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a b s t r a c t
The plasmonic photocatalyst Ag@AgI with narrow size distribution was synthesized by a precipitation 
reaction between Ag+ ions and I– ions in ethylene glycol with the assistance of polyvinylpyrrolidone 
K30, followed by reducing the Ag+ ions on the surface of AgI particles to Ag0 through a light-induced 
chemical reduction process. The obtained Ag@AgI photocatalyst shows strong absorption in the vis-
ible-light region, and also exhibits enhanced photocatalytic activity and stability toward the degra-
dation of organic contaminant under visible-light irradiation. The possible degradation pathways of 
Rhodamine B were also discussed in detail. The excellent photocatalytic performance makes the Ag@
AgI composite a promising photocatalyst for organic pollutant treatment.
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1. Introduction

Photocatalysis has potential applications in the con-
trol and treatment of environmental pollutants. However, 
most of the widely investigated photocatalysts could only 
exhibit low utilization efficiencies for visible light, which 
greatly limit their practical application [1,2]. For example, 
TiO2 has been regarded as one of the most popular photo-
catalysts due to its chemical stability, photostability, low 
cost, nontoxicity, and abundance in nature [3–7]. However, 
since the band gap of TiO2 is greater than 3.0 eV, it is only 
photocatalytically active under UV light irradiation, which 
only accounts for about 4% of the solar energy [8]. In addi-
tion, the quick recombination rate of photo-generated elec-
tron–hole pairs in TiO2 results in its low quantum efficiency, 
which also limits its photocatalytic performance [9]. In 
order to solve these problems, plenty of efforts have been 
paid on the preparation of visible-light-driven catalysts, and 
simultaneously improving their photocatalytic activities by 

doping them with heteroatoms [10–14], composing them 
with photosensitizers [15,16], and constructing them with 
suitable semiconductors to form heterostructures [17,18]. 
However, due to the limited catalytic activity and stability 
of semiconductors, these catalysts still could not meet the 
requirements for practical application in commercial use. As 
a result, searching for photocatalyst with high visible-light 
utilization efficiency is still a challenge.

In recent years, “plasmonic photocatalyst” has attracted 
worldwide attention [19]. Since the noble metal (Ag, Au, and 
Pt) nanoparticles could exhibit excellent absorption in the vis-
ible-light region due to the surface plasmon resonance effect, 
when they are attached to the surface of the semiconductor, 
the absorption of visible light by the noble metal-semicon-
ductor composite could be greatly improved [20–30]. Chen et 
al. [22] reported the preparation of Au/ZrO2 and Au/SiO2 pho-
tocatalysts, and the photocatalytic activities of the obtained 
products under visible-light are greatly improved by the sur-
face plasmonic effect of the gold nanoparticles. Xiang et al. 
[23] successfully prepared the Ag/TiO2 plasmonic photocat-
alyst with greatly improved photocatalytic efficiency toward 
the degradation of RhB under visible-light irradiation.
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Due to the smaller band gap as well as the higher vis-
ible-light absorption of silver halides (AgX, X = I, Br, Cl), 
they have been widely investigated as host for photosen-
sitive materials [31–33]. Among the noble metal/AgX com-
posite photocatalyst, Ag@AgX composite photocatalysts 
are of particular interest due to their high stability and the 
good contact between Ag and AgX [33–39]. In detail, AgX 
can be partially in situ converted into Ag nanoparticles, 
thus the effective interfacial charge transfer formed between 
them and the significantly enhanced photocatalytic activi-
ties [27,28,34,35,37]. In this work, we propose a simple and 
rapid method for the preparation of highly stable Ag@AgI 
plasma photocatalyst with narrow size distribution. First, 
AgI nanoparticles are formed by the precipitation of silver 
nitrate and sodium iodide in the presence of surfactant poly-
vinylpyrrolidone (PVP), and then the AgI sample is treated 
under visible-light irradiation to generate metal Ag on AgI 
surface. By adjusting the concentration of PVP in the reaction 
system, the morphology and size of Ag@AgI can be well con-
trolled. The photocatalytic activity of the obtained product 
is evaluated through the photodegradation of Rhodamine B 
(RhB) under visible light, and the degradation mechanism 
for RhB is discussed in detail.

