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ABSTRACT: Multiphase Ag/Ag2S@ZnS of homogeneous hybrid core−shell hetero-
structures with distinctive hierarchical structures have been prepared. The manipulation
of composition and structure by virtue of localized Ag ions dissolution−diffusion within
the ZnS shell structure is demonstrated to facilitate homogeneous hybridization between
Ag/Ag2S and ZnS. In addition to the presence of Ag/Ag2S core, the in situ hybridization
optimizes contact interface for heterojunction-induced charge transfer, an outstanding
challenge commonly faced in photocatalyst design. This work also validates integration
of multicomponent material to form a complex hybrid heterostructure that is not
accessible by conventional synthesis methodology. Finally, this work concludes with
proof of concept demonstrating the feasibility of employing the as-prepared multiphase
Ag/Ag2S@ZnS core−shell heterostructures as visible to UV light responsive
photocatalyst for solar H2 production.

1. INTRODUCTION

Development of a synthetic approach to prepare strategically
not only porous core−shell nanocomposite but one that
consists of two or more material components presents a
promising way to achieve unique physicochemical proper-
ties.1−5 Porous core−shell nanostructures have attracted
considerable interest in the area of catalysis owing to their
attributes of high surface area, structural stability, and optimal
contact interface for enhancing electronic and catalytic
exploitations.6−8 Meanwhile, heterostructures of two or more
distinct materials such as semiconductor and noble metal (e.g.,
Pd/TiO2, Cu2O/TiO2, Au@TiO2, Ag@SnO2, etc.) have also
received much attention due to their credit of altering the
electronic structure of the host material to achieve higher
activity and/or stability than their pure phase/composition
equivalent.9−15

Synthesis of core−shell heterostructures of diverse material
components is usually based on a template-engaged approach,
in which the cores are coated with different shell materials
followed by the subsequent selective removal of cores by
dissolution or calcination.16−22 However, it is a strategically
challenging process because of the disparate growth processes
involving incompatible growth kinetics, mechanisms, and
reaction rates.8 Though there are some recent reports on the
fabrication of multiphase heterostructures with diverse proper-
ties and functionalities, these methods are usually cost, time,
and labor demanding.23−32 Furthermore, the functionalities of
these hybrid nanostructures are not well-explored alongside
with the ability to manipulate their structures and compositions

toward development of new functional materials with novel
physical and chemical properties. Hence, integrating different
structural and chemical composition to form complex and
homogeneous hybrid nanostructures through facile approaches
remains a challenging task yet an exciting field to be explored.
In this work, to the best of our knowledge, we have for the

first time prepared multiphase Ag/Ag2S@ZnS core−shell
heterostructures with tailored chemical compositions through
a hydrothermal chemical transformation. Herein, Ag nanocubes
are first employed as cores for initial mesoporous silica (m-
SiO2) coating to form Ag@m-SiO2 before the growth of zinc
silicate (Zn-silicate). Then, the subsequent Ag@m-SiO2@Zn-
silicate is hydrothermally transformed into Ag/Ag2S@ZnS
core−shell structures by sulfurization in the presence of
thiourea. Notably, the one-step sulfurization process serves
not only to remove the silica coating but also to allow
convenient conversion of Ag to Ag/Ag2S hybrid core and Zn
silicate to ZnS shell. More importantly, with the control of
sulfurization, a homogeneous dissolution and diffusion of Ag
ions throughout the core−shell structure can be realized.
Uniquely, this in situ chemical transformation from the core to
the shell structure aims to facilitate intimate and homogeneous
hybridization of multiphase materials which can desirably
mitigate the limited interfacial contact and charge transfer
challenges faced in a typical photocatalyst design. As a proof of
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concept, various hybrid heterostructures are compared as UV to
visible light activated photocatalysts for H2 production.
Evidently, the employed hydrothermal chemical transformation
is a powerful approach toward hierarchical structural design and
interfacial engineering of multiphase nanomaterials that can
also be generically extended to other metal/metal oxide−
semiconductor systems for various applications.

