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Novel visible-light-driven photocatalyst Agl/ZnSn(OH)s (Agl/ZSH) was synthesized by a facile deposition-
precipitation method. The effect of several parameters such as the Agl loading, catalysts dosage and initial dye
concentration on the photodegradation of rhodamine B (RhB) was investigated. The degradation efficiency
of RhB could be almost 100% within 40 min and the removal rate of TOC reached 91% within 60 min at 20%

Agl/ZSH dosage 1 g/L, which was 34 and 4.6 times of ZSH and Ag], respectively. The enhanced photoactivity of
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Agl/ZSH should be contributed to the faster separation of electron-hole pairs with ZSH as an electron trap.

© 2015 Published by Elsevier B.V.

1. Introduction

Nowadays, synthetic dyes that are widely used in textiles, printing,
dyeing and food industries have been considered as one of major
aquatic pollutants due to their toxicity, unpleasant coloring and non-
biodegradability [ 1,2]. Moreover, most of the dyes and their degradation
products may be carcinogenic and toxic to mammals [3,4]. Conventional
chemical and biological treatment can remove dye from wastewater but
seem to be not satisfied because of higher energy consumption and gen-
eration of toxic by-products [5,6]. Traditional physical techniques such
as absorption, ultra-filtration and coagulation treatment may be more
effective [7,8]. However they only realize the transfer of pollutants
from water phase to another phase, thus causing the secondary pollu-
tion if no proper further treatment. In order to overcome these draw-
backs, a new, eco-friendly and complete mineralization process for the
dyes should be developed.

Photocatalysis technology has been widely investigated in the deg-
radation of numerous organic/inorganic pollutants in recent years and
is highly expected to be an ideal “green” pathway for environment pu-
rification and solar energy conversion [9-13]. In recent years, ZSH has
become a new-type photocatalyst and is applied in photocatalytic deg-
radation of organic pollutants, and due to its special structure full of OH
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groups, resulted in accepting photogenerated holes to form hydroxyl
radical *OH [14-15]. For example, Fu et al. prepared ZSH by four
methods [16], including grinding, co-precipitation, self-templating,
and hydrothermal processes, to find out a suitable synthetic route for
optimizing the photocatalytic performance of ZSH under a UV light.
But ZSH had a wide-band energy of about 4.0 eV, limiting its application
in the visible light area [17]. Some attempts had been concentrated in
combining with other suitable band gap semiconductors for expanding
the optical response range. Li and his co-workers had modified ZSH with
BiOI, which exhibited high photoactivity in the degradation of dyes and
phenol under both UV and visible light irradiation [18]. In our previous
study, Ag/AgCl nanoparticles were introduced on the surface of ZSH
composite to elevate the efficiency of electron-hole separation and to
further achieve the highly efficient utilization of solar energy [19]. Mod-
ified ZSH had been demonstrated to be full of results, but the relative
studies were still so few, it is urgent to find other adjustable semicon-
ductors to improve the photocatalytic performance of ZSH under visible
light.

Silver halides (AgX, X = Cl, Br, I) have been regarded as efficient pho-
tosensitive materials and source materials in the photography field.
According to the previous researches, the AgX-based photocatalysts
displayed excellent photocatalytic activity in the decomposition of organ-
ic pollutants [20-22]. As a member of AgX series, Agl possesses strong vis-
ible light absorption ability due to its narrow band gap (about 2.8 eV)
[23]. In the Ag-based composites, the photoinduced electrons at the
conduction band bottom of Agl could be transferred efficiently, which
was favorable for the photocatalytic reaction. Considering the properties
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Fig. 1. XRD patterns of ZSH, Agl and 20% Agl/ZSH composite (a); and the fresh and used 20% Agl/ZSH composite (b).

as follows: Agl/TiO, [24,25], Agl/ZnO [26], Agl/BiPO4 [27]. Nonethe-
less, there are still fewer investigations being performed on the com-
posite photocatalysts containing Agl. Hence, the combination ZSH

of sensitizers, Agl could be used to modify the wide-band-gap semicon-
ductors for enhancing the visible light absorption and utilization effi-
ciency of solar energy, and the corresponding construction was listed

4 ¢

Fig. 2. TEM images of ZSH (a); 20% Agl/ZSH composite (b, ¢, d) and HRTEM image (e) and EDX (f) of 20% Agl/ZSH composite.
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and Agl with suitable band potential by facile precipitation seems to
be reasonable.

