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a  b  s  t  r  a  c  t

A  new  plasmonic  photocatalyst  of Ag–AgCl@TiO2 was  prepared  by deposition–precipitation  and
photoreduction.  This  photocatalyst  exhibited  efficient  photocatalytic  activity  for  the  degradation  of  4-
chlorophenol  and  photoreduction  of  Cr(VI)  ion  under  visible  light irradiation.  Its high photocatalytic
activity  can  be  attributed  to the  surface  plasmon  resonance  effect  of  Ag nanoparticles,  which  were
highly  dispersed  on the surface  of  Ag–AgCl@TiO2. N2 adsorption  and  desorption  isotherm  spectra,  X-
ray  diffraction,  X-ray  photoelectron  spectroscopy,  and  transmission  electron  microscopy  were  used  to
eywords:
hotocatalyst
isible-light-driven
urface plasmon resonance
ilver chloride
ater contaminants

determine  the  correlation  between  the micro-structure  and  the  catalytic  properties  of  the  as-prepared
photocatalysts.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Even since the discovery of its ability to split water under
ltraviolet (UV) light, titanium dioxide (TiO2) has been widely
onsidered the most promising photocatalyst in environmental
leanup [1–5]. Due to its wide band gap (3.2 eV for anatase and
.0 eV for rutile), which nonetheless permits only UV light to be
sed, the overall efficiency is largely inhibited under sunlight,
hich consists of 43% visible and only 5% UV fraction [2,6]. Much

ffort has been devoted to extending its absorption threshold into
he visible region. Attempts have included both nonmetal and

etal doping, noble metal deposition, and coupling with other
emiconductors [7–16]. Modified TiO2 has exhibited enhanced
hotocatalytic activity to some extent, but it still cannot meet the
equirements of practical, large-scale utilization. Recently, Awazu
t al. have proposed the concept of plasmonic photocatalysis, a
eries of new types of photocatalysts with surface plasmon res-
nance (SPR) effects [17]. Bi et al. prepared Ag/AgCl core–shell

anowires by in situ oxidation reaction which showed improved
hotocatalytic activity under visible light irradiation for the decom-
osition of methyl orange (MO) dye [18]. In studying AgBr/SiO2

∗ Corresponding author. Tel.: +86 21 55664678; fax: +86 21 55665572.
E-mail address: wldai@fudan.edu.cn (W.-L. Dai).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.11.082
photocatalysts, Kakuta et al. observed that Ag0 species formed
on AgBr in the early stage of the reaction, and AgBr remained
undestroyed throughout the photocatalytic process [19]. Hu et al.
synthesized Ag/AgBr@TiO2 by deposition–precipitation for the
destruction of azodyes and bacteria under visible light. This com-
pound kept its high photocatalytic activity and stability through
five cycles [20]. Wang et al. prepared efficient and stable Ag/AgCl
plasmonic photocatalyst by ion exchange for the photodecom-
position of MO under visible light, suggesting that electron–hole
separation may  occur smoothly in the presence of Ag0 species on
the surface of AgCl [21]. Though silver halides have been exten-
sively used as source materials for photographic films based on
their photosensitivity, they have seldom been used as photocata-
lysts because of their instability in sunlight. However, according to
previous research, the SPR effect of silver and silver halide makes it
feasible to synthesize a new type of active, stable photocatalyst by
combining the advantages of silver and silver halide nanoparticles
with TiO2.

Chlorophenols are classified as important soil and water pol-
lutants. They enter water through their wide use as pesticides,
herbicides, and wood preservatives. Particularly, 4-chlorophenol

(4-CP), a representative of this class, can have serious conse-
quences for human health and the quality of the environment,
especially drinking water. In recent years, arrays of industrial activ-
ities have been disturbing the geological equilibrium of metal ions

dx.doi.org/10.1016/j.jhazmat.2011.11.082
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:wldai@fudan.edu.cn
dx.doi.org/10.1016/j.jhazmat.2011.11.082
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that the introduction of Ag/AgCl had little effect on the structural
properties on the TiO2support. Fig. 2 shows the XRD patterns of
the as-prepared catalysts. All the diffraction lines can be indexed
as the anatase and rutile TiO2, cubic phase Ag and cubic phase