2. Experimental

2.1. Materials

Silver nitrate, sodium iodide, ethylene glycol, RhB, poly-
vinylpyrrolidone K30, and ethanol were purchased from 
Shanghai Chemical Reagent Co. Ltd. (China). All chemicals 
used in this study were of analytical grade and used with-
out further purification. Meanwhile, the deionized water was 
used in all the experiments.

2.2. Preparation of Ag@AgI photocatalysts

For the preparation of Ag@AgI catalysts, 15 mL of eth-
ylene glycol was first cooled to 0°C in an ice bath, and then 
2 mmol of AgNO3 and 3 mmol of the surfactant PVP were 
dissolved in the above solvent to form a clear solution. 
Meanwhile, 2 mmol of NaI was added to another 15 mL of 
ethylene glycol, forming a homogeneous solution by sonica-
tion at room temperature, which was then slowly added to 
the above AgNO3/PVP solution followed by vigorous stirring 
for 30 min. The products were obtained by centrifugation, 
and washed with absolute ethanol for several times before 
being dried at 45°C in vacuum for 12 h. The obtained AgI 
sample was dispersed in water and irradiated with a 250 W 
Xe lamp with a 420 nm cutoff filter for ca. 10 min to prepare 
Ag@AgI plasmonic photocatalyst. This product was labeled 
as PVP-3. For comparison, with other experimental condi-
tions unchanged, the amount of PVP was adjusted to 0, 0.5, 
1, and 5 mmol, respectively, and the prepared samples were 
correspondingly denoted as PVP-0, PVP-0.5, PVP-1, and PVP-5.

2.3. Characterization

Scanning electron microscopy measurements were per-
formed on a JSM-6480 microscope equipped with energy 
dispersive X-ray (EDX) spectrometry. Transmission electron 
microscopy (TEM) experiments were performed on a JEM-
2100 electron microscope with an acceleration voltage of 

200 kV. The phases of the as-obtained products were charac-
terized by X-ray diffraction (XRD) on a Bruker D8 Advance 
diffractometer with Cu Ka radiation at a scanning rate of 
7° min–1. Ultraviolet–visible (UV–vis) absorption spectra 
were recorded with a UV-1800PC UV–vis spectrophotometer 
and UV–vis diffuse reflectance spectra were conducted with 
a UV-2450 UV–vis spectrophotometer. The X-ray photoelec-
tron spectroscopy (XPS) measurements were performed on 
a Thermo ESCALAB 250XI spectrometer. The electron spin 
resonance (ESR) signals of radicals spin-trapped by spin-
trap reagent 5,5-dimethyl-1-pyrroline N-oxide (DMPO) were 
examined on a Bruker EPR A300-10/12 spectrometer.

2.4. Photocatalytic performance measurement

The photodegradation reaction was conducted in a GHX-3 
photochemical reactor (Science and Education Equipment 
Co., Ltd, Yangzhou, China). In this work, the photocatalytic 
activities of Ag@AgI were evaluated by the photocatalytic 
degradation of RhB under visible-light irradiation. A 250 W 
Xe lamp with a 420 nm cutoff filter was used as the visi-
ble-light source, which was positioned at ca. 10 cm away 
from the photocatalytic reactor with a light intensity of ca. 
256 mW cm–2 (measured by FZ-A radiometer) during the 
photocatalytic process. A water layer is placed between 
the light reaction system and the light source to remove the 
thermal effect generated by the Xe lamp. The photocatalytic 
experiments were carried out at room temperature as fol-
lows: 0.1 g of Ag@AgI catalysts was added to 100 mL of RhB 
solution with a concentration of 10 mg L–1. Before illumina-
tion, the suspension was stirred in the dark for 1 h to ensure 
the establishment of an adsorption–desorption equilibrium 
between the photocatalyst and RhB. Then, the obtained dis-
persion was irradiated by visible-light under stirring. At 
regular intervals, 4 mL of the suspension was pipetted into 
a centrifuge tube and centrifuged at 8,000 rpm for 2 min to 
separate the residual photocatalysts from the RhB solution. 
The absorbance of the supernatant at 553 nm was detected 
by UV-2450 spectrophotometer to monitor the concentration 
of RhB. The photodegradation ratio was calculated using the 
relative concentration (C/C0) of the RhB, where C0 is the calcu-
lated concentration of RhB after adsorption equilibrium, and 
C is the residual concentration at different irradiation time. 
In the recycle experiments, after each cycle, Ag@AgI photo-
catalysts were separated from the solution by centrifugation, 
washed with ethanol and deionized water, respectively, and 
then redispersed in the dye solution for next cycle.

