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Photochemical conversion of AgCl nanocubes to
hybrid AgCIl-Ag nanoparticles with high activity
and long-term stability towards photocatalytic
degradation of organic dyes

Jizhuang Wang, Changhua An, Meiyu Zhang, Chuan Qin, Xijuan Ming,
and Qinhui Zhang

Abstract: The performance of a photocatalytic reaction is mainly determined by the quality of the photocatalyst. For real
applications, significantly enhancing the stability and activity of the photocatalysts still remains a challenge for materials
scientists and chemists. In this paper, we have achieved a highly efficient plasmonic AgCl-Ag nanophotocatalyst via
photochemical conversion of AgCl nanocubes. Compared with reported photocatalysts, the as-achieved nanophotocatalyst
exhibits superior activity, long-term stability, and wide applicability in the decomposition of organic dye pollutants. For
example, only 30 s is needed to bleach methyl orange molecules assisted by AgCl-Ag nanoparticles. Furthermore, the
catalyst can be reused up to 50 times without significant loss of activity. A possible mechanism was discussed and the
specified photocatalytic reactions verified that both O,®- and OH® radicals were the main active species in decomposing
pollutants. The excellent performance of the present photocatalyst suggests promising applications in environmental
remediation, clean energy creation, and solar cells.
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Résumé : La performance d’une réaction photocatalytique est déterminée principalement par la qualité du photocatalyseur.
Pour des applications réelles, I’augmentation significative de la stabilité et de I’activité du photocatalyseur reste le défi a
surmonter pour les scientifiques et les chimistes. Dans ce travail, on a préparé un nanophotocatalyseur AgCl-Ag plasmonique
tres efficace en procédant a une conversion photochimique de nanocubes de AgCl. Par comparaison avec les photocatalyseurs
rapportés antérieurement, le nanophotocatalyseur tel que préparé présente une activité supérieure, une stabilité a long terme
et une large plage de domaines d’application dans la décomposition des colorants organiques polluants. Par exemple, a
I’aide de nanoparticules de AgCl-Ag, il suffit de 30 s pour blanchir des molécules de méthylorange. De plus, le catalyseur
peut étre réutilisé jusqu’a 50 fois sans perte significative d’activité. On discute d’un mécanisme potentiel pour cette
réaction et, faisant appel a des radicaux O,® et OH®, il a été possible de vérifier que les réactions photocatalytiques
spécifiées sont bien les espéces catalytiques principales dans la décomposition des polluants. L’excellente performance de
ce photocatalyseur suggere qu’il devrait posséder des applications prometteuses dans la dépollution environnementale, la
création d’énergie propre et dans les cellules solaires.

Mots-clés : photocatalyseur plasmonique, chlorure d’argent, photocatalyseur a la lumiére visible, polluant organique.

[Traduit par la Rédaction]

Introduction

Since the discovery of photocatalytic splitting of water to
produce hydrogen on TiO, electrodes,! photocatalysis has
attracted much attention as a promising green approach for
utilizing solar energy to solve energy and environmental is-
sues. Great progress has been made in the fields of new energy
generation,>™* conversion of carbon dioxide into valuable
chemicals,>~7 environmental purification,®® solar cells,'® and

water disinfection.!!-'> Nowadays, the development of visible
light driven photocatalysts has become one of the most im-
portant topics in this area. The strategies to create visible-light
response photocatalysts can be classified into two categories.
One is to narrow the band gap of TiO, by doping external
elements, i.e., metals or nonmetals,'3-'¢ and engineering mi-
crostructures of titanate.!” The other is to explore complex
oxide visible photocatalysts, such as Ag;PO,,'® InTaO,,>
BiFe0;,!920 Bi,WOg,?!'?> and PbBi,Nb,0,.2> For real
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applications, significantly enhancing the stability and activity
of the photocatalysts still remains a challenge to materials
scientists and chemists.

Nanoparticles of noble metals, i.e., Au and Ag with surface
plasmon resonance (SPR) effects, exhibit high absorption ef-
ficiency in the visible region, making them an ideal class of
light absorber materials in the photocatalysis field.?+2> Doping
TiO, with Au (or Ag) has been demonstrated to greatly en-
hance the photoactivity of TiO, by reducing the recombination
rate of the photogenerated charge carriers.?*2%-28 The absorp-
tion edges of TiO, were only extended to approximately
420 nm, leading to most of the solar spectrum being unable to
drive these photocatalysts.