0

50

100

150

200

250

300

350

Vo
lu

m
e 

Ad
so

rp
ed

(c
m

3 g-1
)

(b)

(a)
8 J.-F. Guo et al. / Journal of Hazar

hrough the release of large quantities of toxic metal ions into the
nvironment. It is well known that Hg(II), Pb(II), Cd(II), Ag(I), Ni(II),
nd Cr(VI) ions are very toxic and act as the hazardous pollutants
mong the metal ions present in the environment.

In the present work, nano-sized Ag/AgCl@TiO2 particles were
repared by deposition–precipitation and photoreduction through

 novel one-pot process. The effect of different UV irradiation times
n the catalyst has been fully investigated. 4-CP and Cr(VI) ion
re chosen as target aqueous hazardous pollutants to evaluate the
hotocatalytic activity of the as-prepared nano-sized materials.

. Materials and methods

.1. Materials

Silver nitrate (Sinopharm Chemical Reagent Co. Ltd. (SCRC)),
etylmethylammonium chloride (CTAC, SCRC), ammonium chro-
ate (SCRC), and 4-CP (SCRC) were of analytical grade and used

s received. P25 TiO2 was purchased from Evonik Degussa com-
any. Other chemicals used were also of analytical or laboratory
rade. Deionized water was used for all synthesis and treatment
rocesses.

.2. Preparation

In a typical synthesis of Ag/AgCl@TiO2, 0.2 g of commercial
egussa P25 TiO2 and 0.3 g of CTAC were added to 100 mL  of deion-

zed water and the suspension was stirred for 60 min. Then 2.0 mL
f 0.1 M AgNO3 was quickly added to the above mixture. Dur-
ng this process, the excessive surfactant CTAC not only adsorbed
nto the surface of P25 to limit the number of nucleation sites for
gCl to grow, resulting in homogenously dispersed AgCl, but also

nduced Cl− to precipitate Ag+ in the suspension. The resulting sus-
ension was stirred for 1.0 h and then placed under irradiation of

 × 8 W ultraviolet light for the indicated lengths of time. The sus-
ension was filtered, washed with deionized water, and dried at
0 ◦C for 12 h. Then the gray powder was calcined at 300 ◦C for

 h. Depending on the duration of irradiation, the as-prepared cat-
lysts were denoted as Ag–AgCl@TiO2-m,  where “m”  represented
, 10, 20, and 30 min  of photo-reduction, respectively. For compar-

son, Ag@TiO2 was synthesized by a similar process without CTAC.
itrogen-doped N–TiO2 was also prepared as described previously

or comparison [22]. First, 7 wt. % of ammonia aqueous solution was
dded dropwise to Ti(SO4)2 aqueous solution to prepare Ti(OH)4
recipitate. After being filtrated and washed with distilled water
ve times, the precipitate was dispersed into diluted HNO3 aque-
us solution (HNO3/TiO2 (mol) = 0.6) at 60 ◦C with stirring, and the
recipitate was peptized and transformed into a transparent sol
ith a pale blue tint. After being aged at 50 ◦C, the sol became a gel.

inally, the xerogel powder was obtained by drying the TiO2 gel at
0 ◦C followed by grinding.

.3. Characterization

The XRD patterns of the as-prepared samples (2�,  range from
0◦ to 70◦) were recorded at room temperature with scanning
peed of 2◦ min−1 using Cu K  ̨ radiation (� = 0.154 nm)  from a 40 kV
-ray source (Bruker D8 Advance). The textural structures were
easured by N2 adsorption at −196 ◦C with a Micromeritics TriS-

ar ASAP 3000 system. Specific surface areas of the as-prepared
amples were measured using the Brunauer–Emmett–Teller (BET)

