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Facile Hydrothermal Synthesis of Plasmonic Photocatalyst 
Ag@AgCl and Degradative Photocatalysis 

under Visible Light Irradiation
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Abstract: We put forward a new approach for the synthesis of Ag@AgCl plasmonic photocatalyst via a 
hydrothermal-deposition-photoreduction method. The cetylmethylammonium chloride (CTAC) was used alone 
as both a source of reactants and surfactant. The structure of the prepared photocatalyst was determined by 
XRD, SEM, EDX and UV-Vis spectroscoscopy. The photocatalytic properties were investigated by degradation 
of an organic pollutant, Rhodamine B, under visible light irradiation. The results reveal that the experimental 
conditions have a great effect on the morphology of Ag@AgCl crystals. Ag@AgCl crystal is cubic and the Ag@
AgCl sample which is photoreduced for 40 min exhibits the highest photoactivity, and 80.6 % RhB is degraded 
after irradiation for 2 hours using this catalyst. The high photocatalytic activity observed is attributed to the 
surface plasmon resonance effect of Ag nanoparticles.
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1  Introduction

Advanced oxidation technology using semicon-
ductor photocatalysts has attracted increasing attention 
over the past two decades as an effective technique for 
the mineralization of pollutants of concern in air and 
water[1-5]. It is an emerging research topic for harvesting 
abundant and renewable sunlight in energy production 
and environmental remediation. Indeed, research on 
solar-driven heterogeneous photocatalysis based on 
surface plasmon resonance has seen rapid growth 
and potentially opens a technologically promising 
avenue that can benefi t the sustainable development of 
global energy and the environment[6,7]. Among various 

photocatalytic materials, Ag@AgCl is a visible light 
plasmonic photocatalyst which has recently attracted 
considerable attention because of its high visible 
light absorption and activity due to the localized 
surface plasmon resonance (LSPR) of noble metal 
nanoparticles[8,9]. Recently, Huang et al. synthesized 
highly efficient Ag@AgCl plasmonic photocatalysts 
by forming AgCl powder and subsequently reducing 
a portion of the Ag+ ions to Ag0 species[10]. Various 
structures of Ag@AgCl photocatalysts, including 
microrods, irregular balls, and hollow spheres, have 
been successfully synthesized in the literature[11]. 
Yiqun Zhu et al[12] reported an efficient method for 
the synthesis of Ag@AgCl nanoparticles by an ion-
exchange reaction between HCl and as-prepared 
Ag2MoO4, followed by photoreduction of Ag ions in 
the surface region of the prepared AgCl nanowires. Xu 
and co-workers[13] fabricated Ag@AgCl photocatalysts 
via an ionic liquids process, and Yanqing Yang et al[14] 

synthesized efficient Ag@AgCl photocatalysts using 
a facile deposition-photoreduction method. However, 
these approaches are all time-consuming and expensive, 
limiting the practical applications of plasmon-induced 
photocatalysis. Alternatively, chemical methods 
have been proposed for the synthesis of Ag@AgCl 
materials[15,16], of which the hydrothermal method is 
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promising due to its good scale-up potential and strong 
control over structure and morphology of the prepared 
photocatalysts. Juan Liao et al[17] first reported the 
synthesis of efficient Ag@AgCl photocatalysts using 
the hydrothermal method. Ag@AgCl crystals of pure 
heart-like, and a mixture of heart-like and cubic shape 
structures were obtained by adjusting the hydrothermal 
parameters. In this paper, we further investigate 
the hydrothermal method for the synthesis of Ag@
AgCl, employing cetylmethylammonium chloride 
(CTAC) as both a source of reactants and surfactant. 
Cetylmethylammonium chloride (CTAC) is a common 
surfactant used in hydrothermal syntheses of various 
nanoparticles. To the best of our knowledge, the 
hydrothermal synthesis of Ag@AgCl using CTAC as 
reactants and surfactant has not yet been reported. In 
the presence of CTAC, the number of nucleation sites 
for AgCl was thought to increase, resulting in a more 
homogenous dispersion of AgCl, which is desirable for 
the photocatalytic activity and leads to an improvement 
in the photocatalytic degradation observed.

