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Introduction

The precise control of the shapes and structures of inorganic
nanoparticles has received great attention owing to their fas-
cinating morphology-dependent chemical, optical, and cata-
lytic properties.[1–4] The assembly of nanoparticles into func-
tional architectures has become increasingly important in
the design of novel sensors, circuits, photocatalysts, and de-
vices on the nano- and microscales.[5–8] As a result, remark-
able research progress has been accomplished in the past
few decades on the synthesis, characterization, and applica-
tions of many metallic and semiconducting structures of var-
ious architectures.[9–11] Yu et al. successfully fabricated
WO3·

1=3 H2O hollow microspheres with hierarchically porous
wall structures by means of a one-pot hydrothermal method
at 80 8C; these microspheres were more catalytically active
due to their increased surface area.[12] Polshettiwar et al. de-

veloped a convenient synthetic protocol for metal oxides
with 3D nanostructures under microwave irradiation condi-
tions. The metal oxides self-assembled into octahedra,
spheres, triangular rods, pine, and hexagonal snowflakelike
three-dimensional morphologies, and the pine-structured
iron oxides have been widely used as a novel support for
various catalytic organic transformations.[13] Ye and co-work-
ers synthesized the hierarchical WO3 hollow shells—den-
drites, spheres, and dumbbells—by simply calcining acid-
treated PbWO4 and SrWO4 precursors at 500 8C for 2 h.
Compared with commercial WO3 particles, all the obtained
hollow shells showed enhanced photocatalytic activities for
the degradation of organic contaminants under visible-light
irradiation.[14] However, it is still a challenge for chemists
and materials scientists to fabricate novel self-assembling
functional architectures.[15]

The development of visible-light-driven photocatalysts has
been an attractive research field due to ambitions of water
splitting, pollutant destruction, and bacterial disinfec-
tion.[16,17] Most research has been concentrated on anatase
(TiO2), which is photostable, nontoxic, cheap, and active.
Due to its large band gap of 3.2 eV, UV light (l<400 nm) is
necessary to generate the electron–hole pairs, thus restrict-
ing its absorption of solar energy (about 4 % of the total
energy). Thus, several attempts have been made to over-
come this barrier, including phase and morphological con-
trol, doping, surface sensitization, composite photocatalysts,
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heterojunction photocatalysts, and plasmonic photocata-
lysts.[18–20] Among them, the plasmonic photocatalysts are
one of the most promising approaches because of their out-
standing performance in photocatalytic processes. The plas-
monic photocatalyst combines the plasmon resonance of
noble-metal nanoparticles with a semiconductor catalyst.
Noble-metal nanoparticles (NPs) show strong visible-light
absorption because of size- and shape-dependent plasmon
resonance, which accelerates the separation process of the
photogenerated electrons and holes in the semiconductor
catalyst. We have demonstrated that the plasmonic photo-
catalyst Ag@AgCl is efficient and stable under visible light
because the Ag nanoparticles strongly absorb visible light,
prevent photogenerated electrons from combining with Ag+

ions, and allow the formation of Cl0 atoms by combining Cl�

ions with photogenerated holes, and the Cl0 oxidizes the or-
ganic pollution efficiently.[21]

In the present report, we explore a simple ion-exchange
method and light-induced chemical reduction reaction for
the controlled synthesis of hierarchical Ag@AgCl micro-
structures including rodlike, irregular ball, and hollow-
sphere morphologies. All the samples are assembled from
Ag and AgCl nanoparticles. The ion-exchange process is be-
tween silver molybdate and hydrochloric acid; the structure
of the silver molybdate precursor decides the morphology of
Ag@AgCl. The content of the Ag in Ag@AgCl has been de-
termined by X-ray photoelectron spectroscopy. All the ob-
tained Ag@AgCl samples show strong absorption in the visi-
ble-light region. It is demonstrated that the morphologies
play important roles in the photocatalytic activity. Com-
pared with other Ag@AgCl samples, the Ag@AgCl with a
hollow-sphere morphology exhibits superior efficiency in
the degradation of organic pollution under visible-light irra-
diation. The study shows that it is possible to synthesize the
highly efficient Ag@AgCl plasmonic photocatalyst by con-
trolling the morphology of the sample.