2. EXPERIMENTAL SECTION
Synthesis of Ag Nanocubes and Ag@m-SiO2. The

preparations of Ag nanocubes and Ag@m-SiO2 nanocolloids
were based on a previous work with slight modifications.33

Briefly, 200 mL of ethylene glycol (EG) was added into a 250
mL blue-cap glass bottle and heated in an oil bath to 150 °C
under vigorous magnetic stirring. Then the bottle was kept at
150 °C for another 60 min under uncapped conditions,
followed by the addition of 2.5 mL of NaHS (3 mM in EG) and
30 mL of polyvinylpyrrolidone (PVP, Mw = 55 000, 20 mg
mL−1 in EG). After the temperature was increased to 150 °C,
10 mL of AgNO3 (48 mg mL−1 in EG) was added dropwise
into the bottle, and the mixture was stirred for another 70 min
before it was cooled to room temperature (RT) in an ice bath.
The Ag nanocubes were washed and collected by rinse−
centrifugation process with acetone and DI water for several
times. The as-prepared Ag nanocubes were redispersed into 10
mL of ethanol for further use. For the m-SiO2 coating, 1 mL of
the above suspension was dispersed into 10 mL of DI water and
90 mL of ethanol by ultrasonication for 30 min followed by the
addition of 0.18 g of hexadecyltrimethylammonium bromide
(CTAB) and 2 mL of ammonia (28 wt %). After 5 min, 0.3 mL
of tetraethyl orthosilicate (TEOS) was added into the mixture
under vigorous magnetic stirring, and the reaction was
continued to be stirred at RT for 4 h. The light gray products
were washed with ethanol and DI water for several times by
rinse−centrifugation and then dried at 60 °C in an air-flow
oven for 24 h.
Synthesis of Ag@m-SiO2@Zn-Silicate. A 20 mg portion

of the as-prepared Ag@m-SiO2 was dispersed into 40 mL of
DI-water by ultrasonication for 15 min, followed by the
addition of 1.2 g of urea for the activation of the SiO2 surface.
After sonication for another 10 min, 0.5 mL of Zn(NO3)2
(0.1M) was added into the solution. The mixture was sealed in
a glass bottle and then heated at 102 °C in an oven for 12 h.
The reaction is allowed to cool down naturally, and the
products were collected by the rinse-centrifugation process with
DI water and ethanol several times. The obtained products are
thoroughly dried at 60 °C in an air-flow oven for 24 h for the
next-step usage.
Synthesis of Ag/Ag2S@ZnS. In order to prepare Ag/

Ag2S@ZnS heterostructures, 30 mg of the as-prepared Ag@m-
SiO2@Zn-silicate was first dispersed into 30 mL of solution
containing 15 mL of DI water and 15 mL of ethanol by
sonication for 15 min. Later, 100/200 mg of thiourea was
added into the solution, and the mixture was transferred into
Teflon and sealed in an autoclave before heated at 125 °C for
12 h. After the reaction, the autoclave was allowed to cool down
naturally, and the gray products were collected by the rinse−
centrifugation with DI-water and ethanol several times. Before
being sent for various characterizations, the obtained products
were dried thoroughly at 60 °C in a vacuum oven for 12 h. As a
comparison, pure ZnS nanoparticles assembled from nano-
sheets were also prepared using m-SiO2 nanocolloids (no Ag
cores inside) as hard template at a thiourea dosage of 200 mg.

For the purpose of clear demonstration, Ag/Ag2S@ZnS
heterostructures sulfurized through 100, 200, and 300 mg of
thiourea, and pure ZnS without cores are marked as sample Ag/
Ag2S@ZnS-I, Ag/Ag2S@ZnS-II, Ag/Ag2S@ZnS-III, and ZnS,
respectively, throughout the text.

Materials Characterizations. All the samples are charac-
terized by field-emission scanning electron microscopy
(FESEM, JEOL FEG JSM-7001F) equipped with an energy
dispersive X-ray spectroscopy (EDX), transmission electron
microscopy (TEM, Philips FEG CM300) equipped with
elemental mapping system, and X-ray diffraction (XRD, Philips
X-ray diffractometer, Cu Ka). X-ray photoelectron spectroscopy
(XPS), VGSCALAB 220I-XL, system equipped with an Mg Kα
X-ray source was employed to study the elemental
compositions. The N2 adsorption and desorption isotherms
were measured at 77 K by a Quantachrome NOVA-1200
system. The BET surface area was calculated using adsorption
data in a relative pressure ranging from 0.05 to 0.3. Absorption
spectra of the samples are measured with a UV−vis−NIR
spectrophotometer (UV−vis, Shimadzu UV-3600).

H2 Evolution Measurements. The photocatalytic reac-
tions are conducted in a quartz cylindrical glass tube of 25 mL
in volume. A 10 mg portion of the as-prepared photocatalysts
are weighted into the glass tube and dispersed into 10 mL of
Na2S/Na2SO3 aqueous solution ([Na2S] = 0.35 M, [Na2SO3] =
0.25 M) by sonication for 5 min. The glass tube is sealed and
purged with argon gas (Ar) for 10 min before the mixture is
stirred vigorously in a metal box. A 300 W xenon arc lamp
equipped with a cutoff filter (λ > 400 nm) is used to provide
incident visible light. Gas samples are analyzed using a gas
chromatograph (Shimadzu GC2014) to determine the amount
of H2.