2  Experimental

2.1  Synthesis of photocatalysts
All chemicals were in reagent grade and used 

without further purifi cation. Ag@AgCl was synthesized 
via a hydrothermal-deposition-photoreduction method. 
3.39 g cetylmethylammonium chloride (CTAC) and 1.5 
g AgNO3 were initially dissolyed in 60 mL deionized 
water under magnetic stirring at room temperature 
for 30 min. After the initial mixing, the solution was 
transferred into a 90 mL Teflon-lined autoclave and 
subsequently heated in an oven. The white products 
obtained were successively washed by distilled water 
and anhydrous ethanol. The obtained AgCl powder 
was dispersed in 50 mL distilled water, and irradiated 
with a 250 W metal halide lamp (Philips). The resulting 
sample was then thoroughly washed with distilled 
water and anhydrous ethanol to remove the surfactant. 
The final products were dried at 80 ℃ for 8 h in the 
dark. The as-prepared catalysts were denoted as H-Ag@
AgCl (where H is hydrothermal). 

For comparison, Ag@AgCl was synthesized via 
a precipitation method. 3.39 g cetylmethylammonium 
chloride (CTAC) and 1.5 g AgNO3 were initially 
dissolved in 60 mL deionized water under magnetic 
stirring at room temperature for 30 min. After that, 
the white products were washed by distilled water and 
anhydrous ethanol, respectively, and the obtained AgCl 

powder was dispersed in 50 mL distilled water and 
irradiated with a 250 W metal halide lamp (Philips). 
The resulting sample was then thoroughly washed 
with distilled water and anhydrous ethanol to remove 
surfactant. The fi nal products were dried at 80 ℃ for 8 
h in the dark. The as-prepared catalysts were denoted 
as P-Ag@AgCl (where P is precipitation).
2.2 Characterization of the photocatalysts

The crystal structure and the phase of the samples 
were determined by an X-ray diffractometer (XRD) 
using a Rigaku D/MAX2500 PC diffractometer with 
Cu Kα radiation, with an operating voltage of 40 kV 
and an operating current of 100 mA. The morphology 
of the samples was detected using a scanning electron 
microscope (SEM) (Hitachi, s-4800) and energy 
dispersive X-ray spectroscopy (EDX). UV-visible light 
(UV-vis) diffuse refl ectance spectra were recorded on a 
UV-vis spectrometer (Puxi, UV-1901). 
2.3  Photocatalytic activity

The photocatalytic degradation of Rhodamine B 
was carried out to evaluate the photocatalytic activity 
of the samples. Illumination was provided by a 250 W 
metal halide lamp (Philips) with a UV fi lter (λ>400 nm, 
transmittance > 90%) at a distance of 10 cm from the 
beaker and the surface area of irridiation on the reactor 
was 28 cm2. Cooling was provided by an external 
cooling jacket and the temperature of the reaction 
was controlled to 25 ±2 ℃. For a typical experiment, 
0.25 g catalyst was added into 250 mL solution. The 
mixture was stirred in the dark for 30 min to establish 
adsorption equilibrium between the catalyst surface 
and the dye molecules. The solution was then irradiated 
by visible light (λ>400 nm) for two hours. The initial 
concentration of Rhodamine B used was 10 mg/L. 
During irradiation, samples were withdrawn every 
15 minutes. The samples were centrifuged to remove 
the catalyst and the supernatant was analyzed using 
a spectrophotometer. The peak absorbance used was 
λ=554 nm, and was correlated to concentration using 
the Beer-Lambert law and a prepared standard curve.