2.5. Determination methods for the degradation products

The final products were determined by a gas chroma-
tography interfaced a HED-EM mass spectrometer (GC/MS, 
Agilent 7890A/5975C, USA). The degraded solution was 
pretreated as follows: it was first centrifuged to remove the 
residual catalysts, and then the pH of the supernatant was 
adjusted to 2.0 by 10 wt% HCl solution. 30 mL of the super-
natant solution was extracted with 30 mL of dichlorometh-
ane for three times. The obtained solution was dehydrated 
by using anhydrous sodium sulfate and finally concentrated 
to 1 mL. After that, 0.5 mL of bis(trimethylsilyl) trifluoro-
acetamide was added into the above solution at 50°C and 
treated for 30 min to silanize the obtained product. 1.0 μL 
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of the above silanized sample was tested by the GC/MS 
equipped with DB-5MS column (fused-silica capillary col-
umn, 30 × 0.25 mm i.d., 0.25 μm film thickness with a 5% 
equivalent polysilphenylene siloxane) under splitless mode. 
The programmed temperature was set to 60°C for 1 min and 
then raised from 60°C to 260°C at a rate of 10°C min–1.

2.6. Photoelectrochemical measurements

Electrochemical measurements were performed on a 
760D electrochemical analyzer (ChenHua Instruments, 
Shanghai, China) using a standard three-electrode system. 
The platinum wire and saturated calomel electrode were 
used as counter electrodes and reference electrodes, respec-
tively. 0.1 M Na2SO4 aqueous solution was used as the 
electrolyte. The working electrode was a F-doped tin dioxide 
(FTO) glass deposited with the as-prepared sample with a 
light irradiation area of 1.0 cm2. In detail, the working elec-
trode was prepared as follows: First, 4 mg of the as-prepared 
samples were dispersed in a mixed solution of 980 μL of 
ethanol and 20 μL of Nafion by sonication to form a homo-
geneous suspension, afterwards 0.1 mL of the above suspen-
sion was coated on an FTO glass plate and dried overnight 
at 45°C to ensure that the samples were tightly attached on 
the FTO. A 300 W Xe lamp was utilized as the light source, 
and the distance between the illumination light source and 
the photocathode was fixed at 25 cm.

3. Results and discussion

3.1. Characterization of the photocatalysts

Ag+ cations and I– anions were precipitated in ethylene 
glycol solution to form AgI nanoparticles with the assis-
tance of polymeric surfactant PVP. At lower temperatures, 
ethylene glycol exhibits a high viscosity, which could inhibit 
the diffusion of Ag+ and I– ions. As a result, the AgI was gen-
erated at a very fast nucleation rate and a relatively slower 
growth rate, which is beneficial to form small and uniform 
AgI nanoparticles. More importantly, the PVP, which was 
adsorbed on the surface of AgI nanoparticles as a protecting 
agent, also restricted the quick growth of AgI nanoparticles 
and favored the formation of uniform nanoparticles.

The phase structures of the as-prepared Ag@AgI pho-
tocatalysts were characterized by the XRD. The XRD pat-
tern of PVP-3 is shown in Fig. 1(a), in which the peaks at 
2θ  =  22.30°,  23.62°,  25.25°,  39.20°,  42.56°,  and  46.28°  can 
be well indexed to the (100), (002), (101), (110), (103), and 
(112) crystal planes of AgI (JCPDS card no. 09-0374) [40]. 

