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ABSTRACT: ZnS:Ag,S porous nanostructures are prepared
by a simple ion-exchange route using ZnS nanosheets as
sacrificial templates. In solutions of different Ag ion
concentrations, ZnS nanosheets are partially converted to
Ag,S, resulting in porous ZnS:Ag,S nanosheet composites with
different pore sizes. With the Ag,S nanocrystals playing the
role of hole scavengers, the porous nanosheets exhibit a high
photocatalytic H, generation rate of 104.9 pmol/h/g without
using any noble metal cocatalyst.
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1. INTRODUCTION

Photocatalytic H, generation has attracted much attentlon
because of the increasing demand for clean energy.' 5 In
addition to exploring new high-performance catalysts, strategies
for enhancing the separation of photoexcited electron and hole
pairs are also an important research topic.’ > An effective
approach for enhancing charge separation is the use of a
suitable cocatalyst.ls’14 For example, NiO,"® MOSZ,16’17
platinum,ls’19 palladium,20 carbon nanotubes,** graphene,zz_25
etc, have been used as cocatalysts to assist electron transfer
from the catalyst to protons with much success. While effective
transport away of holes from the excitation site is also
important, there are so far fewer reports on cocatalysts that
assist hole transfer.”® Thus, it is highly desirable to develop
more high-performance cocatalysts capable of enhancing hole
transfer.

The ion-exchange method is a versatile materials synthesis
approach based on the difference in the solubility constants
(K, ) 728 Han et al. synthesized a CuS mesostructure by cation
exchange of CdS and kept its original morphology.”® Cu,S are
reported to be selectively converted to CdS or PbS.** Our
group used the ion-exchange approach to convert ZnO
nanorods to arrays of ZnO/CuSe, ZnO/CulnSe,, ZnO/ZnSe,
and ZnO/Zn,Cd,_.Se core/shell nanocables.*’** ZnS is a
potential material for photocatalytic H, generation because of
the more negative potential of its conduction band (CB) than
the reduction potential of the H"/H, hydrogen electrode. ZnS
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has a K, of 3.0 X 10 %5 50 it can be converted to materials with
smaller K values.*® Yu et al. used monodispersed ZnS solid
spheres as precursors and obtained CuS/ZnS nanocomposites
via the ion-exchange method.** Zhang et al. and Gong et al.
prepared Cd,Zn, .S and CuS/ZnS nanostructures for
respectively obtaining new small-band-gap materials and
introducing cocatalysts to enhance the photocatalytic rate.*>*¢
ZnS—Ag,S nanoparticles, matchstick-shaped structures, and
microspheres have been reported for their optical and
photodegradation properties.”” >® In this study, we prepared
porous nanocomposite of ZnS:Ag,S by thermal decomposition
of a ZnS—organic precursor and simultaneous ion exchange.
The organic component in the ingredient leads directly to the
formation of a porous nanostructure, which extensively
increases the surface area. Moreover, with different amounts
of Ag’, the composites exhibit different pore sizes. These
porous nanosheet structures have large surface areas for contact
with the solution to generate more active sites, which is
beneficial for enhancing the photocatalytic H, evolution rate.
With suitable amounts of Ag,S nanocrystals, which act as hole
scavengers, the porous composite nanosheet shows excellent
performance for photocatalytic H, evolution. This work
demonstrates that the application of Ag,S as a cocatalyst for
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Figure 1. Products after reacting ZnS(en), s nanosheets with (a) 0, (b) 0.01, (c) 0.02, and (d) 0.08 g of AgNOj, respectively. The insets of parts a—d

are SEM images of higher magnification.
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Figure 2. (a) XRD patterns and (b) Raman spectra of the structures after reacting ZnS(en), s nanosheets with (a) 0, (b) 0.01, (c) 0.02, and (d) 0.08

g of AgNOj, respectively.

assisting hole transfer is an effective way of enhancing the
photocatalytic activity of ZnS.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Photocatalysts. Preparation of Porous ZnS
and ZnS:Ag,S Nanosheets. ZnS(en),s precursors were prepared
according to the literature,*® as illustrated in the Supporting
Information (SI). A total of 0.04 g of the white powder precursor
was dispersed in 15 mL of distilled water (four samples). Then 0, 0.01,
0.02, and 0.08 g of AgNO; were added (hereafter, samples prepared as
such are respectively referred to as ZnS, ZnS:Ag,S-1, ZnS:Ag,S-2, and
ZnS:Ag,S-8). The four mixtures were then loaded into autoclaves (25
mL) and maintained at 120 °C for 12 h. After cooling, the products
were sequentially washed with distilled water and absolute ethanol
several times and then dried under vacuum. Finally, the products were
annealed in nitrogen gas at 400 °C for 2 h.
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2.2. Sample Characterization. The as-prepared samples were
characterized with scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) with a Philips XL30 FEG
scanning electron microscope and a Philips CM200 FEG transmission
electron microscope (operated at 200 kV), respectively. X-ray
diffraction (XRD) measurements were carried out with a Siemens
D-500 diffractometer with Cu Ko radiation. Absorption spectra were
recorded with a Lambda-750 UV—vis—near-IR (NIR) spectropho-
tometer.