3  Results and discussion 

3.1  Catalyst characterization 
XRD was used to determine the phase structure 

of the samples. Fig.1 shows the XRD patterns of the 
H-Ag@AgCl (synthesized via hydrothermal), P-Ag@
AgCl (synthesized via precipitation) and H-AgCl. 
The diffraction peaks (at 38.2o and 44.4o) assigned 
to metallic Ag are also displayed in the nanojunction 
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system (the inset of Fig. 1), and was found to be 
especially weak, indicating that Ag was poorly 
crystallized. The XRD patterns of the as-prepared 
products indicated that the H-Ag@AgCl was better 
crystallized than P-Ag@AgCl. Compared with H-AgCl, 
the XRD pattern of H-Ag@AgCl shows two additional 
peaks, which are indexed to the metal silver, indicate 
the successful formation of silver by photoreduction 
under visible light irradiation, causing broadening of 
the visible light response due to the SPR effect of Ag 
NPs. 

Fig.2. shows a typical XRD pattern of the as-
prepared product from the hydrothermal synthesis, 
as well as the patterns obtained for samples prepared 
using various treatment times. The inset in Fig.2 
indicates clearly the Ag peaks at 38.2° and 44.4°. 
Ag@AgCl is mainly composed of AgCl and all of the 
peaks matched with the JCPDS standard data of AgCl 
(JCPDS fi le: 31-1238). The diffraction peaks obtained 

were intense and sharp, indicating that the obtained 
Ag@AgCl photocatalysts were well crystallized. As 
shown in Fig.2, the characteristic diffraction peaks for 
AgCl at 2θ of 27.8°, 32.2°, and 46.2° were attributed 
to the (111), (200), and (220) crystal planes of AgCl 
crystal, while the peaks at 38.2° and 44.4° were 
attributed to the small quantity of residual Ag. From 
the diffraction patterns obtained, it was found that the 
hydrothermal treatment time was a significant factor 
infl uencing the crystallinity. With increasing treatment 
time, the crystallinity of Ag@AgCl increased up to a 
point. However, upon exceeding an optimal treatment 
time, the crystallinity of Ag@AgCl was thought to 
be partially destroyed. This would also influence the 
morphology and change the specifi c surface area of the 
resulting photocatalyst. 

Fig.3 shows a typical XRD pattern of the as-
prepared product from the hydrothermal synthesis, as 
well as patterns obtained for samples prepared using 
various treatment temperatures. From the results, the 
cubic phase of Ag (JCPDS fi le: 04-0783) was seen to 
coexist with the cubic phase of AgCl (JCPDS fi le: 31-
1238). The diffraction peaks obtained for all samples 
were intense and sharp, indicating that the Ag@
AgCl photocatalysts prepared at various treatment 
temperatures were well crystallized. As shown in Fig.3, 
the characteristic diffraction peaks for AgCl at 2θ of 
27.8°, 32.2°, and 46.2° were attributed to the (111), 
(200), and (220) crystal planes of AgCl crystal, while 
the peaks at 38.2° and 44.4° were attributed to the 
small quantity of residual Ag (the inset of Fig.3). The 
diffraction peak assigned to metal Ag was broad and 
weak, which may be a result of its low content and 
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small particle size on the surface of the as-prepared 
composite. From the diffraction patterns shown 
in Fig.3, the hydrothermal treatment temperature 
was found to be a significant factor. The increase 
of annealing temperature was found to result in the 
crystalline growth of the chlorar-gyrite phase. When the 
treatment temperature was 150 ℃, the best crystallinity 
of chlorargyrite was observed, and the cubic-type 
morphology was thought to be well-developed, since 
chlorargyrite was the dominant phase (81%). 

