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Abstract
A h-WO3 decorated Ag–AgCl composite was prepared through facile precipitation and photoreduction methods and dem-
onstrated to be a highly efficient and stable photocatalyst for the degradation of Rhodamine B (RhB) under visible light. 
Ag–AgCl/h-WO3 exhibited much improved photocatalytic performance was elucidated from the physical–chemical proper-
ties of AgCl and h-WO3 and the surface plasmon resonance effect of the Ag particles. The techniques of X-ray diffraction 
(XRD), field emission scanning electron microscopy (FESEM), X-ray photoelectron spectrometry (XPS) and photocurrent 
were used to characterize crystalline phases, morphology, composition and separation efficiency between electrons (e−) 
and holes (h+) of the synthesized composite photocatalyst. XPS results confirmed the existence of W5+ and W6+ on the 
surface of h-WO3 sample, which favored electrons transfer between AgCl and Ag, and generated superoxide radical for the 
degradation of RhB. The active species trapping experiments results further demonstrated that the formation of superoxide 
radical during the system. Finally, the underlying photocatalytic mechanism for the removal of RhB by Ag–AgCl/h-WO3 
composite was examined.

1  Introduction

With the advance of society, environment and energy prob-
lems have become increasingly prominent, and photocatalyst 
based on efficient solar energy utilization has received more 
and more attention [1]. TiO2 has been widely studied as the 
most representative traditional photocatalyst in the field of 
photocatalysis, but the large band gap (3.2 eV) restrains its 
practical application in visible light [2–5]. Therefore, doping 
or modifying TiO2 with various elements has been a research 
hotspot for researchers in recent decades. Among them, due 
to the surface plasmon resonance (SPR) effect of the noble 
metal nanoparticles, the absorption of the photocatalyst in 
the visible light region can be improved, and more research-
ers have begun to introduce plasmon resonance materials 
into the field of photocatalysis. Typical plasmon resonance 
photocatalyst include Ag/TiO2, Au/TiO2, Pt/TiO2 and so on 
[6–11].

In recent years, a series of comparative studies have been 
conducted for Ag/AgX (X = Cl, Br, I) plasmon resonance 

photocatalyst [12–14]; among all of these, Ag/AgCl photo-
catalyst has exhibited much more SPR effect of Ag nanopar-
ticles and efficient photocatalytic performance under visible 
light [15–18]. In addition, as mentioned in the literature, the 
plasmon resonance effect between silver and silver chloride 
increased with the increase of silver content on the surface of 
the catalyst [19]. However, in some cases, various photocata-
lysts have drawbacks. For AgCl photocatalyst, on the one 
hand, the conduction band (CB) position of AgCl is lower 
than E (O2/·O2

−) (− 0.33 eV vs. NHE), which means that 
AgCl has poor reduction ability to reduce oxygen to super-
oxide radical (·O2

−) [20]. On the other hand, the photocorro-
sion is also one of its main defects. Therefore, it is necessary 
and highly required to explore new visible-respond photo-
catalyst. As well known, WO3 is an attractive choice due to 
its suitable band gap (~ 2.7 eV), environmental friendliness, 
low cost and good electron mobility, which can combine 
with silver chloride very well [21, 22]. Especially, a metasta-
ble hexagonal phase WO3 (h-WO3), which can promote the 
electron transfer on the conduction band of weakly reducing 
semiconductor materials by the circulatory system between 
valence tungsten (W5+ and W6+), and can convert these elec-
trons through the circulation into active species to enhance 
the photocatalytic activity of the material. Therefore, h-WO3 
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was selected to modify Ag–AgCl to further improve its pho-
tocatalytic performance.

In this paper, we synthesized a metastable hexagonal 
phase WO3 (h-WO3) by hydrothermal method. A novel 
Ag–AgCl decorated with h-WO3 photocatalyst was pre-
pared by simple precipitation method. And the prepared 
h-WO3 with the low-valence state of tungsten was helpful 
to improve the reduction capacity of photoelectrons of AgCl 
and inhabited the photocorrosion of AgCl. To improve the 
SPR effect of AgCl/h-WO3, silver particles were reduced on 
the surface of the catalyst. The photocatalytic activity and 
stability of the prepared samples were evaluated by the deg-
radation efficiency of RhB under visible light (λ > 420 nm), 
and the prepared samples were characterized extensively to 
determine the material properties. The underlying photocata-
lytic mechanism was further discussed.