ethod. Transmission electron micrographs (TEM) were obtained

sing a JEOL 2011 microscope operating at accelerating voltage
f 200 kV. Ultraviolet–visible (UV–vis.) diffuse reflectance spec-
roscopy was performed using a SHIMADZU UV-2450 instrument
aterials 211– 212 (2012) 77– 82

with a collection speed of 40 nm min−1 using BaSO4 as the refer-
ence. X-ray photoelectron spectroscopy (XPS) measurements were
performed on a PHI 5000 C ESCA System with Mg  K  ̨ source operat-
ing at 14.0 kV and 25 mA.  All the binding energies were referenced
to the contaminant C 1s peak at 284.6 eV of the surface of adventi-
tious carbon.

2.4. Photocatalytic experiment

Photocatalytic experiments were performed in a beaker placed
under the lamp bracket, containing aqueous suspensions of Cr(VI)
(100 mL,  1.0 × 10−3 M)  or 4-CP (100 mL,  10 mg  L−1) and 50 mg of
powdered catalyst. The light source was a 250 W metal halide lamp
(Philips) equipped with wavelength cutoff filters for � ≤ 420 nm
and focused on the beaker. Prior to irradiation, the suspensions
were stirred in dark for 30 min  to establish adsorption desorption
equilibrium. After turning on the lamp, 2 mL  suspensions were sam-
pled at certain time intervals (5 min) and centrifuged (Shanghai
Anting Scientific Instrument Factory, China) at 13,000 rpm for 5 min
to remove the photocatalyst particles. The upper clear liquid was
analyzed by recording the characteristic absorption peak of 4-CP at
280 nm with a spectrophotometer (721, Shanghai Jing-ying), to cal-
culate the concentrations of the compounds. The determination of
Cr(VI) concentration was  performed by the 1,5-diphenylcarbazide
(DPC) method [23]. In the evaluation of activity for photo-reduction
of Cr(VI), 0.2 mM of ethylenediaminetetraacetic acid, disodium
(EDTA) was used as sacrificial electron donator.

3. Results and discussion

3.1. Structural properties

The specific surface area of the samples was  measured using the
BET method with N2 adsorption and desorption at −196 ◦C and the
typical results are shown in Fig. 1. It is found that there was no obvi-
ous difference before and after the deposition of Ag/AgCl on TiO2.
The pore-size distribution was also very similar for these two mate-
rials. The BET surface area of P25 TiO2 was  50 m2 g−1, while that of
Ag/AgCl@TiO2-20 was 45.6 m2g−1, which was very similar to that of
the parent P25 TiO2. N2 adsorption and desorption results indicated
0.0 0.2 0. 4 0.6 0. 8 1.0

Relative p ress ure(P /P0)

Fig. 1. N2 adsorption/desorption isotherm of P25 (a) and Ag–AgCl@TiO2-20 (b).
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Fig. 4. UV–vis. DRS spectra of Ag–AgCl@TiO for different photo-reduction times (a)

ig. 2. XRD patterns of Ag–AgCl@TiO2 with different photo-reduction times (a)
25; (b) Ag–AgCl@TiO2-5; (c) Ag–AgCl@TiO2-10; (d) Ag–AgCl@TiO2-20; and (e)
g–AgCl@TiO2-30.

gCl, respectively, which are marked clearly in the XRD pattern.
s shown, the cubic phase of Ag with lattice constant a = 4.0861 Å

JPCDS No. 65-2871) coexists with the cubic phase of AgCl with lat-
ice constant a = 5.5491 Å (JPCDS No. 31-1238) in Ag/AgCl@TiO2. As
rradiation time increased, the intensity of peaks ascribed to AgCl
ecreased, indicating that some AgCl was photo-reduced, and the
orresponding Ag nanoparticles were generated on the surface of
g–AgCl@TiO2.