2.3. Photocatalytic Test. Photocatalytic H, generation perform-
ances of the synthesized nanostructures were measured in a closed gas
circulation system equipped with a top-irradiation Pyrex cell reactor. A
300 W xenon lamp was used as the light source. The reactor was first
loaded with 100 mL of an aqueous solution of 0.1 M Na,S and 0.1 M
Na,SO; as sacrificial reagents and 8 g of NaOH for enhancing the
photocatalytic efficiency.*' A total of 0.05 g of each photocatalyst
sample was then respectively loaded into the reactor under magnetic
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stirring. The amount of H, generated was determined by gas
chromatography (TECHCOMP GC7900, nitrogen carrier) every 1
h. To measure the apparent quantum efficiency (AQE), a 350 nm
band-pass filter was used to produce monochromatic light. The
intensity of incident light was measured by a spectroradiometer. The
AQE was calculated with the following equation:

AQE = 2N(H,)/N(photons) X 100%

N(H,) = molecular number of generated H, per second, and
N(photons) = number of incident photons per second.

2.4. Morphology, Structure, and Composition. Figure S1 in
the SI shows SEM and TEM images of the ZnS(en),s precursors,
which are in the shape of nanosheets of about 100 nm thick (see
nanosheets with an edge-on orientation in the inset of Figure Sla in
the SI). The XRD pattern in the inset of Figure S1b in the SI is
consistent with that in the literature.*’

ZnS(en)ys precursors can be converted to ZnS via hydrothermal
reaction according to the literature.** Figure 1a is the product after
hydrothermal treatment of the precursor at 120 °C. We can see that
the surface of the nanosheets becomes rough, which is caused by the
loss of the organic component at high temperatures. As shown in
Figure 2a (curve a), the precursor is converted to hexagonal Zn$S
(JCPDF 36-1450, marked with *). Parts b—d of Figure 1 show the
structures of the samples ZnS:Ag,S-1, ZnS:Ag,S-2, and ZnS:Ag,S-8.
For the samples ZnS:Ag,S-1 and ZnS:Ag,S-2 (Figure 1b,c), the
nanosheet appears to be decorated with many fine particles (insets of
Figure 1b,c). Curve b in Figure 2a shows that there is a small amount
of Ag,S (JCPDF 14-0072, marked with #) in the sample ZnS:Ag,S-1.
This is due to the fact that Ag,S has a smaller K, (6.7 x 107%°) than
ZnS (3.0 X 107%). The Ag ion replaces the Zn ion in ZnS upon
immersion in a Ag" solution. Compared with the other samples,
ZnS:Ag,S-8 (Figure 1d) shows the roughest surface. It appears that the
sample is full of 3D interconnected grooves. On the other hand, as the
amount of Ag® ion increases, the XRD peak intensity of ZnS decreases,
while the peaks of Ag,S become more obvious (curve c, Figure 2a).
From curve d of Figure 2a, no peaks of ZnS can be found and the
sample is mostly Ag,S. It is considered that during the Zn—Ag ion-
exchange process, there is a diffusion couple, which can lead to the
formation of more pores via the nanoscale Kirkendall effect.®™*
Thus, the amount of pore and roughness increases as the Ag"
concentration increases.

Raman spectroscopy was carried out (Figure 2b) to give further
information on the composition of each sample. Curve a of Figure 2b
shows a peak at 350 cm™, which is attributed to ZnS obtained from
the precursors.*® Curves b and ¢ are Raman spectra of ZnS:Ag,S-1 and
ZnS:Ag,S-2, respectively. In addition to the peak of ZnS, we can also
find the peak of Ag,S at 560 cm™.** From curve d for ZnS:Ag,S-8,
both characteristic peaks of ZnS and Ag,S can be observed. This
suggests that, although peaks from the ZnS phase are indistinguishable
in the XRD pattern for ZnS:Ag,S-8 (curve d of Figure 2a), ZnS has
not been completely converted to Ag,S.