The diffraction peaks from Ag metal are not obvious in the 
XRD pattern, which can be ascribed to the low content of 
Ag in the as-prepared sample. EDX spectrum was also used 
to confirm the chemical composition of PVP-3. As shown in 
Fig. 1(b), the sample consists of Ag and I elements and the 
molar ratio of Ag to AgI is approximately 1:16, proving that 
the product is composed of AgI and Ag.

TEM was used to characterize the morphology and 
size of the as-prepared samples. It was found that the PVP 
amount in the reaction system had an important influence on 
the final morphology and size of the formed Ag@AgI nano-
crystals. The Ag@AgI nanocrystals with different shapes and 
sizes can be obtained by adjusting the PVP content. The cor-
responding TEM images of PVP-0, PVP-0.5, PVP-1, PVP-3, 
and PVP-5 are shown in Fig. 2. PVP-0 synthesized without 
PVP exhibits irregular shapes and big particle size (Figs. 2(a) 
and (b)). Due to the shortage of PVP protecting, the parti-
cles show severe agglomeration. When 0.5 mmol of PVP was 
used, the product of PVP-0.5 exhibits an improvement in the 
homogeneousness of size and shape with an average diame-
ter of about 39.5 nm (Fig. 2(c)). Along with the increment of 
the PVP amount, the PVP-1 and PVP-5 consist of well-dis-
persed nanoparticles with an average diameter of about 30.6 
and 30.2 nm, respectively (Figs. 2(d) and (f)). As shown in 
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Fig. 1. (a) XRD pattern and (b) EDX spectrum of the as-prepared 
sample of PVP-3.
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Fig. 2. TEM images of the as-prepared Ag@AgI samples obtained 
with different PVP amounts: (a and b) PVP-0, (c) PVP-0.5, 
(d) PVP-1, (e) PVP-3, and (f) PVP-5.
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Fig. 2(e), PVP-3 is composed of a large number of nanocrys-
tals, and the nanocrystals are well-dispersed and exhibit 
a uniform size distribution with an average size of about 
28.8 nm (inset in Fig. 2(e)). According to the above results, it 
can be concluded that increasing the amount of PVP in a cer-
tain range favors the formation of small and uniform Ag@AgI 
particles, but when beyond the optimal amount (3 mmol), 
the further addition of PVP has little effect on the morphol-
ogy and size of the Ag@AgI nanocrystals. Regrettably, the 
high-resolution TEM images could not be obtained due to 
the decomposition of AgI nanocrystals under high-energy 
electron beam irradiation.

XPS measurement was further performed to comprehend 
the surface composition and chemical states of the Ag@AgI 
samples. From the XPS survey spectrum in Fig. 3(a), the ele-
ments of Ag and I were detected in Ag@AgI, which is in good 
consistent with the composition of the composite (C1s peak 
can be ascribed to the adventitious hydrocarbon from XPS 
instrument itself). As shown in Fig. 3(b), the peaks of Ag 3d3/2 
and Ag 3d5/2 appeared at 374.1 and 368.1 eV, which belonged 
to Ag+ in AgI phase. And no Ag0 was found. However, after 
the visible-light irradiation, as shown in Fig. 3(c), each peak 
of the Ag element can be deconvoluted into two peaks. 

The Ag 3d3/2 peak was resolved into 374.0 and 374.4 eV, and 
the Ag 3d5/2 peak into 368.0 and 368.3 eV. Both the peaks at 
374.0 and 368.0 eV corresponded to the Ag+ in AgI phase. 
The other two peaks at 374.4 and 368.3 eV resulted from the 
metallic Ag0 [41,42]. The XPS results for silver confirmed that 
metal Ag was in situ grown on AgI via visible-light irradia-
tion. The XPS spectra of I 3d are shown in Fig. 3(d). The spec-
tra of I 3d shows doublet peaks at 619.1 (I 3d5/2) and 630.6 eV 
(I 3d3/2), which are assigned to I− in AgI and there were no 
peaks above 620.0 eV for I 3d5/2, indicating that I2 did not exist 
in the as-prepared composite [43].