.2. TEM

The TEM images of Ag–AgCl@TiO2-20 are presented in Fig. 3.
elative to the other catalysts prepared, Ag–AgCl@TiO2-20 shows
he best photocatalytic activity. TEM images of other samples were
lso taken. However, no obvious changes were observed. Only a sin-
le typical sample is shown in this work. Fig. 3 shows that Ag0 NPs
ere well dispersed on the surface of Ag–AgCl@TiO2-20 with diam-

ters ranging from 4 to 5 nm,  indicating that the synthesis method
eported in the present work was efficient for the preparation of
ano-particles with unique particle size distribution. The interlayer

pacing d = 0.23 nm corresponded to the (1 1 1) plane of cubic Ag
Fig. 3B). Because of the low contrast of AgCl relative to TiO2 NPs in
he TEM images, it cannot be well distinguished from other NPs in
he present work.

Fig. 3. TEM image of the as-prepared A
2

P25; (b) Ag/TiO2; (c) Ag–AgCl@TiO2-5; (d) Ag–AgCl@TiO2-10; (e) Ag–AgCl@TiO2-20
and  (f) Ag–AgCl@TiO2-30.

3.3. UV–vis. diffuse reflectance spectra

Fig. 4 shows the UV–vis. diffuse-reflectance spectra of the as-
prepared catalysts. These materials show a strong absorption in the
UV region, a characteristic typical of semiconductors. The series
of Ag/AgCl@TiO2 photocatalysts also exhibited broad absorption
in the 400–750 nm region of visible light, owing to the surface
plasmon resonance of Ag NPs, which were produced by the photo-
reduction of AgCl. When the wavelength of the irradiating light
is much greater than the diameter of silver NPs, the electromag-
netic field across each entire silver NP is essentially uniform. With
the oscillations in that electromagnetic field, 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 nanoparti-
cles on the surface of the catalysts became larger as a result of
the reduction of AgCl (Fig. S3 in Supporting information). There-
fore, the shapes and diameters of the Ag NP may  vary over a
large range. As a result, the frequency of their plasmonic oscilla-

tions covers a wide range, permitting Ag/AgCl and Ag/AgCl@TiO2
to absorb visible and UV light over a wide range [24,25].  As the
duration of photo-reduction increased, Ag NP content increased

g/AgCl@TiO2-20 photocatalyst.
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Table 1
Bulk and surface composition of Ag–AgCl@TiO2 for different photo-reduction times.

Sample Photoreduction
time (min)

Ag contenta (wt.%) Ag0/Ag+a Ag/Clb

Ag/TiO2 30 7.9 – –
Ag–AgCl@TiO2-5 5 9.8 0.40 1.38
Ag–AgCl@TiO2-10 10 9.6 1.02 2.05
Ag–AgCl@TiO2-20 20 9.6 1.40 2.28
Ag–AgCl@TiO2-30 30 9.5 2.65 3.39

Note:
a Data from atomic absorption spectroscopy (AAS).
b Molar ratio data from XPS.
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pseudo first order reaction pattern, the degradation rate of 4-
CP over Ag–AgCl@TiO2-5, Ag–AgCl@TiO2-10, Ag–AgCl@TiO2-20
, and Ag–AgCl@TiO2-30 were estimated to be 0.085, 0.095, 0.114,
ig. 5. XPS spectra of Ag–AgCl@TiO2-20 photocatalyst (a): Ag 3d binding energy and
b): Cl 2p binding energy.

orrespondingly, resulting in the enhanced intensity of visible light
esponse from Ag–AgCl@TiO2-5 to Ag–AgCl@TiO2-30.

.4. XPS analysis

Fig. 5 shows the typical XPS spectra of Ag–AgCl@TiO2-20.
ecause Ag–AgCl@TiO2-5, Ag–AgCl@TiO2-10, and Ag–AgCl@TiO2-
0 have spectra similar to that of Ag–AgCl@TiO2-20, they are not
hown here. In Fig. 5A, the Ag 3d 2/3 XPS peak with binding energy
ocated at 374.9 eV was asymmetric, meaning that Ag existed in at
east two valence states. According to the XPS result, the surface
tomic ratio of silver to chlorine was 1.4 times higher than the stoi-
hiometric ratio in AgCl (1:1), indicating the existence of excessive
g on the surface. Considering the fact that there was  metallic sil-
er in the as-prepared Ag–AgCl@TiO2 sample from the XRD, TEM,
nd XPS results, this implied that the excessive amount of silver
ight have been produced from the photo-reduction of AgCl on