Table 1 shows the energy-dispersive X-ray spectroscopy (EDS)
measurements of the four samples (spectra shown in Supporting
Information figure S2). Ag content in the composite nanosheet
increases with the amount of AgNOj; used in the ingredient. For the
sample ZnS:Ag,S-8, the ratio of Zn/Ag is about 0.2. This confirms the
XRD and the Raman results that most ZnS has been converted to
Ag,S. Figure S3a is a SEM image of the ZnS:Ag,S-2 nanostructure and
Figure 3b-3d are the corresponding Zn, Ag, S elemental mapping,

Table 1. Composition of the Nanostructures

element (atom %)

material Zn Ag S
ZnS 54 0 46
ZnS:Ag,S-1 43 12 45
ZnS:Ag,S-2 33 26 41
ZnS:Ag,S-8 9 NV 41
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respectively, which reveal their homogeneous distributions in the
porous nanosheets.

Figure 3. TEM and HRTEM images of (a and b) ZnS, (c—e)
ZnS:Ag,S-2 nanostructure, and (f and g) ZnS:Ag,S-8 nanostructure.

Figure 3a shows a TEM image of the ZnS nanosheets obtained from
hydrothermal treatment of the precursor without any AgNO,. It is
considered that, during the hydrothermal reaction, the organic
component of the precursor is driven out of the nanosheet, leaving
behind a porous structure while preserving the overall nanosheet
morphology. A corresponding high-resolution TEM (HRTEM) image
of the sample is shown in Figure 3b, in which the marked d spacing of
0.63 nm matches well to the (0001) lattice fringes of the hexagonal
structured ZnS. Figure 3c shows a TEM image of the sample
ZnS:Ag,S-2 obtained by reaction of the precursor with a medium
amount of AgNO;. HRTEM images (Figure 3d,e) of the samples show
the coexistence of both the ZnS and Ag,S phases. While the lattice
fringe in Figure 3d of 0.63 nm matches well with the lattice spacing of
the (0001) plane of hexagonal ZnS, lattice fringes in Figure 3e with
spacings of 0.26 and 0.24 nm correspond to the (1-2—1) and (013)
planes of monoclinic Ag,S. With the largest amount of Ag" in the
ingredient (sample ZnS:Ag,S-8), the obtained nanosheets have much
larger pore sizes (Figure 3f). Because of the higher amounts of Ag ions
more active sites will be introduced for ion-exchange reaction, so more
pores and surface with higher roughness will be generated. A
corresponding HRTEM image (Figure 3g) clearly shows lattice
spacings of 0.33 and 0.34 nm with an angle of 89°, in good agreement
to the (01—2) and (1—1—1) planes of monoclinic Ag,S.

2.5. Optical Properties. Figure 4 shows UV—vis—NIR spectra of
the nanostructures. The ZnS nanosheets (curve a) exhibit an
absorption peak at about 330 nm in the UV region. Curves b—d
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Figure 4. UV—vis—NIR spectra of (a) ZnS, (b) ZnS:Ag,S-1
nanostructure, (c) ZnS:Ag,S-2 nanostructure, and (d) ZnS:Ag,S-8
nanostructure.

show absorption spectra of ZnS:Ag,S-1, ZnS:Ag,S-2, and ZnS:Ag,S-8,
respectively. Because of the existence of a small band gap of Ag,S (0.92
eV), the nanostructures exhibit absorbance extending to the NIR
region. The edges at around 850 nm are due to switching of the light
source in the Lambda-750 UV—vis—NIR spectrophotometer. We have
confirmed with another instrument that the samples do not have any
peaks or valleys at this region.

2.6. Surface Area and Pore Size. Table 2 shows the Brunauer—
Emmett—Teller (BET) surface areas and average pore sizes of different

Table 2. BET Surface Areas and Average Pore Sizes of
Different Structures

BET surface area (m?/g) average pore size (nm)

ZnS 36.9 11.4
ZnS:Ag,S-1 33.9 10.6
ZnS:Ag,S-2 250.6 2.6
ZnS:Ag,S-8 12 15.6

structures. From the results, the BET surface areas of ZnS, ZnS:Ag,S-
1, ZnS:Ag,S-2, and ZnS:Ag,S-8 are 36.9, 33.9, 250.6, and 1.2 m*/g,
respectively. It can be seen that, although the ZnS-Ag,S-8 has the
largest pore size of 15.6 nm, it has the smallest surface area. The
ZnS:Ag,S-2 sample has the smallest pore size and the largest surface
area because of the suitable amount of Ag ions.