As mentioned earlier, noble metal particles play an 
important role in the light absorption of the as-prepared 
composite photocatalysts. Fig. 4 shows the UV-vis diffuse 
reflectance spectra of Ag@AgI nanoparticles and the pure 
AgI nanoparticles, from which it is found that the Ag@AgI 
plasmonic photocatalyst has a stronger absorption in the 
visible-light regions, which is in good agreement with the 
previous report [44]. The absorption at 200–450 nm derives 
from the characteristic absorption of AgI, and the absorp-
tion at 450–800 nm can be attributed to the surface plasmon 
resonance effect of Ag nanoparticles. The enhanced visi-
ble-light absorption of Ag@AgI composites is beneficial to the 
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Fig. 3. (a) XPS survey spectrum and (b–d) high-resolution XPS spectra of AgI and Ag@AgI: (b) Ag 3d of AgI, (c) Ag 3d of Ag@AgI, and 
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visible-light-driven photocatalytic performance. In addition, 
the optical band gaps (Eg) of the AgI was calculated based 
on the formula: (αhν)r = k (hν − Eg), where α, h, and ν are the 
absorption coefficient, Planck constant, and light frequency, 
respectively, k is a constant relative to the material and r = 2 as 
a direct transition semiconductor for AgI [45]. The Eg value is 
obtained to be 2.79 eV for pure AgI, which is well consistent 
with previous reports [46].

3.2. Photocatalytic properties

RhB was chosen as the model contaminant to evaluate 
the photocatalytic activity of the as-prepared samples under 
visible-light irradiation. Prior to irradiation, the reaction mix-
ture was stirred in the dark for 60 min to achieve an adsorp-
tion–desorption equilibrium between the contaminant and 
photocatalyst. As shown in Fig. 5(a), after 8 min visible-light 
irradiation, the degradation efficiencies of RhB over PVP-0, 
PVP-0.5, PVP-1, PVP-3, and PVP-5 photocatalysts are 13.46%, 
53.87%, 80.66%, 93.69%, and 90.67%, respectively. The results 
show that the photocatalytic performance of as-synthesized 
Ag@AgI has been significantly improved after the amount 
adjustment of PVP. The composite of PVP-3 shows the highest 
photocatalytic activity. As shown in Fig. 5(b), the photocata-
lytic reaction rate can be described by the pseudo-first-order 
kinetic: –ln(C/C0) = kt, where t (min) is the irradiation time 
and k (min–1) is the apparent reaction rate constant. The effect 
of PVP on the photocatalytic activity of the composites is also 
directly reflected by the apparent rate constants in Fig. 5(c). It 
can be seen that for the degradation of RhB, PVP-3 possesses 
the highest rate constant (0.3446 min−1), which is about 18.9 
times than that of PVP-0 (0.0182 min−1). As aforementioned, 
the addition of PVP favors the preparation of AgI particles 
with smaller diameter which possesses larger specific surface 
area and much more active sites. As a result, the photocata-
lytic activities of the Ag@AgI plasmonic photocatalysts are 
significantly enhanced. However, when the PVP amount 
was increased to 5 mmol, the derived Ag@AgI photocatalyst 
(PVP-5) shows almost the same catalytic activity as PVP-3. 
This is consistent with the fact that suitable increasing of PVP 

favors the formation of smaller and more uniform Ag@AgI 
nanoparticles. However, when the amount of PVP is beyond 
3 mmol, the size of the Ag@AgI nanoparticles shows no fur-
ther decrease. In addition to the visible-light photocatalytic 
activity, the recyclability of photocatalysts is another import-
ant criterion to evaluate its photocatalytic performance and 
has a significant effect on its practical application [47]. The 
stability of the Ag@AgI plasmonic photocatalyst was inves-
tigated through the degradation of RhB under the same con-
dition for three successive cycles and the results are shown 
in Fig. 5(d). The degradation ratios of RhB after being irra-
diated for 8 min in the three cycles are 93.69%, 91.14%, and 
91.13%, respectively, indicating that the photocatalytic activ-
ity of the Ag@AgI plasmonic photocatalyst (PVP-3) only 
slightly decreased after three cycles (from 93.69% to 91.13%). 
This result proves the high photocatalytic stability of the 
Ag@AgI composite catalysts. Moreover, the blue-shift of the 
peak position with time indicates the formation of a series 
of de-ethylated intermediates (Fig. 5(e)). The similar phe-
nomenon has also been reported in other references and in 
our previously investigated Bi2WO6-Fe3O4/RhB system [48]. 
However, in this work, the position of absorption peak only 
slightly blue-shifted over time, which may be because RhB 
molecules mainly underwent the cracking of benzene ring 
rather than de-ethylation during the degradation process 
[49]. It was found that the color of the RhB solution almost 
disappeared after 8 min irradiation, indicating the high pho-
tocatalytic activity of the Ag@AgI plasmonic photocatalyst.