Results and Discussion

Various structures of Ag@AgCl were synthesized from
silver molybdate precursors with similar morphologies. Mi-
crorods of silver molybdate, and cubic- and polyhedron-like
silver molybdate precursors with abnormal shapes were first
prepared by using a microwave-assisted hydrothermal
method. The silver molybdate served as the sacrificial tem-
plate in the fabrication of the structures. The structure and
morphology of the precursors played an important role in
the morphology of Ag@AgCl.

The crystal structures of the precursors were examined by
means of X-ray diffraction (XRD). As shown in Figure 1a,
all the peaks can be indexed to the hexagonal phase (space
group P63/m) of Ag1.028H1.852Mo5.52O18 with lattice constants
a=10.60070 � and c= 3.72690 � (JCPDS card no. 83-1173).
The patterns in Figure 1b and c can be indexed to the cubic
phase (space group Fd3̄m) of Ag2MoO4 with lattice constant
a=9.26 � (JCPDS card no. 75-250). No characteristic peaks

belonging to other impurities were detected, thus indicating
that pure precursors had been synthesized.

After the synthesis of the pure precursors, the ion-ex-
change process between the precursors and hydrochloric
acid resulted in the formation of AgCl with various struc-
tures including microrods, irregular balls, and hollow
spheres. During the ion-exchange process, the following re-
action occurred [Eq. (1)]:

Ag2MoO4 þHCl! AgClþMoO3 þH2O ð1Þ

The synthesized MoO3 was dissolved in an excess amount of
HCl, and the AgCl depositions were collected. The AgCl
depositions were then put into a solution of methyl orange
(MO) dye, which was irradiated with a 300 W Xe arc lamp
equipped with an ultraviolet cut-off filter to provide visible
light with l�400 nm. Then the resulting precipitates, which
consisted of silver NPs deposited on AgCl particles, were
washed and dried in air. The crystal structures of the
Ag@AgCl samples were examined by XRD.

The XRD pattern of the obtained Ag@AgCl products
(Figure 2) can be indexed to the cubic phase of Ag with lat-
tice constant a= 4.0861 � (JCPDS file: 65-2871) coexisting
with the cubic phase of AgCl with lattice constant a=

5.5491 � (JCPDS file: 31-1238).

Figure 1. The XRD patterns of the as-prepared precursors.
a) Ag1.028H1.852Mo5.52O18; b) and c) Ag2MoO4.

Figure 2. The XRD patterns of a) Ag (JCPDS file: 65-2871), b) AgCl
(JCPDS file: 31-1238), and c) Ag@AgCl.

Chem. Eur. J. 2010, 16, 538 – 544 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 539

FULL PAPER

www.chemeurj.org


The elemental composition, chemical status, and silver
content of Ag@AgCl were further analyzed by means of X-
ray photoelectron spectroscopy (XPS). Before the visible-
light irradiation, XPS results indicated that Ag@AgCl con-
tained Ag, Cl, and C. The carbon peak is due to the adventi-
tious hydrocarbon from the XPS instrument itself. The Ag
and Cl peaks are from the obtained Ag@AgCl samples. The
XPS results of Ag@AgCl fabricated from the polyhedron-
like Ag2MoO4 are shown in Figure 3. The binding energies

in the XPS spectra presented here were calibrated with the
C 1s peak (284.8 eV). In Figure 3a, the Ag 3d spectra of
Ag@AgCl consists of two individual peaks at approximately
373 and approximately 367 eV, which can be attributed to
Ag 3d3/2 and Ag 3d5/2 binding energies, respectively. The Ag
3d3/2 and Ag 3d5/2 peaks can be further divided into two dif-
ferent peaks at 373.74, 374.33 eV and 367.74, 368.64 eV, re-
spectively. According to Zhang et al.,[22] the peaks at 374.33
and 368.64 eV can be attributed to Ag0, whereas the peaks
at 367.74 and 373.74 eV can be attributed to AgI (AgCl).
The XPS results determined the existence of Ag0; the calcu-

lated surface Ag0 content of the corresponding samples is
3.46 mol % and the calculated surface Ag+ content is
48.33 mol %. The spectra of Cl 2p is shown in Figure 3c: the
binding energies of Cl 2p1 and Cl 2p3 are approximately
199.59 and approximately 197.95 eV, respectively, and the
calculated surface Cl� content is 48.23 mol%.