In this study, a novel Agl/ZSH composite was synthesized by deposi-
tion-precipitation method. The photoactivity of as-prepared samples
was discussed by the photodecomposition of RhB in details. In addition,
the recycling performance of the samples was evaluated for the long-
term application. Through deep investigation of the structures and opti-
cal properties, the origin of excellent photocatalytic activity of Agl/ZSH
composite was also explored.

2. Experimental

The whole experimental part was depicted in Supplementary
information.

3. Result and discussion
3.1. Structure and morphology

The XRD patterns of ZSH, Agl and 20% Agl/ZSH composite were
shown in Fig. 1a. It was clearly showed that the patterns of pure ZSH
were consistent with the previous study [15], which could be indexed
as cubic ZSH phase corresponding to JCPDS file NO. 73-2384. Further-
more, the diffraction peaks of Agl were identical to hexagonal 3-Agl
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(JCPDS File No. 09-0374 [25]). The crystal planes of Agl in the Agl/ZSH
curve were marked and the corresponding values were (200), (002),
(110), (103) and (112). The other peaks in Agl/ZSH composite could
be ascribed to the ZSH and no other impurities were found, indicating
the high purity of the obtained photocatalysts. XRD patterns (Fig. 1b)
of 20% Agl/ZSH composite before and after the photocatalytic reaction
showed that the crystal structure remains constant, to further demon-
strate that Agl/ZSH composite could be used as a potential photocatalyst
for the organic pollutants removal.

The SEM analysis was presented in Supplementary information. The
microstructure of 20% Agl/ZSH was further observed using TEM. From
Fig. 2a, ZSH nanoboxes were observed clearly, while Agl nanoparticles
were intimately attached to the surface and vicinity of ZSH (Fig. 2b, c,
d in different magnifications). The interplanar spacing of the distinct lat-
tice fringes is about 0.338 nm and 0.229 nm (Fig. 2e), which coincided
with the plan of ZSH (200) and Agl (110), respectively. In addition,
the EDX spectrum of the 20% Agl/ZSH composite revealed the coexis-
tence of Zn, Sn, O, Ag and I (Fig. 2f). The weight ratio of Agl/ZSH was
about 19.89%, which was in accordance with the preparation process.

3.2. XPS analysis

XPS was applied to characterize the surface information of the repre-
sentative 20% Agl/ZSH composite. The peak position of the XPS spectra
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Fig. 3. XPS spectra (a—e) and DRS spectrum (f) of 20% Agl/ZSH composite.



4 F. Chen et al. / Catalysis Communications 73 (2016) 1-6

was calibrated with C 1 s at 284.6 eV. Fig. 3a showed the survey XPS
spectra of 20% Agl/ZSH composite. The result indicated that the synthe-
sized product consists of Zn, Sn, O, Ag and I elements. The band energies
0f 1021.58 eV (Fig. 3b), 486.5 eV/495.1 eV (Fig. 3c) could be assigned to
Zn 2p, Sn 3ds,; and Sn 3ds,, respectively, in accordance with the previ-
ous reports [17,18]. The peaks were detected at 373.7 eV and 367.7 eV
(Fig. 3d) for Ag 3ds,> and Ag 3ds,, respectively, which could be ascribed
to the band energies of Ag™ in the fresh 20% Agl/ZSH composite [27].
From Fig. 3e, the I 3d XPS peaks could be resolved into two individual
peaks 631.4 eV and 620.1 eV, corresponding to the band energies of I
3ds,, and I 3ds 5, which was the characteristics of [~ in Agl [22]. The ob-
tained results were in good agreement with the XRD analysis.