2 � Experimental

2.1 � Materials

All the reagents used were purchased by Sinopharm except 
that the tungstic acid reagent was purchased by Shanghai 
Aladdin. In addition, all reagents used in this study were of 
analytical grade purity and without further purified.

2.2 � Materials preparation

2.2.1 � Synthesis of h‑WO3

Typically, H2WO4 (6 mmol) was dissolved in 10 mL of 
hydrogen peroxide solution and vigorously stirred in a 
water bath. Then the above solution was heated up to 60 °C 
and obtained a pale green solution. Next, when the mixture 
was cooled to room temperature, hydrochloric acid (5 mL, 
1 M), urea (4 mmol) and glycerol (2 mL) were added to the 
mixture in sequence. And then the ethanol was added to 
the above solution until the volume reached 30 mL. Sub-
sequently, the as-obtained solution was transferred into a 
50 mL Teflon–lined autoclave and kept at 180 °C for 12 h in 
an oven. After the autoclave was cooled to room tempera-
ture, the resulting black floccules were removed and washed 
with distilled water for 3 times, then dried in an oven at 
60 °C for 12 h. And the preparation process is shown in 
Fig. 1a.

2.2.2 � Synthesis of Ag–AgCl/h‑WO3 composite

Ag–AgCl/h-WO3 composite was prepared via precipitation 
and photoreduction methods. In a typical experiment, h-WO3 
(0.2 g) and PVP (0.1 g) were dissolved into the mixed solu-
tion that consisted of 30 mL of water and 50 mL of anhydrous 

ethanol. And then AgNO3 (3 g) was added to the above solu-
tion and vigorously stirred until AgNO3 was completely dis-
solved. Hydrochloric acid (0.086 mL, 36 wt%) and sodium 
chloride (0.8775 g) were dispersed into 20 mL of distilled 
water and added dropwise to the above solution under tem-
pestuously stirring. Then, it formed a milky white solution 
and was vigorously stirred for 24 h in dark. Next, the above 
solution was irradiated for 30 min with a 500 W Xenon lamp. 
And then the precipitation was collected by centrifugation, and 
washed with distilled water for 3 times. The obtained precipita-
tion was dried in air at 60 °C for 8 h and Ag–AgCl/h-WO3 was 
synthesized and recorded as AAW4.90. The preparation pro-
cess is shown in Fig. 1b. Subsequently, a series of Ag–AgCl/h-
WO3 composite photocatalysts with different mass fractions 
of h-WO3 were prepared in similar procedures, denoted as 
AAW​x (x = 13.40, 9.35, 7.18, 5.83, 3.72 wt%). For compari-
son, Ag–AgCl photocatalyst was prepared without h-WO3 and 
denoted as AA, AgCl/h-WO3 photocatalyst was prepared with-
out photoreduction process and labeled as AW4.90.

2.3 � Characterization

The crystalline structure of the samples was characterized by 
XRD, which used a Rigaku D/max-2500 X-ray diffraction 
(Nippon Science) with a Cu Kα radiation operated at 40 kV 
and 30 mA. The morphologies and microstructures of the sam-
ples were observed with a FESEM (JSM-7001F). The element 
surface composition and the chemical state information of all 
samples were examined through XPS, which were measured 
on a 250 Xi X-ray photoelectron spectrometer (Thermo Fisher 
Scientific) with a micro focused monochromatic X-ray source 
(Al Kα) and the element binding energy was based on C 1s 
(284.8 eV).

2.4 � Measurement of photocatalytic performance

The photocatalytic performances of the samples were evalu-
ated by RhB degradation, which was performed on a Xenon 
lamp light source system with a 420 nm cut-off filter. First, 
0.1 g photocatalyst was dispersed into 100 mL RhB (15 mg/L) 
aqueous solution, then it was magnetically stirred at room tem-
perature in dark for 20 min to achieve adsorption and des-
orption equilibrium. Then the suspension was irradiated via 
Xenon lamp and took out 4.5 mL sample every 3 min. After 
finishing the reaction, all samples would be centrifuged and 
the concentration of RhB was measured via using an ultravio-
let–visible spectrophotometer.
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3 � Results and discussion

3.1 � Characterization of the prepared catalyst

The crystalline phases of all samples were identified by 
XRD, as shown in Fig. 2a. It can be seen that the diffrac-
tion peaks of the prepared h-WO3 are well consistent with 
the phase of hexagonal (JCPDS no. 85-2459) [23]. The as-
prepared AgCl shows five major diffraction peaks at 27.9°, 
32.3°, 46.4°, 54.9°, and 57.7°, which correspond to the cubic 