3. RESULTS AND DISCUSSION
The synthetic strategy for preparation of Ag/Ag2S@ZnS and
pure ZnS nanostructures is schematically shown in Figure 1.

Figure 1a shows the Ag-engaged synthesis for Ag/Ag2S@ZnS
heterostructures. Herein Ag nanocubes are used as a hard
template as well as a silver source for silica coating to form Ag@
m-SiO2 core−shell structures. Next, hierarchically structured
Zn-silicates are grown onto the Ag@m-SiO2 surface, which
results in the formation of Ag@m-SiO2@Zn-silicate. Finally, the
Ag@m-SiO2@Zn-silicate is converted into Ag/Ag2S@ZnS by a
hydrothermal chemical transformation with the assistance of

Figure 1. Schemes of the synthesis for Ag/Ag2S@ZnS (a) and ZnS
(b).
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thiourea. With the control of sulfurization, homogeneous
dissolution and diffusion of Ag ions throughout the core−shell
structure forms multiphase hybrid between Ag/Ag2S and ZnS
shells. In addition, similar synthetic procedure is carried out to
prepare ZnS nanosheets with empty core using 200 mg of
thiourea without employing Ag nanocubes as cores as depicted
in Figure 1b.
The FESEM and EDX results of the Ag nanocubes (∼100

nm in size) and Ag@m-SiO2 (380 nm on average) are
presented in Figure 2. The EDX was performed on Cu
substrates throughout this work. The appearance of strong
peaks of Si and O as well as Ag after silica coating confirms the
chemical composition of Ag@m-SiO2. After deposition of Zn-

silicate, the uniform morphology of as-grown nanostructures is
shown in Figure 3a. The magnified FESEM image (Figure 3b)
shows that the Zn-silicate formed on Ag@m-SiO2 shows
nanosheet morphology with an average particle size of 540 nm.
This indicates that an average shell thickness of Zn-silicate is
∼80 nm. All the indexed peaks of XRD pattern shown in Figure
3c can be attributed to cubic phase of metallic Ag (JCPDS 65-
2871).34 The undetected silica and Zn-silicate XRD peaks may
be due to their amorphous structure.33 However, the presence
of Zn-silicate can be detected by EDX, where sharp peaks of
Zn, Si, and O can be clearly observed (Figure 3d).
After sulfurization by the hydrothermal chemical trans-

formation method, the as-formed Ag@m-SiO2@Zn-silicate

Figure 2. EDX and FESEM (insets) of Ag nanocubes (a) and Ag@m-SiO2 (b).

Figure 3. FESEM images (a and b), XRD pattern (c), and EDX (d) of the as-prepared Ag@m-SiO2@Zn-silicate.

The Journal of Physical Chemistry C Article

DOI: 10.1021/jp510413b
J. Phys. Chem. C 2015, 119, 1667−1675

1669

http://dx.doi.org/10.1021/jp510413b
http://pubs.acs.org/action/showImage?doi=10.1021/jp510413b&iName=master.img-002.jpg&w=400&h=169
http://pubs.acs.org/action/showImage?doi=10.1021/jp510413b&iName=master.img-003.jpg&w=387&h=311


nanostructures are converted into multiphase heterostructures
with porous texture. The BET results show that specific surface
areas of 17, 44, 84, and 79 m2 g−1 with pore size distributions of
6, 2−6, 1.5−3, and 2−3 nm are obtained for Ag/Ag2S@ZnS-I,
Ag/Ag2S@ZnS-II, Ag/Ag2S@ZnS-III, and ZnS, respectively
(Figure 4). It is speculated that the Ag dissolves during the
sulfurization process. The hydrolysis of thiourea in hydro-
thermal system has resulted in the release of OH− and S2−,
leading to a highly alkaline and sulfur-rich atmosphere. The
precoated silica layer is then etched which may facilitate the
out-diffusion of Ag ions from the core areas to the shell
structure. At the same time, the S2− diffuses into the interior of
the particles to react with the Ag+ to form Ag2S, achieving the
homogeneous distribution of Ag2S. Evidently, the Ag/Ag2S@
ZnS-I sample shows uniform sheet-like hierarchical structures
(Figure 5a). Furthermore, TEM image in Figure 5b clearly
shows well-preserved nanosheet shell structures and nanocube
cores after mild sulfurization (100 mg). Next, SEM and TEM
analyses of Ag/Ag2S@ZnS-II are carried out. It is apparent from
Figure 5d,e that the shell structure is still well-retained while the
cubic core is partially etched which leads to subsequent Ag
dissolution. Notably, in this case, higher concentration of
thiourea has led to higher extent of sulfurization, hence causing
the structures to be more porous, evidently from the BET
analysis and morphological comparison of Figure 5b,e. Further