3.3. Optical properties

The optical properties of the Agl/ZSH samples were studied by the UV-
spectroscopy. The pure ZSH only presented absorption in the UV light re-
gion about 334 nm (Fig. 3f), while pure Agl had a broader absorption at
about 441 nm. The band gap of semiconductor photocatalysts could be
estimated using the equation: Eg = 1240/\ [28] (where N is the absorp-
tion edge and E, is the corresponding band gap). As depicted in Fig. 3f,
the introduction of Agl nanoparticles, the absorption edge of the
Agl/ZSH composite was extended to 330-450 nm (from UV to visible
light region), verifying that absorption spectrum of ZSH was adjusted
by the introduction of Agl nanoparticles.

3.4. Discussion of photocatalytic activities and stability

3.4.1. Effect of Agl loading amount and pseudo dynamics study

The photocatalytic activities of as-prepared Agl/ZSH composites
were evaluated by the decomposition of the dye molecule RhB under
visible light irradiation. As clearly shown in Fig. 4a, the RhB self-
degradation and the dark absorption of RhB by the catalysts could be ig-
nored. The photocatalytic activities of Agl/ZSH composites were highly
enhanced and the removal efficiencies could achieve over 95%, while
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only 9.8% in the presence of ZSH. Fig. 4a showed that the optimal Agl
loading was 20% weight ratio in Agl/ZSH composite, confirming that ex-
cessive Agl could lead to the recombination of photoinduced carriers.
For comparison, N-TiO, and a physical mixture of Agl and ZSH (the
weight ratio of Agl to ZSH was 20%) was also carried out for RhB degra-
dation (Fig. 4b), whose photocatalytic activities were much weaker
than 20% Agl/ZSH. The above results indicated that the heterostructure
construction between Agl and ZSH played an important role in the en-
hancement of the visible light photoactivity, and the optimized amount
of Agl in Agl/ZSH composite was 20%. Furthermore, the pseudo dynamic
study was discussed in Supplementary information.

3.4.2. Effect of catalyst dosage and initial RhB concentration

Taken into consideration the economic condition, catalyst dosage is an
important parameter in the constructed semiconductor photocatalysts
[26,29]. As depicted in Fig. 4c, the effect of 20% Agl/ZSH composite dosage
on the photodegradation of RhB was investigated in the range of 0.1 to
1.5 g/L. The photodegradation efficiencies of RhB firstly raised with the in-
crease of dosage from 0.1 to 1.0 g/L, then decreased at 1.5 g/L, verifying
that the moderate dosage of catalyst can lead more production of active
species [30]. However, the suspension of excess catalyst dosage accumu-
lated turbidity of solution, resulting in the reduction of the light penetra-
tion through the dye solution [31]. As displayed in Fig. 4d, initial RhB
concentration was also an important factor and degradation efficiencies
decreased with the increasing concentration (from 10 mg/L to 40 mg/L,
0.1 g of catalyst was added in RhB aqueous solution). This negative effect
can be ascribed that a higher initial dye concentration decreases the path
length of the photon entering the dye solution, resulting in lower photon
adsorption on catalyst particles and consequently lowering the photocat-
alytic efficiency [32].

3.4.3. The mineralization ability of Agl/ZSH composite for RhB

Fig. 5a presented the mineralization ability of Agl/ZSH composite for
the RhB in terms of TOC removal. In the photocatalytic system, the TOC
removal was much slower than the degradation of RhB. After about
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Fig. 4. Photodegradation of RhB of different weight ratios of Agl (a); Comparison of the degradation efficiencies by different samples (b); Effect of Agl/ZSH dosage (c) and initial RhB con-

centration (d) in the photodegradation process.
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40 min, the removal efficiency of RhB reached 100% while the mineral-
ization degree was only 79%. With the irradiation time extending to
60 min, the TOC removal improved to about 91%, confirming that no
more by-products were generated in the degradation process. In addi-
tion, 20% Agl/ZSH composite maintained better photo-oxidation perfor-
mance for RhB after four cycling runs (Fig. 5b), which suggested that the
prepared photocatalyst possessed higher stability practical application.