Silver halides decorated with Ag or Au represent a class of
promising plasmonic photocatalysts because they not only
exhibit high absorption coefficients in the visible region owing
to the contribution of SPR, but also show enhanced photocat-
alytic performance.?°-3! For example, Ag@AgCl (or AgBr)
photocatalysts have been prepared?®-32 through ion-exchange
reactions followed by the UV conversion of some Ag* to Ag®
on the surfaces of the parent crystallites. The microscale and
irregular shapes of the obtained catalysts result in reduced
surface areas, unclear interfaces, and thus reduced catalytic
performance compared with nanoparticles. Therefore, creating
photocatalysts with high activity, long-term stability, and wide
applicability is of paramount importance and highly desirable.

Herein, we have developed a simple photochemical conver-
sion of AgCl nanocubes to fabricate a class of long-term stable
hybrid plasmonic AgCl-Ag nanoparticles with superior activ-
ity towards the decomposition of organic pollutants, i.e., methyl
orange (MO), rhodamine B (RhB), methylene blue (MB),
malachite green (MG), crystal violet (CV), alizarin red (AR),
and methyl red (MR). MO molecules can be rapidly decom-
posed within 30 s under visible light irradiation with the
assistance of the AgCl-Ag nanoparticles. The catalyst can be
recycled up to 50 times without losing activity. These features
mean the as-achieved nanophotocatalysts have good prospects
in water disinfection and environmental remediation.

Experimental

Preparation of catalysts

AgCl nanocubes were synthesized by a simple polyol precip-
itation process.’ In a typical procedure, 10 mL of ethylene
glycol (EG, Sinopharm Chemical Reagent Co., Ltd) was
placed in a 50 mL flask and heated at 60 °C under magnetic
stirring at 350 rpm. Then poly(vinyl pyrrolidone) (PVP,
54 mg, Sinopharm Chemical Reagent Co., Ltd) and NaCl
(22 mg, AR, Sinopharm Chemical Reagent Co., Ltd) were
added. After they were dissolved completely, a 1 mL EG
solution of AgNO; (52 mg/mL, Sinopharm Chemical Reagent
Co., Ltd) was rapidly injected to this mixture. The mixture was
maintained at 60 °C for 30 min, resulting in a milky dispersion
containing AgCl nanoparticles. The sample was rinsed with
deionized water several times and collected via centrifugation.

The as-prepared AgCl nanoparticles can be easily dispersed
in 10 mL deionized water. The water dispersion of AgCl was
irradiated with a 300 W Xe arc lamp equipped with an UV
cutoff filter for different times, i.e., 0, 20, 40, and 60 min
(corresponding samples were denoted as AgCl, AgCl-Ag-20,
AgCl-Ag-40, AgCl-Ag-60, respectively). The color of the
resulting dispersion changed from milky to grayish purple,
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Fig. 1. X-ray diffraction (XRD) pattern of the as-prepared
AgCl-Ag nanoparticles.
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indicating metallic silver nanoparticles were produced on the
surfaces of AgCl. The synthesis of the referred catalyst (AgCl—
Ag-ref) is described in the Supplementary data.

Characterization

The crystalline phases of the products were analyzed by
X-ray diffraction (XRD, Philips X Pert with Cu Ka radiation
(A = 0.154 18 nm). The morphology and size of the AgCl-Ag
nanoparticles were observed by an S-4800 field emission scan-
ning electron microscope (SEM; Hitachi, Japan). The optical
absorption spectra were measured on a UV-vis spectrometer
(Specord 205, Analytik Jena) over a range of 200 to 900 nm.

Evaluation of photocatalytic performance

In a typical reaction, a 10 mL water dispersion of the as-
prepared AgCl-Ag nanoparticles was transferred to an aque-
ous solution of MO (10 mL, 10 mg L-!). The mixture was
stored in the dark for 60 min with magnetic stirring to reach
the adsorption—desorption equilibrium of MO molecules on the
surface of the nanoparticles. The reaction was then started under
a 300 W Xe arc lamp (PLS-SXE300/300UV) equipped with a
UV cutoff filter as the visible light source (A = 400 nm). The
degradation rate of MO was measured by UV—vis spectroscopy at
different times. After the reaction was completed, centrifuging
the solution enables the AgCl-Ag nanoparticles to be collected to
catalyze new reactions.

