation 

potential of holes. 

Furthermore, in the process of RhB photosensitization, the 

electrons on the electrons on the highest occupied molecular 

orbital (HOMO) of RhB molecules will be excited to the lowest 

unoccupied molecular orbital (LUMO) under visible light, and 

subsequently would be injected to the CB bottom of ZnO, further 

taking part in the degradation of RhB. 

 
Fig. 12 Schematic diagram of band energy positions and the charge 

transfer process of the Zn/FeWO4 heterojunction under visible light 

irradiation. 

4. Conclusions 

In summary, the mesoporous Zn/FeWO4 heterojunctions with 

tunable band gaps have been successfully synthesized by a 

simple two-step method. ZnO nanoparticles were first 

prepared by calcination treatment of the precursors. And 

subsequently Zn/FeWO4 heterojunctions were formed with a 

solvothermal process. SEM and TEM confirmed that the size of 

FeWO4 was reduced by the modification of ZnO. Thus, the 

band gaps of FeWO4 were significantly tuned, which can be 

demonstrated by the DRS analysis. The photocatalytic 

performance of Zn/FeWO4 heterojunctions was better than 

that of pure FeWO4 and ZnO. The optimal molar ratio of ZnO 

to FeWO4 was 1.5 with the maximal photocatalytic 

degradation efficiency of 87% under the visible light irradiation 

for 3 h. The active species trapping experiments showed that 

the holes exhibited an obvious influence on the photocatalytic 

degradation process. Our preliminary experimental results 

showed that the remarkable enhancement of photocatalytic 

performance is mainly due to the efficient transfer and tunable 

band gaps. Moreover, this novel Zn/FeWO4 heterojunction 

could be easily recycled several times, which is expected to 

show considerable potential application in wastewater 

treatment. 
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Graphical Abstract 

 

The enhanced photocatalytic activity of ZnO/FeWO4 composite is ascribed to both 

construct heterojunction and its tunable band gaps.   
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