The XPS results of the Ag@AgCl synthesized from the
Ag1.028H1.852Mo5.52O18 microrod precursor and another
Ag2MoO4 precursor (not shown here) show that the calcu-
lated surface Ag0 content is 3.15 and 3.05 mol %, the calcu-
lated surface Ag+ content is 48.12 and 47.83 mol%, and the
calculated surface Cl� content is 48.73 and 49.12 mol %, re-
spectively.

The SEM images of the synthesized Ag1.028H1.852Mo5.52O18

microrod precursors are shown in Figure 4a and b. The rods
are about 40–120 mm in length. Figure 4b shows a typical

Ag1.028H1.852Mo5.52O18 microrod. The diameter of the rod is
about 3.3 mm. The SEM images of the corresponding
Ag@AgCl product obtained from the Ag1.028H1.852Mo5.52O18

microrod precursor are shown in Figure 4c–f. From Figure 4c
it can be seen that the length of the Ag@AgCl microrod is
shorter than the Ag1.028H1.852Mo5.52O18 precursor. The
Ag@AgCl microrod tends to aggregate. Figure 4d displays
one rod of Ag@AgCl: the length of this rod is about 24 mm
and its diameter is about 5.5 mm. Further images (Figur-
e 4e, f) show that the Ag@AgCl microrod is made up of
many small nanoparticles. The nanoparticles with diameters
of 130–470 nm are composed of Ag nanoparticles and AgCl
nanoparticles. It is difficult to observe the Ag and AgCl
nanoparticles because the high-energy electron beam can
decompose AgCl, thus preventing higher-resolution images
from being obtained.

Figure 3. XPS spectra of a) Ag 3d and c) Cl 2p of Ag@AgCl fabricated
from the polyhedron-like Ag2MoO4; and b) Ag 3d and d) Cl 2p of the
corresponding Ag@AgCl used for five consecutive photooxidation ex-
periments with the MO-dye solution under visible-light irradiation.

Figure 4. a) and b) SEM images of Ag1.028H1.852Mo5.52O18 microrod precur-
sors; c)–f) SEM images of the corresponding Ag@AgCl with different
magnifications.
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Figure 5a–c show the images of Ag2MoO4 with the micro-
rod and cube morphologies. The Ag2MoO4 microrods are
about 50–220 mm in length and their diameters are about 2–

12 mm. The side length of the Ag2MoO4 cubes is 4 mm or so.
A single rod and cubelike Ag2MoO4 are shown in Figure 5b
and c, respectively. The corresponding Ag@AgCl product
images are displayed in Figure 5d–g. In Figure 5d–g it can
be seen that the small Ag and AgCl nanoparticles assemble
into the microrod and irregular ball-like Ag@AgCl. The
lengths of the Ag@AgCl microrods are in the range of 10–
30 mm, and the diameter of the irregular ball-like Ag@AgCl
(Figure 5d) is about 10 mm. In Figure 5g it can be seen that
the diameters of the Ag and AgCl nanoparticles are in the
range of 110–440 nm.