AgCl (JCPDS no. 31-1238) [24]. In the XRD pattern of the 
prepared AW4.90, the diffraction peaks are in agreement 
with the characterized peaks of pure AgCl and no obvious 
peaks belong to h-WO3, and this is due to low content of 
h-WO3. In the XRD patterns of AAW hybrid photocatalysts 
with different mass ratios of h-WO3, we cannot see the dif-
fraction peaks of Ag0 and h-WO3, this may be attributed to 
the low mass ratio of Ag0 and h-WO3 and weak initial peak 
intensity, resulting in the deletion of Ag0 and h-WO3 diffrac-
tion peaks in XRD. To look into the diffraction peaks of Ag0 

Fig. 1   Preparation flow charts 
of h-WO3 (a) and AAW (b)
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and h-WO3, we enlarged the XRD pattern of AAW4.90, as 
shown in Fig. 2b. It can be found that there are two weak 
diffraction peaks of h-WO3 at 14.0° and 23.8°, and a weak 
diffraction peak corresponds to Ag0 (JCPDS no. 65-2871) 
at 38.1° [23, 24]. These characterization results indicate that 
AAW4.90 composite was successfully prepared.

The surface morphology of all samples has been further 
characterized by FESEM, as shown in Fig. 3. Figure 3a 
shows an irregular structure of h-WO3 formed by many 
spherical particles clustered together and a magnified image 
of the spherical particle with an outer diameter of about 
2–5 µm is shown in Fig. 3b. From Fig. 3c, d, we can see that 
AgCl is composed of many smooth irregular block struc-
tures. In Fig. 3e, the AA material are severely agglomerated 
together to form a large, rough surface block structure, com-
pared with Fig. 3c, d; after enlarging the image, we can see 
that there are many particles about 500 nm clustered together 
on the surface of AgCl in Fig. 3f. As is shown in Fig. 3g, 

h, AA particles are well coated on the surface of h-WO3 to 
form AAW4.90 composite. After h-WO3 was added, the dis-
tribution of surface particles was more uniform than that of 
Fig. 3f, indicating that the presence of h-WO3 could weaken 
the agglomeration of AA particles to some extent. From the 
perspective of the effect of morphology on the performance 
of photocatalyst, the homogeneous dispersion of AA parti-
cles on the surface of h-WO3 can also promote the photo-
catalytic performance.

The typical survey scan XPS spectrum of AAW4.90 
composite is shown in Fig. 4a, which manifests that the 
composite photocatalyst mainly contains Ag, Cl, W, O and 
C (in which the C element mainly comes from the instru-
ment itself). Figure 4b represents the high-resolution XPS 
spectrum of W 4f in AAW4.90 photocatalyst. The two 
strong peaks emerged at 36.08 and 38.18 eV respectively 
correspond to W 4f7/2 and W 4f5/2 of W6+, while the other 
two peaks observed at 35.21 and 37.26 eV are related to 
W 4f7/2 and W 4f5/2 of W5+ [25, 26]. The characterization 
result indicates that there are two valence states of tungsten 
element on the surface of AAW4.90 heterojunction photo-
catalyst. In Fig. 4c, O 1s spectrum of AAW4.90 could be 
well devolved into three obvious peaks. The peaks at 530.62 
and 531.83 eV are attributed to the lattice oxygen of W–O 
bond and absorbed O2 group, respectively [26, 27]. And the 
peak at 532.89 eV belongs to the OH− group, which origins 
from absorbed water [28]. The peaks located at 367.36 and 
373.35 eV belong to Ag 3d5/2 and Ag 3d3/2 of Ag+, while 
those at 368.28 and 374.28 eV are attributed to Ag 3d5/2 and 
Ag 3d3/2 of Ag0, respectively. In addition, the XPS results of 
Ag 3d spectrum support the existence of Ag0 from Fig. 4d 
[28, 29]. In Fig. 4e, two peaks of Cl 2p exist at 197.64 and 
199.30 eV, assigned to Cl 2p3/2 and Cl 2p1/2 of Cl− [28].