The UV-vis diffuse refl ectance spectra of H-Ag@
AgCl, P-Ag@AgCl and H-AgCl are shown in Fig.4. 
These materials were all found to exhibit a strong 
absorption in the UV region, a typical characteristic of 
silver. Both H-Ag@AgCl and P-Ag@AgCl exhibited 
a wide absorption ranging from 400 to 700 nm. It is 
interesting to find that the unreduced sample H-AgCl 
exhibited a characteristic absorption peak of AgCl, 
with the value of the absorption edge located at 400 
nm. The weak absorption peak in the visible range for 
AgCl can be attributed to the small amount of silver 
nanoparticles formed under weak irradiation from the 
environment during preparation. In contrast to AgCl, 
Ag@AgCl shows a strong absorption in the visible 
region, attributable to the surface plasmon resonance 
of silver NPs deposited on AgCl particles. When the 
wavelength of the irradiating light is much greater than 
the diameter of silver NPs, the electromagnetic field 
across each entire silver NP is essentially uniform. 
With the oscillations in that electromagnetic fi eld, the 
weakly bound electrons of the silver nanoparticles 
respond collectively, giving rise to the plasmonic 
state. When the incident light frequency matches 
the plasmonic oscillation frequency, the incident 
light will be absorbed, resulting in surface plasmon 
absorption. When the catalysts were irradiated with 
visible light, some Ag nanoparticles on the surface of 
the catalysts became larger as a result of the reduction 

of AgCl. Therefore, the shape and diameter of the Ag 
NPs obtained may have varied over a large range[18]. 
The absorption edge of AgCl observed in Ag@AgCl 
crystals was slightly blue shifted compared to that 
of pure AgCl particles, which may be due to a slight 
change in morphology and decrease in size of Ag@
AgCl particles compared to the pure AgCl particles[17]. 
In addition, the absorbance intensity of the P-Ag@
AgCl synthesized by precipitation was lower than that 
of H-Ag@AgCl. This indicated that the hydrothermal 
procedure resulted in a uniform Ag distribution on the 
surface of AgCl and caused the high crystallinity of 
Ag@AgCl.  

The morphologies of (a) H-Ag@AgCl, (b) 
H-Ag@AgCl (without CTAC), (c) H-AgCl and (d) 
P-Ag@AgCl photocatalysts were observed using 
SEM. Figs.5(a), (b), (c) and (d) present typical SEM 
images of the as-prepared photocatalyst, from which 
the existence of silver nanoparticles on the surface of 
the samples cannot be clearly identified. As shown 
in Fig.5(a), the Ag@AgCl photocatalyst exhibits a 
uniform, heart-like morphology while in Figs.5 (b), (c) 
and (d), the heart-like particles are in existence with 

Fig.5 SEM images of photocatalyst: (a) H-Ag@AgCl; (b) 

H-Ag@AgCl(without CTAC); (c) H-AgCl; (d) P-Ag@

AgCl; (e) corresponding EDX pattern of (a)
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ellipsoidal ones. In addition, compared with (a) H-Ag@
AgCl, (b) H-Ag@AgCl (without CTAC) shows an 
irregular and rough morphology. What’s more, it’s easy 
to agglomerate with each other. In this process, cationic 
surfactant CTAC could limit the number of nucleation 
sites that AgCl could grow, leading to homogeneously 
dispersed AgCl islands. Aside from this, CTAC could 
supply bromide to precipitate Ag+ in solution; however, 
it should be noted that metal Ag formation occurred 
along with the formation of AgCl[19,20]. Fig.5 (e) shows 
the typical EDX spectrum obtained from H-Ag@
AgCl. From the spectrum, only Ag and Cl elements 
were observed (copper signals appear from the copper 
grid), indicating the presence of AgCl and/or Ag in 
nanojunction system. EDX relies on the penetration 
depth of electrons with relatively high kinetic energy 
and yields the composition of the material within a 
region approximately 1 μm below the surface[21]. It 
might contain information not only due to the nanoplate 
surface but also due to the core of the sample clusters. 
Quantitative analysis of the EDX peaks obtained from 
Ag@AgCl yields an Ag/Cl atomic ratio of 1.2, which is 
close to the stoichiometric ratio.