Figure 6a and b show the SEM images of the obtained
polyhedron-like Ag2MoO4. As seen from the images, the
shape of the Ag2MoO4 is irregular, and the Ag2MoO4 grains
reveal more than four crystal faces. The diameter of the
grains is 1.5–10 mm. The representative SEM images of
Ag@AgCl achieved from this precursor are shown in Fig-
ure 6c–g. Typical SEM images Figure 6c and d indicate that
the Ag@AgCl is made up of hollow spheres with a size dis-
tribution of 3–14 mm. The high-magnification SEM images
(Figure 6e–g) clearly show that the shells of the hollow
spheres are composed of many small Ag and AgCl particles
with diameters of 83–225 nm. The average wall thickness of
the hollow microspheres is about 1.6 mm. The morphology
of all the samples was also examined by transmission elec-
tron microscopy (TEM, not shown here). The walls of the
samples are so thick that good TEM imaging of the hollow

structures could not be obtained. It should be emphasized
that the primary Ag and AgCl nanoparticles aggregate to
form fine microstructures, which include the microrods,
hollow spheres, and the mixture of microrods and irregular
balls. These aggregations are due to the ion-exchange reac-
tion between the hydrochloric acid and silver molybdate.
The morphology of the silver molybdate determines the
structure of the Ag@AgCl.

The UV-visible diffuse reflectance spectra (Figure 7) of
the samples show that all the samples have strong absorp-
tion both in the ultraviolet and visible-light regions. The ab-

sorption at 200–350 nm can be ascribed to the characteristic
absorption of the AgCl semiconductor, and the strong ab-
sorption in the visible-light region can be attributed to the
surface plasmon resonance of silver nanoparticles. Due to
the size and the particular surroundings of the silver nano-

Figure 5. a), b), and c) SEM images of Ag2MoO4 microrods and cubes;
d) SEM image of the corresponding Ag@AgCl microrod and irregular-
ball morphologies; e) SEM image of an Ag@AgCl microrod with differ-
ent magnifications; f) and g) SEM images of the Ag@AgCl irregular-ball
morphology with different magnifications (the bar in Figure 5g is 1 mm).

Figure 6. a), b) SEM images of the polyhedron-like Ag2MoO4; c)–g) SEM
images of the corresponding Ag@AgCl with different magnifications (the
bar in Figure 6g is 500 nm).

Figure 7. UV/Vis diffuse reflectance spectra of all the obtained Ag@AgCl
samples.
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particles, the sample exhibits stronger absorption at 450–
550 nm. The strong absorption makes the sample use the
sunlight more efficiently. For convenience, Ag@AgCl syn-
thesized from the Ag1.028H1.852Mo5.52O18 precursor is named
sample a; the Ag@AgCl fabricated from Ag2MoO4 with mi-
crorod and cube morphologies is named sample b; and the
Ag@AgCl synthesized from the polyhedron-like Ag2MoO4

is named sample c. We can see that the intensities of the
visible-light absorption are different, and that sample b dis-
plays the highest intensity.

The photooxidation capabilities of the samples were eval-
uated by measuring the decomposition of methyl orange
(MO) dye (with a concentration of 20 mgL�1) over the sam-
ples under visible-light irradiation (l�400 nm). Figure 8a

shows the degradation rate of MO over different photocata-
lysts. Prior to visible-light irradiation, the MO solution over
the catalyst was kept in the dark for 30 min to obtain the
equilibrium adsorption state. The concentration of the MO
solution slightly decreases while it is kept in the dark; C0 is
the equilibrium concentration of MO at the equilibrium ad-
sorption state, and C is the concentration of MO after visi-

ble-light irradiation. A blank experiment in the absence of
the photocatalyst but under visible-light irradiation showed
that no MO had decomposed. Another blank experiment
using sample c as the photocatalyst without irradiation dem-
onstrated that the concentration of MO remained un-
changed. The MO solution was decolorized completely by
using sample c (hollow spheres) after visible-light irradiation
for 40 min (Figure 8a). Provided that the bleaching reaction
follows a pseudo-first-order reaction, the rate of the MO-
dye decomposition over sample c is estimated to be about
0.05 mgmin�1, thus faster than that over N-doped TiO2 (ca.
0.017 mg min�1).[21] The decompositions over samples a and
b were completed in 90 and 70 min of visible-light irradia-
tion, respectively, and the rate of the MO-dye decomposi-
tion is estimated to be about 0.0222 and 0.0285 mgmin�1, re-
spectively. Samples a–c are therefore more efficient than N-
TiO2. The outstanding photocatalytic activities of photocata-
lysts a–c for the degradation of pollutants are related to the
size of Ag and AgCl, the high adsorption of visible light,
and the effective separation of the photogenerated electrons
and holes. The good surface contact of the Ag metal parti-
cles to the AgCl matrix also plays an important role in ena-
bling the metal–semiconductor heterojunctions to function,
thus enhancing the charge transfer, and hence improving the
photocatalysis efficiency.