Furthermore, the degradation products of RhB were iden-
tified by GC/MS. The six debenzolized intermediate products 
were determined as 1-methyl-2-ethyl-benzene, 1,3,5-trimethyl- 
benzene, phthalic acid 1-isopropyl ester-2-propyl ester, 
2-isopropyl-5-methyl-phenol, 2-hydroxy-5-methyl-acetophe-
none, and phthalic mono (2-ethyl-hexyl) ester. In addition 
to the intermediates discussed above, some small organic 
molecules such as 2-oxo-4-methyl-pentanoic acid, suc-
cinic acid, 1,4-butanediol, 2-oxo-3-methyl-butyric acid, and 
2-hydroxy-propanoic acid were also detected by GC/MS 
(Table 1). Based on the above experimental results and previ-
ous reports [48–50], we proposed the possible photocatalytic 
degradation pathways of RhB under visible-light irradiation 
(Fig. 6). Under visible-light irradiation, two pathways simul-
taneously occur: the de-ethylation process and the cracking 
of benzene ring [51]. On the one hand, RhB degrades from N, 
N, N′, N′-tetraethylated rhodamine to rhodamine through a 
series of de-ethylation processes [49,50]. On the other hand, 
smaller organic molecules were formed during the degrada-
tion of the conjugated xanthene structures of both RhB and 
the de-ethylated intermediates in the decolorization process.

We assume that the concentration of RhB is proportional 
to the intensity of the absorption peak at 553 nm, and approx-
imately regard the change in absorbance (A/A0) of RhB as the 
change in its concentration (C/C0). A represents the absor-
bance at 553 nm and A0 is the initial absorbance of RhB at 
553 nm before photodegradation. Fig. 7 shows the curves 
of C/C0 versus time (t) during the photocatalytic reaction. 
As shown, the blank test without any catalyst reveals that 
the self-photolysis of RhB is negligible. Moreover, it can be 
seen that by using PVP-3 catalyst, the degradation ratio of 
RhB reaches 93.69% after 8 min of visible-light irradiation, 
while the degradation ratio of RhB is only about 19.36% after 
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12 min irradiation with P25 catalyst (a commercial TiO2 as 
a benchmark photocatalyst [18]). As a result, the photocata-
lytic activity of Ag@AgI nanocomposite is much higher than 
that of P25. The rate constants of the catalysts P25 and Ag@
AgI were 0.0172 and 0.3446 min–1, respectively, suggesting 
that the photocatalytic activity of the as-prepared Ag@AgI 
photocatalyst is almost 19 times higher than that of the 
commercial P25.

The interfacial charge transfer and recombination rates 
of the as-prepared photocatalysts were studied by the photo-
electrochemical analysis. Fig. 8 shows the transient photocur-
rent responses of Ag@AgI photocatalysts under intermittent 
visible-light irradiation for five on–off cycles. Obviously, with 
the assistance of PVP, the charge carrier densities of the com-
posites are significantly enhanced. The PVP-3 presents the 
highest photocurrent response (4.83 μA cm–2), which is about 
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Fig. 5. (a) The photocatalytic degradation of RhB based on the as-prepared samples; (b) pseudo-first-order kinetic curves of the 
photocatalytic degradation of RhB over different photocatalysts; (c) the rate constants of the photodegradation of RhB with different 
photocatalysts; (d) cycling runs of the Ag@AgI photocatalyst (PVP-3) in the degradation of RhB under visible-light irradiation; and 
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Table 1
Identification of the degradation products of RhB by GC/MS