4. Possible photocatalytic mechanism

To determine the main active species for the degradation of RhB so-
lution in the photocatalytic process, three typical chemical reagents,
Benzoquinone (BQ), Trietjanolamine (TEOA) and isopropanol (IPA),
were adopted as the scavengers of <0, h™ and *OH, respectively
[33-35]. It could be seen from Fig. 5¢c and Table 2 (Supplementary infor-
mation) that the photodegradation of RhB was significantly suppressed
by the addition of BQ and TEOA, while no reduction in the presence of
IPA. The reaction rates changed from 0.237 min ™~ ! (without scavengers)
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to 0.035 min~ !, 0.059 min~— ! and 0.236 min~ " by the introduction of
BQ, TEOA and IPA, respectively. These demonstrated that 0>~ and h™
were the main active species in this photocatalytic process, which
should be the synergetic effect of combined ZSH and Agl nanoparticles.

The generated main reactive species are described as following
equations:

Agl +hy—Agl (h") +Agl (™) (1)
Agl (e™) + ZSH—Agl + ZSH (e ™) 2)
ZSH (™) + 0,—ZSH + *0*~ (3)
«0?~ -+ organic pollutant—C05 + H,0 (4)
h* + organic pollutant—CO, + H,0 (5)

On basis of the above experimental results, the possible degradation
mechanism for Agl/ZSH composite was proposed and illustrated in
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Fig. 5. TOC removal (a) cycling runs (b); photogenerated active species (c), the proposed mechanism (d) over RhB degradation by 20% Agl/ZSH composite.
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Fig. 5d. According to the previous studies, the band gap energy of Agl
and ZSH could be estimated as following empirical equations [26]:

Ecg = X—Ec—0.5E, (6)
Evg = Ecg + Eg (7)

where X is the absolute electronegativity of the semiconductor, E. is the
energy of free electrons on the hydrogen scale (~4.5 eV). Based on the
band potential calculation, the Eyg of Agl and ZSH have been estimated
to be +2.38 eV and +4.2 eV and the corresponding Ecg are —0.43 eV
and +0.49 eV, respectively. Therefore, when the as-prepared catalyst
was irradiated under visible light, only Agl could be excited to general-
ize electron-hole pairs and ZSH couldn't be excited due to its wide
band gap. Because of the matching interactive energy band structure
of Agl/ZSH composite, electrons generated in the CB of Agl (—0.43 eV)
under visible light irradiation could migrate to the CB of ZSH
(+0.49 eV), which was consistent with the previous reports [22,24].
The accumulated electrons could be trapped by dissolved oxygen to
form «0?~, which played an important role in photocatalytic degrada-
tion of RhB. Simultaneously, h™ produced in the valence band of Agl
could degrade dye directly. The vital role of ZSH in the forming Agl/
ZSH composite was not only a good electron trap to efficiently separate
the generated electron-holes by Agl, but also preventing the reduction
process of Ag™ to Ag® [27]. Through the internal mechanism, the con-
structed Agl/ZSH composite possessed better stability and exhibited
highly enhanced photocatalytic activity in the degradation of organic
pollutants under visible light irradiation.

5. Conclusions

Novel visible-light-driven Agl/ZSH photocatalyst was synthesized
through introducing Agl nanoparticles on the ZSH with facile deposi-
tion—precipitation method. Among the as-prepared samples, 20% Agl/
ZSH displayed the highest photocatalytic activity to the decomposition
of RhB in aqueous solution under visible light irradiation. Compared
with pure ZSH, Agl as well as N-doped TiO,, Agl/ZSH possessed better
mineralization ability for dye and was more stable. Mechanism study
indicated that ZSH not only acted as an electron trap in the forming
Agl/ZSH system to promote the separation of electron-hole pairs, but
also ensured the stability of the catalyst. Our work may provide the
insights to design more efficient and stable visible-light photocatalysts
for textile wastewater treatment.
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