3.2 Photocatalytic activity for RhB degradation 
The photocatalytic activity for the degradation of 

RhB was investigated and a comparison of the results 
obtained for the H-AgCl, P-Ag@AgCl, H-Ag@AgCl 
and H-Ag@AgCl (without CTAC) is shown in Fig.6, 
with the photolysis (blank) and catalysis-only (dark 
reaction) data for reference. The degradation was 
represented using the relationship between ln(c/c0) (c0, 
the initial concentration of RhB after adsorption; c, 
the concentration of RhB after photoirradiation) and 
irradiation time, and was found to be linear, indicating 
that the photocatalytic degradations of RhB follow 

first-order kinetics in all cases. A comparison of the 
final degradation achieved using the photocatalysts 
synthesized by various methods is given in the inset. 
The activities of the samples decrease in the orders of 
H-Ag@AgCl (74.51 %), H-Ag@AgCl (without CTAC) 
(67 %), P-Ag@AgCl (52.5 %) and H-AgCl (36.22 
%). No obvious degradation was observed during 
the blank test and dark test, indicating that the dye 
was stable under visible light irradiation and that the 
absorption of RhB had a negligible impact on reaction 
after the adsorption-desorption equilibrium. The 
H-Ag@AgCl(150 ℃, 2 h) sample exhibited the highest 
decolorization rate after irradiation for 2 hours. It was 
found that the catalyst H-Ag@AgCl showed higher 
photocatalytic activity than the catalysts prepared by 
precipitation and prepared without CTAC, which is 
in accordance with their respective crystallinities and 
band gap energies observed. And CTAC influence on 
the morphology and dispersion of the photocatalyst can 
also affect the activity of the photocatalyst. The H-AgCl 
photocatalyst showed limited photocatalytic activity at 
the beginning of the photodegradation of RhB, since 
H-AgCl was not likely to produce photoelectrons and 
holes due to its band gap at 3.25 eV. The photocatalytic 
activity of the reduced H-Ag@AgCl was observed to 
be higher due to the generation of Ag nanoparticles on 
the surface of AgCl. 

The effect of hydrothermal treatment temperature 
on the photocatalytic activity was investigated and the 
results are presented in Fig.7. A comparison of the fi nal 
degradation achieved using the catalysts prepared at 
various treatment temperatures is shown in the inset.  
The hydrothermal treatment temperature was found 
to have a signifi cant effect on the degradation rate. As 
shown, the relative activity observed was, in decreasing 
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order, 190 ℃ Ag@AgCl, 160 ℃ Ag@AgCl, 130 ℃ 
Ag@AgCl, 140 ℃ Ag@AgCl, 150 ℃ Ag@AgCl. 
Among the Ag@AgCl samples prepared at different 
hydrothermal treatment temperatures, the photocatalyst 
treated at 150 ℃ exhibited the highest photocatalytic 
activity and 74.51 % RhB was degraded after 2 hours of 
irradiation. From the trend in activity observed, it was 
found that an increase in temperature could improve 
the Ag@AgCl crystallinity, which was beneficial for 
the reaction. However, when the temperature used was 
too high, the particle diameter was thought to increase 
markedly, significantly influencing the separation and 
transfer of the photoelectrons and the holes, reducing 
the overall photocatalytic activity observed. 

Fig.8 shows the photocatalytic activity of the 
Ag@AgCl prepared using various hydrothermal 
treatment times. As shown in the inset of Fig.8, the 
relative photoactivity observed was found to be, in 
decreasing order, 4 h Ag@AgCl, 0.5 h Ag@AgCl, 2 
h Ag@AgCl, 1 h Ag@AgCl. Among the Ag@AgCl 
photocatalysts prepared, the sample treated for 1 h 
exhibited the highest photocatalytic activity and 80.56 
% RhB was degraded after irradiation for 2 hours. 
The hydrothermal treatment time was found to be a 
significant factor influencing the photodegradation 
rate. With an increase in time, the crystallinity of Ag@
AgCl increased, which was favorable for the reaction. 
However, upon prolonged exposure, the morphology 
was thought to change markedly, significantly 
infl uencing the specifi c surface area and consequently 
reducing the photocatalytic activity. 

The effect of dosage on the degradation of RhB 
was investigated in the range of 0.5-2.0 g/L, as shown 
in Fig.9. As expected, the degradation activity was 

enhanced with increasing catalyst dosage, characteristic 
of heterogeneous photocatalysis[22]. The lowest final 
degradation achieved was 38.54 % using a dosage 
of 0.5 g/L, while the highest degradation of 99.13 
% was achieved using 2.0 g/L. The increased Ag@
AgCl dosage provided more active centers due to the 
increment of the surface area, causing an increase in 
the photocatalytic degradation rate. 