3.2 � Photocatalytic performance

Figure 5a shows Ag–AgCl with different mass ratios of 
h-WO3 to degrade RhB under visible light. Among the six 
kinds of AAWx samples, AAW4.90 exhibited the most pro-
nounced photocatalytic activity. As a result, there is an opti-
mal ratio between h-WO3 and Ag–AgCl, namely 4.90 wt%.

The photocatalytic activities of h-WO3, AgCl, AA, 
AW4.90 and AAW4.90 were examined in terms of the deg-
radation of RhB at room temperature under visible light irra-
diation, as shown in Fig. 5b. From the degradation result, 
12% of RhB was degraded in 9 min by pure h-WO3. Com-
pared to pure AgCl, AA exhibited stronger photocatalytic 
activity, indicating that the reduction of Ag0 in advance 
helps to further increase the activity of the plasmon reso-
nance structure [30].

The activity of AW4.90 composite is higher than that 
of AgCl and AA materials, which indicates that an effec-
tive heterojunction structure was formed between AgCl 
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and h-WO3. However, compared with AW4.90 compos-
ite, AAW4.90 composite exhibited stronger photocatalytic 
performance, the degradation efficiency of AW4.90 and 
AAW4.90 for RhB are 86.7% and 99.6% within 9 min, 
respectively. This experimental result certifies that the 

Ag–AgCl plasmon resonance photocatalyst can form an 
effective heterojunction structure with h-WO3, that is, the 
existence of h-WO3 can effectively enhance the photocata-
lytic performance of the AA plasmon resonance system.

Fig. 3   SEM images of the pre-
pared samples: a, b h-WO3, c, d 
AgCl, e, f AA, g, h AAW4.90
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3.3 � Photocatalytic stability of AAW4.90 and AW4.90 
composite

As is well known, Ag-based photocatalysts are susceptible 
to be corroded under visible light irradiation, therefore, the 
stability test is another important index for evaluating Ag-
based photocatalysts. In Fig. 6, the photocatalytic stabilities 
of AW4.90 and AAW4.90 were tested and compared. After 
six cycles, the photocatalytic degradation rate of AAW4.90 
composite for RhB only decreases by 3%, for the reduction 
of the silver element in advance helps to enhance the stabil-
ity and activity of the catalyst and to some extent overcomes 
the light corrosion. However, the photocatalytic stability of 
AW4.90 shows a trend of rising first and then decreasing. 
The photocatalytic degradation process can be speculated 
as follows: to begin with, the reduction amount of Ag0 was 
relatively small due to the shorter time of photoreaction, 
therefore, the absorption of visible light by the plasmon 
resonance system was less, resulting in its low activity. In 
the subsequent cycles, since the system already had Ag0 and 
formed a SPR effect, the photocatalytic activity was sig-
nificantly improved and had a certain degree of stability. 
However, in the last cycle, AW4.90 showed a sharp decrease 
in the degradation rate of RhB, since the formation of more 
silver particles would envelop the catalyst, leading to a 
decrease in photocatalytic activity.

In addition, the release amount of Ag+ in solution after 
six cycles of AAW4.90 and AW4.90 composite were ana-
lyzed by inductively coupled plasmon mass spectrometry 
(ICP). The test results are as follows: the Ag+ emissions of 
AAW4.90 and AW4.90 composites were 49.238 mg/L and 
59.358 mg/L, respectively. The test results demonstrate the 
inference of the difference in stability between the two het-
erojunction photocatalyst. After six cycles, due to the dual 
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effects of the instability and photocorrosion of the AW4.90 
heterojunction photocatalytic system, a large amount of Ag+ 
were precipitated in the system, leading to a decrease in 
photocatalytic activity of the sample.

3.4 � Photocatalytic mechanism analysis

To have a deep understanding into the photocatalytic mecha-
nism, a series of capture tests of active species were carried 
out. In these experiments, isopropanol (IPA), ammonium 
oxalate (AO) and p-benzoquinone (PBQ) were introduced 
as the scavengers of hole (h+) and hydroxyl radical (·OH) 
and ·O2

−, respectively. As shown in Fig. 7a, with the addi-
tion of AO and PBQ, the photocatalytic degradation rates of 
RhB were significantly inhibited, while the effect was neg-
ligible after addition of IPA. The results of the experiments 

confirmed that the main active species of AAW4.90 com-
posite are ·O2

− and h+.
In addition, the interface charge separation and transport 

of the photo-generated electrons and holes is an important 
factor for the photocatalytic properties. In this study, tran-
sient photocurrent responses were used to investigate the 
charge separation efficiency. The transient photocurrent 
responses for AAW4.90 and AW4.90 samples under visible 
light irradiation in an on-and-off cycle mode are shown in 
Fig. 7b. It is clearly seen that the photocurrent of AAW4.90 
composite is higher than that of AW4.90 sample, which sug-
gests the recombination of electron–hole (e−–h+) pairs is 
greatly inhibited and enhances their separation efficiency 
largely.