2.7. Photocatalytic Activity. Figure Sa shows the photocatalytic
H, generation performance of the nanostructures irradiated with a 300
W xenon lamp. Na,S and Na,SO; were added as sacrificial agents that
consume the photogenerated holes from the photocatalytic surface.
From curve a, the ZnS porous nanosheets exhibit a H, generation rate
of 13.3 ymol/h/g. With the coexistence of Ag,S, samples ZnS:Ag,S-1
(curve b) and ZnS:Ag,S-2 (curve c) show better H, generation rates of
56.2 and 104.9 umol/h/g, respectively. This confirms the enhance-
ment effects of the Ag,S cocatalyst. However, when most ZnS is
converted to Ag,S (curve d), the ZnS:Ag,S-8 sample shows the lowest
H, generation rate. Because the CB level of Ag,S is lower than the
level of the reduction potential of H"/H, (0 V vs normal hydrogen
electrode), it cannot reduce H* to generate H, on itself.”*” Thus,
when most of the photoactive ZnS is converted to Ag,S, there is a
small amount of material useful for generating H,. It is considered that
the high performance of ZnS:Ag,S-2 is due to the optimum amount of
Ag,S and the porous nanostructure. The AQE of ZnS:Ag,S-2 is 1.2%
for H, evolution at an incident wavelength of 350 nm. To confirm the
stability of the catalyst, the photocatalytic reaction of ZnS:Ag,S-2 was
tested for another two runs. After the first run for $ h, accumulated H,
was pumped out. Before the second or third run, an additional amount
of Na,S and Na,SO; was added to replace the consumed sacrificial
reagents. As shown in Figure 5b, the catalyst in the second and third
runs did not exhibit any significant loss of activity compared with that
of the first run. The morphology of ZnS:Ag,S-2 after testing is shown
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Figure S. (a) Photocatalytic H, evolution of ZnS (curve a), ZnS:Ag,S-
1 (curve b), ZnS:Ag,S-2 (curve c), and ZnS:Ag,S-8 (curve d) porous
nanostructures. (b) Stability of ZnS:Ag,S-2. Light source: 300 W
xenon lamp.

in Figure S4 in the SI, also suggesting that the structure of the catalyst
has no obvious difference of the original morphology (Figure 1c).
These results indicate that ZnS:Ag,S-2 shows good stability during
photocatalytic H, production.

Surface information on the ZnS:Ag,S-2 catalyst was also
characterized by X-ray photoelectron spectrometry (XPS) before
and after photocatalytic reaction (Figure 6). It is obviously seen that,
in Figure 6a, only elements of Zn, Ag, and S can be found in spectra of
the catalyst before and after testing, and no other impurities were
detectable. In parts b (before photocatalytic testing) and c (after
photocatalytic testing) of Figure 6, the energy peaks of Ag 3d, Zn 2p,
and S 2p can be observed and are almost in the same positions. The
peaks at 373.6 and 367.4 eV are assigned to Ag 3d;,, and Ag 3d;,, of
Ag" ions in Ag,S, respectively. The Zn 2p,/, and Zn 2p;,, peaks at
binding energies of 1043.5 and 1020.6 eV are assigned to Zn**. The
spectra of S 2p,/, and S 2p;, are both located at binding energies of
161.8 and 160.4 eV before and after photocatalytic testing. These
results indicate that the components of ZnS:Ag,S-2 have good stability
after long time irradiation.

Figure 7 is a schematic diagram of the porous ZnS:Ag,S
nanostructures for H, evolution. When the photocatalyst is irradiated,
electrons and holes would be generated. Because the CB and valence
band (VB) energy levels of Ag,S are bracketed by those of ZnS, both
electrons and holes will be transferred to Ag,S. On the one hand,
electrons transferred to Ag,S cannot generate H, because of the lower
CB of Ag,S than that of the reduction potential of H*/H,. So, Ag,S
can neither generate H, nor pass electrons from its VB to H'. On the
other hand, electrons from ZnS will react with protons in the water
and generate H,. On the other side of the catalyst, holes will transfer to
Ag,S on the nanosheets, which will promote carrier separation, and
Ag,S acts as an oxidation site. Thus, it is reasonable to consider that
the better performance of the ZnS:Ag,S composite is due to enhanced
hole transfer via its shallower VB edge of Ag,S. So, with a large surface
area and a suitable amount of Ag,S, the ZnS:Ag,S-2 nanosheets show

dx.doi.org/10.1021/am5020953 | ACS Appl. Mater. Interfaces 2014, 6, 9078—9084
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better H, generation rates than those of the pure ZnS nanosheets and
other ZnS:Ag,S nanostructures.

3. CONCLUSIONS

In this work, porous ZnS:Ag,S nanostructures have been
prepared by a simple ion-exchange method. With different
amounts of Ag,S in the products, the porous nanostructures
exhibit different pore sizes. Ag,S acts as a hole-transfer medium,
which would accelerate separation of the electrons and holes,
thus enhancing the H, generation rate. This study shows that
the amount of Ag,S is also a key factor for H, generation. With
the largest amounts of Ag,S, the gas generation rate is low. The
ZnS:Ag,S porous nanocomposite (ZnS:Ag,S-2) exhibits a good
H, evolution rate of 104.9 umol/h/g without a platinum
cocatalyst. These results further indicate that surface
modification is crucial to the photocatalytic activity of the
ZnS nanosheets.
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