The stability of a practical photocatalyst is as 
important as its photocatalytic activity. The stability of 
the Ag@AgCl (150 ℃,1 h) nanojunction system was 
studied through the degradation of RhB under visible-
light irradiation. After five cycles of photodegradation, 
the Ag@AgCl nanojunction did not show a significant 
loss of photocatalytic activity. It should be noted that 
the Ag@AgCl was easily recycled by simple filtration 
without any treatment in these experiments and the 
catalyst remained stable during the photocatalytic 
reaction. Therefore, the present Ag@AgCl nanojunction 
photocatalyst is an effective and stable photocatalyst.
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4  Mechanism analysis

The electronic structures of visible-light-
responsive Ag@AgCl have been widely studied by 
researchers. Based on this discussion, the photocatalytic 
process using the Ag@AgCl nanojunction system can 
be proposed as shown in Fig.11. AgCl has a direct 
band gap of 5.6 eV and an indirect band gap of 3.25 
eV, which has a limited utilization of visible light. 
Ag@AgCl is stable and efficient under visible light 
due to the surface plasmon resonance (SPR) of silver 
metal nanoparticles. The photocatalytic reaction is 
initiated by the absorption of visible-light photons 
with energy equal to or higher than the band-gap in 
either AgCl or Ag, which results in the creation of 
photogenerated holes in its valence band (VB) and 
electrons in its conduction band (CB). The Ag@AgCl 
visible light photocatalytic activity can be explained 
by the following mechanism. In the photocatalytic 
system, since the energy level of Ag is above the VB 
of AgCl, VB-holes (AgCl) also easily fl ow into metal 
Ag (electron transfer: Ag>AgBr), which is faster than 
the electron–hole recombination between the VB and 
CB of AgCl. Additionally, a photon could be absorbed 
by the metallic silver nanoparticles under visible light 
irradiation. Due to the dipolar character of the surface 
plasmon state of Ag nanoparticles, the absorbed photon 
would then be effi ciently decomposed into an electron 
and a hole[12,17], such that an electron is transferred to 
the surface of the Ag nanoparticle farthest away from 
the Ag@AgCl interface, and a hole to the surface of the 
AgCl particle bearing the Ag. The holes are transferred 
to the AgCl surface corresponding to the oxidation of 
Cl− to Cl0, which should be able to oxidize RhB dye 
and become Cl− again[23], and the Ag+ recombines with 
Cl− to regenerate AgCl, so the Ag@AgCl can remain 
stable without deterioration. In general, photogenerated 
electrons are expected to be trapped by O2 in the 

solution to form superoxide ions (O2
−) and other 

reactive oxygen species[24,25]. In summary, the Ag@
AgCl plasmonic photocatalyst is an efficient and stable 
photocatalyst under visible light.  

5  Conclusions

In summary, Ag@AgCl plasmonic photocatalyst, 
synthesized by the simple hydrothermal photoreduction 
method, was found to be a novel visible light driven 
photocatalyst for the degradation of RhB. The Ag@
AgCl particles exhibited strong absorption in visible 
light region because of the plasmon resonance of 
silver NPs on the surface of AgCl particles and the 
prepared photo-catalyst possessed a high photocatalytic 
activity. The high stability observed could be attributed 
to the strong absorption of silver NPs in the visible 
light region, so that the photogenerated electrons in 
Ag@AgCl were absorbed by the silver NPs rather 
than being transferred to the Ag+ of the AgCl lattice. 
The hydrothermal time and temperature were found 
to significantly affect the photodegradation of RhB. 
The effect of catalyst dosage was studied, and the 
activity increased with increasing dosage It is believed 
that the as-prepared Ag@AgCl will be a promising 
nanostructured visible light photocatalyst for future use 
in environmental remediation.
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