Based on the above results, the enhanced photocatalytic 
performance of AAW4.90 composite could be mainly attrib-
uted to the improved separation of photo-generated charge 
carriers. Therefore, the schematic energy band illustration 
of the heterojunction for AAW4.90 composite is shown 
in Fig. 8. The band gaps of the h-WO3 and pure AgCl are 
2.7 eV and 3.25 eV, and h-WO3 can be excited by visible 
light, while pure AgCl cannot be excited by visible light. 
However, once Ag particles form the SPR effect on the sur-
face of AgCl, Ag–AgCl composite can effectively absorb 
visible light.

The specific process of photocatalysis is described as fol-
lows: first, Ag–AgCl and h-WO3 are excited by visible light 
to generate e−–h+ pairs, as in the formulas (1) and (2):

Due to the formation of Ag0, the SPR effect would 
be formed on the surface of AgCl sample. The CB of 
AgCl (− 0.093 eV) is more negative than that of h-WO3 
(+ 0.74 eV) and the valence band (VB) of h-WO3 is more 
positive than that of AgCl. Considering the inner electric 
field and energy band structure, the photoexcited electrons 
on the CB of AgCl can rapidly transfer to the CB of h-WO3, 
while the photo-generated holes on the VB of h-WO3 can 
migrate to the VB of AgCl. As a result, the photo-generated 
e−–h+ pairs can be separated efficiently in the photocatalytic 
system of AAW4.90 heterojunction. At the same time, the 
h+ accumulated on the VB of AgCl will combine with Cl− in 
the system to form chlorine radical (Cl·) with strong oxida-
tion ability, which can efficiently degrade RhB, as shown in 
the following formula (3):

According to the results of active species, h+ and 
·O2

− are the main active species in the RhB degradation 
with AAW4.90 composite. In AAW4.90 heterojunction 

(1)
Ag−AgCl + hv → Ag−AgCl (e−) + Ag−AgCl

(

h+
)

,

(2)h-WO3 + hv → h-WO3(e
−) + h-WO3

(

h+
)

.

(3)Cl ⋅ +RhB → Cl− + Degradation product.
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structure, the CB potentials of h-WO3 (+ 0.74 eV) and AgCl 
(− 0.093 eV) are more positive than the standard potential 
of ·O2

− [E (O2/·O2
−) (− 0.33 V vs NHE)], which means that 

neither the electrons on the h-WO3 nor the electrons on the 
AgCl can combine with O2 to form ·O2

−. Therefore, how 
do ·O2

− come into being during photocatalytic process? 
According to the results of XPS analysis, W5+ and W6+ 
appeared on the surface of AAW4.90. And the low-valence 
tungsten present in the system can be excited by visible light 
(λ > 420 nm) and lose electrons to generate high-valence 
tungsten [31]. Therefore, we speculated the W5+ and W6+ 
are associated with the generation of ·O2

−. In AAW4.90 het-
erojunction, W6+ is reduced to W5+ by the electrons on the 
CB of h-WO3. At the same time, electrons generated by the 
excitation of W5+ by visible light have sufficient energy to 
reduce oxygen to produce ·O2

−. Therefore, h+, ·O2
− and Cl· 

active species generated during photocatalytic process can 
completely degrade RhB in the water.

4 � Conclusions

In conclusion, the use of h-WO3 decorated Ag–AgCl as an 
efficient photocatalyst for RhB degradation under visible 
light has been proved. When the mass of h-WO3 reached 
4.90%, Ag–AgCl/h-WO3 can degrade RhB by 99.6% in 
9 min under visible light. These superiorities could be 
accounted for the following reasons. First, the circulation 
of W5+/W6+ is beneficial for electrons transfer between 

Ag–AgCl and h-WO3 and produces ·O2
−. Second, the deco-

ration of h-WO3 can prevent photocorrosion of AgCl, lead-
ing to better stability. Third, the surface plasmon resonance 
effect formed by the presence of elemental silver is more 
conducive to the efficient use of electrons.
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