m/z Retention time Identified intermediates Structural formula

130.06 3.236 2-Oxo-4-methyl-pentanoic acid

O

OH

O

118.03 3.322 Succinic acid
O

HO

O

OH

120.09 4.060 Benzene, 1-methyl-2-ethyl-

90.07 4.105 Butane-1,4-diol OH
HO

116.05 4.160 2-Oxo-3-methyl-butyric acid

O

OH
O

120.09 4.277 Benzene, 1,3,5-trimethyl-

90.03 5.513 2-Hydroxy-propionic acid
O

HO OH

250.12 21.403 Phthalic acid 1-isopropyl ester 2-propyl ester
O O

O

O

150.10 26.936 2-Isopropyl-5-methyl-phenol
HO

150.07 27.440 2-Hydroxy-5-methyl-acetophenone

OH

O

278.15 31.245 1,2-Benzenedicarboxylic acid, mono(2-ethylhexyl) ester

O
OO

OH
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Fig. 6. Proposed degradation pathways for photocatalytic degradation of RhB with Ag@AgI plasmonic photocatalyst.
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5.4 times of PVP-0 (0.89 μA cm–2). The result indicates that 
the PVP-3 possesses the highest separation efficiency for the 
photoinduced charge carriers among these photocatalysts.

It is known that •O2
–, h+ and •OH are three main active 

species in photocatalytic process. To clarify the dominant 

active species in the photocatalytic reactions, the trap-
ping experiments were carried out. Benzoquinone (BZQ), 
disodium ethylenediaminetetraacetate (Na2-EDTA), and 
isopropanol (IPA) were employed to act as •O2

–, h+, and •OH 
scavengers, respectively. Fig. 9(a) shows the photodegrada-
tion of RhB with PVP-3 photocatalyst after adding various 
trapping scavengers. The effect of scavengers on the photo-
catalytic activity of the composite is also directly reflected by 
the apparent rate constants in Fig. 9(b). The rate constant of 
PVP-3 without any scavenger is 0.3446 min−1, while the rate 
constants change into 0.1049, 0.1432, and 0.0062 min−1 when 
introducing the scavengers of IPA, Na2-EDTA, and BZQ, 
respectively, indicating that the introduction of IPA and Na2-
EDTA into the reaction system could affect the photodeg-
radation efficiency in some degree, while the introduction 
of BZQ almost completely inhibited the RhB degradation. 
These results mean that •O2

– is the main reactive species and 
h+ and •OH also play some role during the photocatalytic 
process.

In order to further clarify the photocatalytic mechanism, 
the ESR measurements of the AgI and PVP-3 were carried out. 
As shown in Fig. 10(a), no signal of DMPO-•OH was detected 
in the dark. When exposed to visible-light irradiation, the ESR 
signal of DMPO-•OH could be observed over AgI and PVP-3 
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Fig. 10. ESR spectra of (a) DMPO-•OH adducts in aqueous solution and (b) DMPO-•O2
– adducts in methanol solution recorded with 

AgI and PVP-3 under visible-light irradiation.
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with almost the same intensity, confirming that •OH species 
plays some role in the photocatalytic processes of these cat-
alysts. As shown in Fig. 10(b), no signal of DMPO-•O2

– was 
found in the dark in the presence of PVP-3, proving that no 
•O2

– radicals were generated in this condition. In contrast, 
the four characteristic peaks of the DMPO-•O2

– adducts were 
observed over AgI and PVP-3 under visible-light irradiation. 
Moreover, the DMPO-•O2

– peaks over PVP-3 are much stron-
ger than those over AgI, indicating that more •O2

– radicals were 
generated over PVP-3 than AgI. As PVP-3 has smaller particle 
sizes and larger specific surface area, it has more reaction sites 
and therefore produces more •O2

– radicals. These results are 
well consistent with those of the trapping experiments.