Of the Ag@AgCl photocatalysts, sample c has a higher
photocatalytic activity for the degradation of MO than sam-
ples a or b, despite having similar starting materials. As
commonly known, the morphologies of Ag@AgCl nanopar-
ticles have a great influence on their photocatalytic proper-
ties. Different morphologies lead to different surface areas,
which determine the photocatalytic activity directly. During
the MO degradation process, the MO molecules can infil-
trate the inside of the Ag@AgCl hierarchical hollow
spheres, thus making contact with the inner and outer sur-
face of sample c, and hence improving the photocatalysis ef-
ficiency. Whereas with samples a and b, the MO molecules
can only make contact with the outer surface of the assem-
bled Ag@AgCl, thus leading to the lower photocatalysis ef-
ficiency.

The stability of a photocatalyst is very important for its
application. So, as an example, the stability of plasmonic
photocatalyst Ag@AgCl (sample c) has been further investi-
gated by recycling it in repeated MO bleaching experiments.
As shown in Figure 8b, the MO dye is quickly bleached
after every injection of the MO solution, and the Ag@AgCl
photocatalyst is stable under repeated application without
exhibiting any significant loss of activity.

The XRD pattern and SEM images of sample c at the end
of the repeated photocatalytic experiment are almost identi-
cal to that of the as-prepared sample c (not shown here).
The XPS spectra of sample c used in five consecutive
bleaching experiments is shown in Figure 3, and the calculat-
ed surface Ag content of the corresponding samples are
3.51 mo %. The change of the Ag content is within the range
of the error of the apparatus. Therefore, it should be consid-
ered that the Ag@AgCl sample under our experimental con-

Figure 8. a) Photodecomposition of MO dye in solution (20 mg L�1) over
Ag@AgCl (samples a–c) under visible-light irradiation (l�400 nm). C is
the concentration of MO at time t, and C0 that in the MO solution imme-
diately after it is kept in the dark to obtain the equilibrium adsorption
state. b) The repeated bleaching of MO over recycled sample c under
visible light.
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ditions is a highly efficient and stable photocatalyst under
visible-light irradiation.

As reported in our early work,[21] the stability of the
Ag@AgCl plasmonic photocatalyst under visible-light irradi-
ation may be attributed to the fact that the photogenerated
electrons in AgCl are absorbed by the silver NPs rather
than being transferred to the Ag+ ions of the AgCl lattice.
The localized surface plasmon state of a silver NP lies in the
visible region, so absorption of visible light by the
Ag@AgCl catalyst takes place at the silver NPs. Given the
dipolar character of the surface plasmon state of a silver NP,
an absorbed photon would be efficiently separated into an
electron and a hole such that an electron is transferred to
the surface of the NP farthest away from the Ag/AgCl inter-
face, and a hole to the surface of the AgCl particle bearing
the NP. The holes are transferred to the AgCl surface corre-
sponding to the oxidation of Cl� ions to Cl0 atoms, which
should be able to oxidize MO dye and hence be reduced to
chloride ions again. In general, photogenerated electrons
are expected to be trapped by O2 in the solution to form su-
peroxide ions (O2

�) and other reactive oxygen species.[23]