he surface. We  calculated the ratios of Ag0/Ag+ using the classical
hemical analysis method adopted in our previous work (Table 1)
26]. We  found that the ratio of Ag0/Ag+ increased from 0.40 to 2.65
s the duration of photo-reduction increased from 5 to 30 min. This
as consistent well with the XRD results.
.5. Photocatalytic activity

To evaluate the plasmon-induced photocatalytic activity of
g–AgCl@TiO2, the photodegradation of 4-CP and photoreduction
Fig. 6. Photocatalytic activity of Ag–AgCl@TiO2 for photodegradation 4-CP under
visible light irradiation (a) blank; (b) N–TiO2; (c) Ag/TiO2; (d) Ag–AgCl@TiO2-5; (e)
Ag–AgCl@TiO2-10; (f) Ag–AgCl@TiO2-20; and (g) Ag–AgCl@TiO2-30.

of Cr(VI) were carried out in aqueous dispersions under visible
light irradiation (Figs. 6 and 7). Prior to the activity test of the as-
prepared samples, commercial P25 was tested as a reference, and
it was found that P25 showed almost no photodegradation activity
of 4-CP and Cr(VI) under identical conditions. For comparison, pho-
tocatalytic activity evaluations were also performed with Ag/TiO2
and N–TiO2 suspensions under identical conditions. Among the
three kinds of Ag–AgCl@TiO2 samples, Ag–AgCl@TiO2-20 exhib-
ited the most pronounced photocatalytic activity. Regarding the
photodegradation of 4-CP, given that the degradation follows a
Fig. 7. Photocatalytic activity of Ag–AgCl@TiO2 for photo-reduction Cr(VI) under
visible light irradiation (a) blank; (b) N–TiO2; (c) Ag/TiO2; (d) Ag–AgCl@TiO2-5; (e)
Ag–AgCl@TiO2-10; (f) Ag–AgCl@TiO2-20 and (g) Ag–AgCl@TiO2-30.
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nd 0.057 min−1, respectively, while the degradation rate over
g/TiO2 and N–TiO2 were 0.017 and 0.0048 min−1. The rate over
g–AgCl@TiO2-20 was about 6.8 times faster than that over
g/TiO2. As for the photo-reduction of Cr(VI), the results presented

n Fig. 7 show the same trend as those from 4-CP. As the duration
f photo-reduction increased, the Ag NP content increased cor-
espondingly, changing of the ratios of Ag0/Ag+. This has a close
onnection with photocatalytic activity. There should be an opti-
um  ratio related to the best photoactivity. For a fair comparison

f all the Ag–AgCl/TiO2 samples, the ratio of the Ag–AgCl/TiO2-
0 sample may  best approach the optimum one. That is why  the
g–AgCl/TiO2-30 sample shows lower efficiency in photocatalytic
ctivity.

According to the previous report, during the photo-reduction
f Cr(VI), 0.2 mM EDTA was employed as sacrificial electron dona-
or. Without EDTA, the reduction became very slow, which we have
emonstrated by our experiment. According to the previous report,

n the absence of other organic species, the conjugated oxidation
eaction of metal ion reduction is the electrochemical oxidation
f water [27]. This is a kinetically slow four-electron process. It
an be expected that the addition of sacrificial electron donors
ay  accelerate the photocatalytic reduction of metal ions. As a

onsequence, photocatalytic reduction in metal/organic photocat-
lyst systems must be more efficient than in metal photocatalyst
ystems. In a system in which metal and organic photocatalysts
oexisted, organic species accept holes from the valence bands
ither directly or indirectly, thereby suppressing the electron–hole
ecombination or increasing reduction efficiency. The result of the
resent study confirmed the expectation. In this way, the pres-
nce of EDTA enhanced the Cr(VI) reduction very effectively. EDTA
s known as a strong chelating agent, which may  form a stable
omplex with Cr(VI) and adsorb onto the surface of Ag–AgCl@TiO2
ather than conduct the photocatalytic reduction. To rule out this
ossibility, physical adsorption of Cr(VI) was conducted in a solu-
ion containing 0.2 mM EDTA, the percentage of Cr(VI) removed
as observed by dark adsorption and found to be only 12.3%
ithin 1 h.