In order to understand the reason for the excellent photo-
catalytic performance of the as-prepared Ag@AgI photocat-
alysts, the photocatalytic mechanism is proposed in Fig. 11 
and discussed as follows. It has been reported that the con-
duction band of AgI is −0.50 eV [42]. According to the formula 
ECB = EVB – Eg, the valence band value of AgI is calculated to 

be 2.29 eV. First, since Ag has a strong absorption in the visi-
ble region due to its surface plasmonic effect, a large amount 
of photogenerated electrons and holes could be produced in 
Ag@AgI nanocomposites [38,52]. Then, due to the synergy 
effect between the high conductivity of Ag nanoparticles and 
the polarization field provided by the AgI nanoparticles, the 
photogenerated electrons could quickly transfer to the surface 
of Ag nanoparticles, and thus leading to the more efficient 
separation of the hole–electron pairs. The excited electrons on 
the surface of Ag are then trapped by the oxygen molecules 
(O2) in the solution to form superoxide ions (O2

•−) and other 
reactive species [53]. At the same time, photogenerated holes 
could not only oxidize the RhB molecules directly, but could 
be also transferred to iodine ions to oxidize them into iodine 
atoms at the surface sites of AgI, which could also oxidize 
RhB dye and reduce themselves to stable iodine ions [54]. The 
uniform and small size of the as-prepared Ag@AgI nanopar-
ticles could provide large surface area and more reactive sites 
for the degradation of RhB molecules. In addition, since Ag is 
generated in situ at the AgI surface, the better interfacial con-
tact between them favors the rapid electron transfer process, 
which further promotes the separation of the electron–hole 
pairs [55]. As a result, the as-synthesized Ag@AgI plasmonic 
photocatalysts could exhibit high photocatalytic activity and 
cyclic stability. The comparison about the Ag/AgI systems 
that has been reported in recent years is listed in Table 2.

4. Conclusion

In summary, we have successfully synthesized Ag@AgI 
nanoparticles by a simple surfactant-assisted precipitation 
method. The size of Ag@AgI nanoparticles can be well con-
trolled by adjusting the feeding amount of PVP in the reac-
tion solution. The Ag@AgI composites exhibit a significantly 
enhanced photocatalytic activity in the degradation of RhB 
molecules under visible-light irradiation compared with P25. 
Its high photocatalytic activity could be mainly ascribed to 
the surface plasmonic effect of the Ag metal, uniform and 
small sizes of the Ag@AgI nanoparticles, and the good con-
tact between Ag and AgI. In addition, the possible pathway 
and mechanism for the degradation of RhB molecules were 
also proposed. With high photocatalytic activity and good 
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Fig. 11. The proposed mechanism for Ag@AgI photocatalysts 
under visible-light irradiation.

Table 2
A comparison between the Ag@AgI photocatalyst and some related photocatalysts reported previously

Photocatalysts Pollutants Light source Photodegradation rate 
constant (k)

Reference

Ag/AgI/BiOI RhB (10 mg L–1) 500 W Xe lamp (λ > 420 nm) 0.8673 h–1 [41]
AgI/Ag/I-(BiO)2CO3 RhB (10 mg L–1) 500 W Xe lamp (λ > 420 nm) 0.62 h–1 [42]
Ag-AgI/Fe3O4@SiO2 RhB (25 mg L–1) 250 W metal halide lamp (λ > 420 nm) 4.98 h–1 [54]
K4Nb6O17/Ag@AgI RhB (10 mg L–1) 250 W metal halide lamp (λ > 400 nm) (Degradation rates: 83.00% 

after 40 min irradiation)
[56]

Ag/AgI RhB (10 mg L–1) 250 W metal halide lamp (λ > 400 nm) 9.60 h–1 [57]
Ag@AgI-modified N, F 
co-doped TiO2

MO (20 mg L–1) 500 W Xe lamp (λ > 400 nm) Degradation rates: 95.50% 
after 90 min irradiation

[58]

α-Fe2O3/Ag/AgX (X = Cl, Br, I) RhB (10 mg L–1) A mercury lamp (300 W) 0.78 h–1 [59]
Ag@AgI RhB (10 mg L–1) 250 W Xe lamp (λ > 420 nm) 20.67 h–1 This work



X. Yue et al. / Desalination and Water Treatment 123 (2018) 156–167166

cyclic stability under visible-light irradiation, the Ag@AgI 
plasmonic photocatalysts may promise potential applications 
in the degradation of organic pollutants and environmental 
purification.
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