Conclusion

In summary, various self-assembled structures—including
microrods, irregular balls, and hollow spheres—of the highly
efficient plasmonic photocatalyst Ag@AgCl have been fabri-
cated by means of an ion-exchange process (between differ-
ent Ag1.028H1.852Mo5.52O18 and Ag2MoO4 precursors and hy-
drochloric acid) and a light-induced chemical reduction re-
action. All the obtained Ag@AgCl samples were assembled
from small Ag and AgCl nanoparticles. The Ag@AgCl cata-
lysts exhibit strong adsorption in the visible-light region for
the plasmon resonance of Ag nanoparticles, and the
Ag@AgCl hollow spheres show a higher photocatalytic ac-
tivity in the degradation of MO than other samples. The
XRD pattern and XPS spectra of the Ag@AgCl samples
prove their stability. With their strong adsorption in the visi-
ble-light region, high photocatalytic activity, and high photo-
stability, the plasmonic photocatalysts are promising candi-
dates for the development of highly efficient and stable visi-
ble-light photocatalysts, sensors, and solar cells.

Experimental Section

Materials : Silver nitrate was purchased from Statepharm Chemical Re-
agent Co. Ltd. (Shanghai) and hydrochloric acid was purchased from
Kangde Chemical Reagent Co. Ltd. (Shandong). Sodium molybdate and
sodium hydroxide were purchased from Kemel Chemical Reagent Co.
Ltd. (Tianjing). All the reagents were used as received without further
treatment.

Preparation of silver molybdate : A 0.2 m AgNO3 solution (10 mL) was
mixed with a 0.1 m Na2MoO4 solution (10 mL) under vigorous magnetic
stirring at room temperature. The pH of the mixed solution was adjusted
to 1, 5, and 8 by adding dilute HCl or NaOH solution. White precipitates
were generated promptly. The resulting suspensions were transferred into

Teflon-lined stainless-steel autoclaves without any pretreatment, which
were heated at 180 8C for 6 h under microwave radiation; this lead to the
precipitation of silver molybdate. After being cooled to room tempera-
ture, the products were filtered, washed several times with distilled water
until the pH of the washing solution was about 7, and then dried in air at
80 8C for 8 h.

AgCl was synthesized by the ion-exchange reaction between silver mo-
lybdate and concentrated HCl with sonication until completion of the
ion-exchange process. The AgCl precipitate was collected, washed with
deionized water, and dried in air.

The AgCl powder was put into a solution of MO dye, which was then ir-
radiated with a 300 W Xe arc lamp equipped with an ultraviolet cut-off
filter to provide visible light with l�400 nm. Then the resulting precipi-
tates, which consist of silver NPs and AgCl particles, were washed and
dried in air.

The crystal structures of the Ag@AgCl samples were examined by XRD
(Bruker AXS D8), their morphology was analyzed by SEM (Hitachi S-
4800 microscopy), and their diffuse reflectance was analyzed by UV/Vis
spectroscopy (UV-2550, Shimadzu). The content of Ag element in the
Ag@AgCl photocatalysts was confirmed by XPS measurements (VG Mi-
croTech ESCA 3000 X-ray photoelectron spectroscope using monochro-
matic A1Ka with a photon energy of 1486.6 eV at a pressure of >1�
10�9 torr, a pass energy of 40 eV, an electron take-off angle of 60 8C, and
an overall resolution of 0.05 eV). The XPS spectra were fitted using a
combined polynomial and Shirley-type background function. A reference
photocatalyst, N-doped TiO2, was prepared by nitridation of commercial-
ly available TiO2 powder (with a surface area of 50 m2 g) at 773 K for
10 h under a flow of NH3 (flow rate of 350 mL min�1).[24] The activities of
the photocatalysts were evaluated by studying the degradation of methyl
orange (MO) dye. The photocatalytic degradation of the MO dye was
carried out with the powdered photocatalyst (0.2 g) suspended in a solu-
tion (100 mL) of MO dye (20 mg L�1). The optical system for detecting
the catalytic reaction included a 300 W Xe arc lamp (PLS-SXE300, Bei-
jing Trusttech Co. Ltd) with a UV cut-off filter (providing visible light
l�400 nm). The degradation of the MO dye was monitored by UV/Vis
spectroscopy (UV-7502PC, Xinmao, Shanghai).
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