Puma et al. established a useful method to determine whether
he activity of photocatalysts is affected by the radiation absorbed
y the catalyst in suspension (because each suspension may
bsorb photons differently) [28,29]. As shown in Fig. 8, the
atalysts Ag–AgCl@TiO2-5, Ag–AgCl@TiO2-10, Ag–AgCl@TiO2-20,
nd Ag–AgCl@TiO2-30 displayed similar absorption profiles in
he aqueous suspensions between the limits of 420 and 800 nm
or wavelengths identical to those used in the activity test.
pplying the Beer Lambert law, the extinction coefficient as

 function of radiation wavelength can be obtained as shown
n Supporting information (Fig. S2).  Then the average extinc-
ion coefficient was estimated by solving the integral (Eq. 12)
n Ref. [29] and results are shown in Table 2 [29]. From the
ata listed in Table 2, it was proved that the average extinc-
ion coefficient has no significant relevance to the photocatalytic
ctivity because the Ag/TiO2 has a much larger average extinc-
ion coefficient but a lower photocatalytic activity than the
atalyst at Ag–AgCl@TiO2-5, Ag–AgCl@TiO2-10, Ag–AgCl@TiO2-20,
nd Ag–AgCl@TiO2-30. In the same way, the Ag–AgCl@TiO2-

0 sample showed the best photocatalytic activity but a lower
verage extinction coefficient than Ag–AgCl@TiO2-30. In conclu-
ion, based on the experimental evidence, it was found that results

able 2
verage extinction coefficients of various catalysts.

Samples Ag/TiO2 N–TiO2 Ag–AgCl @TiO2-5 

� (L/g cm) 5.27 1.05 3.92 
irradiation.

were not affected by the different values of the absorption of radi-
ation realized with each different catalyst (Figs. 6 and 7).

The stability of a practical photocatalyst is as important as its
photocatalytic activity. The plasmon photocatalyst Ag/AgCl@TiO2
was here investigated through recycling experiments. As shown
in Fig. 9, after five cycles of photodegradation of 4-CP, the sam-
ple did not show any significant loss of photocatalytic activity,
which indicates that the catalyst can keep stable during the pho-
tocatalytic reaction. The XRD pattern of Ag/AgCl@TiO2 after five
recycling experiments was  almost identical to that of the as-
prepared sample (Fig. 10). All the above results indicate that the

reported Ag/AgCl@TiO2 is an active and stable visible-light-driven
plasmonic catalyst, which may  serve as a promising candidate for
practical use in the degradation of hazardous pollutants in water.

Ag–AgCl @TiO2-10 Ag–AgCl @TiO2-20 Ag–AgCl @TiO2-30

4.23 4.30 4.40
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ig. 10. XRD patterns of the (a) fresh and the (b) reused Ag/AgCl@TiO2 after 5 cycles.

. Conclusion

The plasmonic photocatalyst Ag/AgCl@TiO2 was successfully
repared by one-pot synthesis method. This method is efficient
or the photo-degradation of 4-CP and photoreduction of Cr(VI)
nder visible light irradiation. The effect of photoreduction time
f AgCl on the photocatalytic activity has been fully investigated.
he ratio of Ag to AgCl was found to influence the photocatalytic
ctivity, and an optimal value was determined. The surface plas-
on  resonance of Ag NPs, together with the coexistence of Ag

nd AgCl, played a key role in the enhanced photocatalytic activ-
ty. This may  help to foster improved understanding and practical
se of visible-light-driven plasmonic photocatalysts in the near
uture.
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