For the degradation of RhB, MB, MG, CV, and alAR, the
conditions were kept identical to that of MO except that half
the amount of the as-prepared AgCl-Ag nanoparticles was
used. The decomposition of MR was performed in ethanol
solution because of its insolublity in water.

Results and discussion

Characterization of the AgCl-Ag photocatalyst

Figure 1 presents an XRD pattern of the as-prepared
AgCl-Ag nanoparticles. It clearly shows that the sample is
composed of cubic AgCl (JCPDS card No. 31-1238) and
metallic Ag (JCPDS card No. 87-0717). The diffraction peaks
at 27.28°, 32.23°, 46.24°, 54.82°, 57.49°, and 67.46° can be

Published by NRC Research Press



Can. J. Chem. Downloaded from www.nrcresearchpress.com by UNIV CHICAGO on 11/10/14
For personal use only.

860

Fig. 2. X-ray photoelectron spectroscopy (XPS) spectra of the
as-prepared AgCl-Ag. (A) survey, (B) Ag 3d, and (C) CI 2p.
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assigned to the (111), (200), (220), (311), (222), and (400)
planes, respectively, of the AgCl nanoparticles. The peak at
38.07° is attributed to the diffraction of the (111) plane of
metallic Ag. The elemental composition and silver content of
the AgCl-Ag were further confirmed by X-ray photoelectron
spectroscopy (XPS). Figure 2A reveals that Ag and Cl are the
main components, and trace amounts of C and O are the

Can. J. Chem. Vol. 90, 2012

Fig. 3. (A) SEM images of AgCl-Ag. The inset at the top right
corner shows the AgCl nanoparticles (scale bar is the same as for
AgCl-Ag). (B) UV-vis absorbance spectra of AgCl and AgCl-Ag.
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adventitious hydrocarbon from the XPS instrument. As shown
in Fig. 2B, the peaks at 367.5 and 373.5 eV may be assigned
to the binding energy of Ag 3d 5/2 and Ag 3d 3/2 of Ag™ in
AgCl, respectively, and the peaks at 368.8 and 374.6 eV may
be attributed to metallic Ag®. The results confirmed the exis-
tence of AgP, and the surface ratio of metallic Ag® and Ag™ is
approximately 1:13. For CI 2p, two peaks are observed at the
binding energies of 197.7 and 199.3 eV.

Figure 3A shows the SEM images of as-prepared AgCl
(inset) and AgCl-Ag nanoparticles. The smooth AgCl nano-
particles exhibit a cubic shape with an average edge length of
90 nm. After photochemical reduction, Ag nanoparticles are
assembled on the surfaces of the parent AgCl nanocubes. The
AgCl-Ag hybrid nanoparticles display convex a cubic and
near-spherical shape. The UV-vis absorption spectra (Fig. 3B)
of the parent AgCl and AgCIl-Ag nanoparticles exhibit a
similar shape, indicating that tiny Ag nanoparticles are distrib-
uted evenly on the surfaces of AgCl nanocubes. For AgCl,
there is little absorption in the visible region due to its large
band gaps, i.e., a direct band gap of 5.15 eV (241 nm) and
an indirect band gap of 3.25 eV (382 nm).33 The AgCl-Ag
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Fig. 4. (A) The change in UV-vis spectra for the methyl orange
(MO) solution with reaction time. (B) The normalized concentration
of the MO as a function of reaction time in both linear (—®—) and
logarithmic (—@-) scale. C,, is the concentration of MO before
irradiation; C is the concentration of MO at reaction time 7.
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nanoparticles show a stronger absorption in the visible region
than the parent AgCl owing to the SPR of the Ag species.

Photocatalytic performance of AgCl-Ag

The photocatalytic performance of the as-prepared AgCl-Ag
nanoparticles was evaluated by degradation of MO (5 mg L")
molecules under visible light irradiation. Figure SA shows the
evolution of the absorption spectra of methyl orange (MO) with
reaction time over the AgCl-Ag-20 nanophotocatalyst. The color
of the MO solution gradually changes from orange to trans-
parent as the reaction proceeds (Supplementary data, Fig. S1),
and the MO molecules rapidly decomposed within 30 s under
visible light irradiation with the assistance of the AgCl-Ag
nanoparticles. The blank tests in the dark with AgCl, AgCl-
Ag, and under visible light without catalyst were carried out.
The color of the MO solution remained unchanged, demon-
strating that the AgCl-Ag nanoparticles are crucial for the
degradation of the dye. Meanwhile, the effects of Ag on the
photocatalytic activity were also investigated by a series of
controlled experiments. As shown in Fig. 5, AgCl-Ag-20
shows the best photocatalytic performance compared with the
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Fig. 5. Photocatalytic degradation of methyl orange (MO) for
different samples under visible light irradiation, showing that
AgCl-Ag-20 nanoparticles exhibits the highest performance.
AgCl-Ag-20, AgCl irradiated with a 300 W Xe arc lamp for 20 min.

1.0
—a— AgCI-Ag-20 min
—e— AgCl-Ag-40 min
084 —— AgCl-Ag-60 min
—v— AgCl
—<«— AgCl-Ag-Ref
0.6
o
O
-~
Q 04-
0.2
0.0 T T T T T T T T T T T
0 5 10 15 20 25 30

Reaction time (s)

Fig. 6. The degradation curve of methyl orange (MO) solution for
50 successive reactions catalyzed with the same batch of AgCl-Ag-20
nanoparticles (as shown in Fig. 1) under visible light irradiation.
AgCl-Ag-20, AgCl irradiated with a 300 W Xe arc lamp for

20 min.
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other samples. However, AgCl-Ag-20 also shows higher ac-
tivity than pure AgCl, which only degrades 63% of MO within
the same time frame. The enhanced activity of AgCl-Ag may
account for the synergy between the SPRs of Ag nanograins
on the surface of AgCl and the polarization field from AgClL.
Furthermore, the Brunauer—-Emmett-Teller (BET) nitrogen
adsorption analysis reveals that the specific surface area was
33.2 m? g-!, further suggesting that the enhanced activity is
not caused merely by its surface property. While excessive Ag
may increase the probability of hole capture by the negative
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Fig. 7. Schematic illustration of the photocatalytic reaction pathway of AgCl-Ag nanoparticles under visible light.
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charge on the Ag nanoparticles, and destroy the structure of
the as-achieved catalyst, this may lead to the decreased activity
of the catalysts containing a high content of Ag. The function
of In(C/C,) versus reaction time (t; Fig. 4B) exhibits a linear
relationship, indicating the reaction follows pseudo-first-order
kinetics. The rate constant was determined to be 0.123 s~1.
In consideration of practical applications, we also tested the
stability and applicability of the present hybrid nanophotocata-
lyst. Figure 6 shows the recycled reactions using the same
batch of catalysts. The used nanophotocatalyst can still main-
tain high efficiency even after 50 reactions. Note that if the dye
concentration was increased to 10 mg L-!, the catalyst can still
be reused 35 times without much decrease in activity (Sup-
plementary data Figs. S2 and S3). Inspired by the superior
stability and activity of the photocatalysts, other typical or-
ganic pollutants, such as RhB, MB, MB, CV, AR, and MR,
were also selected to trigger the degradation reactions. The
results demonstrate that these dyes can also be bleached
steadily (Supplementary data Fig. S4), confirming the broad
applicability of the as-prepared AgCl-Ag nanophotocatalysts.

Photocatalytic mechanism

Usually, semiconductor photocatalysts, e.g., TiO,, have
wide band gaps, which make them stable against corrosion
in surrounding environments.?*3> The band gap of the as-
prepared AgCl nanocubes was determined to be 3.50 eV on the
basis of UV-vis absorption spectrum (Supplementary data
Fig. S5), which makes it a class of alternative stable photo-
catalysts, although visible-light excitation is difficult. The
position of the conduction band (Eg) of the AgCl nanocubes
can be determined by the equation Ecy = X — Ec — 0.5E,,°
where E. represents the energy of the free electrons on the
hydrogen scale (4.5 eV), X is the electronegativity of the
semiconductor, and E, represents the band gap of the semi-
conductor. Thus, the E~gz and the position of the valence band
(Eyp) were calculated to be —0.341 and 3.159 eV, respec-
tively. As presented in Fig. 7A, a possible mechanism is
proposed. Here, well-defined interfaces in hybrid AgCl-Ag
nanoparticles may provide proper environments for enhance-
ment of their photocatalytic performance. Ag nanoparticles
can act as a sinker for photoinduced charge carriers, promoting
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e e ev
2 £ ] 0,
3 | AgCl
‘T';]
W i A -

C 0, organic
o ErE o4 U pollutant
CO,+H,0

charge separation to enhance the overall photocatalytic effi-
ciency in contact with the parent semiconductor.3”-3% As re-
ported by Huang and co-workers?® and our group,®® the
interactions between the SPR of the Ag nanoparticles and the
polarization field provided by the AgCl determine the photo-
catalytic efficiency. In the present system, photoillumination
of uniform parent AgCl nanocubes results in an even distri-
bution of Ag nanoparticles on their surfaces, and thus leads to
more even charge distributions of the free electrons in Ag
nanoparticles more evenly than previously reported.?®=32 In
other words, regions of negative and positive charges in the Ag
nanoparticles have been separated effectively, which are far
from and close to the AgCl-Ag interface, respectively. The
migration of photoexcited electrons away from the AgCl-Ag
interfaces also prevents photoreduction of AgCl to Ag, leading
to a high stability of the hybrid nanoparticles. Therefore, there
is synergy between the enhanced absorption of visible light by
the SPR of the Ag nanoparticles and the polarization field
provided by the AgCl facilitates electron—hole separation and
interfacial charge transfer. That is to say, electron and hole
were delivered into the two distinct regions (Ag and AgCl
region). In the Ag/solution region, photogenerated electrons
can be scavenged by O, in the solution to form O,®~ and other
reactive oxygen species.3¥4! To confirm the roles of oxidizing
species, radical and hole trapping tests weren designed to further
elucidate the photocatalytic mechanism. As shown in Fig. 8, the
NaHCOj; scavenger for holes (2*) and adsorbed OH® have no
significant effects on the activity of the catalyst. However, if
0.1 mol/L of fert-butyl alcohol for OH® was introduced, the
MO degradation rate was decreased (i.e., after reacting for
20 s, 46% MO was left in the solution.). With the addition of O,*~
scavenger (p-benzoquinone), the rate of bleaching MO was
depressed significantly. These results indicate that the surface-
adsorbed O,®~ and OH® are active species in the reaction. Due
to the longer life time of active e~ compared with A*,3° the
0,°® and OH® generation can be produced by the following
reactions

0,+e —0,
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Fig. 8. Photodegradation kinetics of methyl orange (MO) in
AgCl-Ag water dispersion under visible light irradiation with
different scavengers.
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Therefore, O,*~ and OH® radicals come from photoexcited
electrons and accumulate on the silver surfaces, which is in
accord with the previous discussion. Holes (2*) play a minor
role in the present reactions. The mechanism can be under-
stood as a plasmon-induced photocatalytic reaction. Of course,
further studies are still necessary to provide insight into the
unraveling of the process of charge generation, transport, and
the photocatalytic reaction mechanism.

Conclusion

In summary, photochemical conversion of AgCl nanocubes
has been demonstrated to be a facile strategy for the prepara-
tion of highly efficient plasmonic AgCl-Ag nanophotocata-
lysts with strong activity, stability, and wide applicability
towards the decomposition of various organic dye pollutants.
MO molecules can be decomposed completely within 30 s in
the presence of the as-achieved nanophotocatalyst. Further-
more, it can be reused approximately 50 times without losing
activity. The possible photocatalytic reaction mechanism in-
dicates that Ag nanoparticles play an important role in enhanc-
ing the absorption of visible light, separating electron—hole
pairs and generating oxidizing species. The excellent effi-
ciency of the plasmonic nanophotocatalyst has promise for
applications in environmental remediation, clean energy cre-
ation, and solar cells.

Supplementary data

Supplementary data are available with the article throught
the journal Web site at http://nrcresearchpress.com/doi/suppl/
10.1139/v2012-079.
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