increase in sulfurization (dosage of 300 mg thiourea) leads to
the transformation/collapse of nanosheet shell into nano-
particles which yield Ag/Ag2S@ZnS-III sample (Figure 5g,h).
In order to verify a complete conversion from Zn-silicate to
ZnS, EDX spectra (Figure 5c,f,i) are obtained from all three
samples Ag/Ag2S@ZnS- I, -II. and -III, respectively. It can be
seen that, except for the extraneous elements, the presence of
Zn, S, and Ag peaks can be observed for all samples, which is
consistent with their corresponding TEM findings.
In addition, uniform and well-defined ZnS nanosheets with

an absence of core as reference samples are also prepared
without employing Ag nanocubes, as shown in SEM and TEM
images of Figure 6a,b, respectively. The inset of Figure 6b is an
HR-TEM image taken from the nanosheets. The lattice spacing
is determined to be mainly 0.312 nm, corresponding to the
(111) plane of zinc-blende ZnS.35 The crystal phases of the
samples are examined by XRD as shown in Figure 6c. All the
indexed diffraction peaks for ZnS sample can be assigned to
zinc-blende ZnS, which is consistent with previous reports.35,36

On the other hand, zinc-blende ZnS, metallic Ag (marked with
hashtags, JCPDS 65-2871), and Ag2S (marked with stars,
monoclinic: JCPDS 14-0072)37 can be detected for sample Ag/
Ag2S@ZnS- I and -II. In comparison, the latter sample II shows
lower Ag peaks intensities but of a higher Ag2S peaks than
sample I. On the other hand, no Ag diffraction peaks are

Figure 4. BET results of the samples Ag/Ag2S@ZnS-I (a), Ag/Ag2S@ZnS-II (b), Ag/Ag2S@ZnS-III (c), and ZnS (d). The insets show the
corresponding pore size distributions obtained from desorption isotherms.
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observed for Ag/Ag2S@ZnS-III sample since Ag core has
undergone complete sulfurization. This implies that, with the
control of sulfurization process, the extent of Ag core
dissolution−diffusion and hence chemical hybridization can
possibly be manipulated.
TEM EDX mappings are performed to further study the

elemental composition and elemental distribution of the core−
shell structures. Figure 7a−c shows the acquired bright field
TEM images for sample Ag/Ag2S@ZnS- I, -II, and -III,
respectively, where their cores transformed from fairly well-
preserved cubic shaped core to partially and markedly etched
cores. The Zn−K mappings (Figure 7d−f) show uniform
distribution throughout the core−shell structure. The Ag-L
signals of Ag/Ag2S@ZnS- I and -II (Figure 7g,h) are confined
mainly in the center portion of the structures while Ag/Ag2S@
ZnS-III exhibits more scattered Ag-L signals (Figure 7i). These
observations infer a considerable localized diffusion of Ag ions
to the shell structure with increase sulfurization. The partial
transformation of Ag core to Ag/Ag2S hybrid core was
previously shown by XRD analyses (Figure 6c) and later
verified by XPS results (Figure 8). The distributions of S shown
in Figure 7j−l confirm that, with increasing sulfurization
reaction, the regions representing S on the elemental maps are

enlarged and expanded outward to the shell. It should be noted
that the S mapping distribution comes from both the ZnS and
Ag2S. In comparison, lower amounts of Ag were dissolved and
dispersed outward to the ZnS shells to form Ag2S in Ag/Ag2S@
ZnS-I and -II samples than the Ag/Ag2S@ZnS-III sample,
leading to their smaller area and lower densities of S elements
than those of Zn. In contrast, the Ag/Ag2S@ZnS-III sample is
subjected to increased sulfurization of Ag nanocubes which
drives more Ag species into the ZnS shell to form a
homogeneous ZnS−Ag2S shell, making the distribution areas
of Zn and S almost the same. In addition, it can be observed
from the S mapping (Figure 7j−l) that the S densities of the
core areas in Ag/Ag2S@ZnS-I and -II are much higher than that
of Ag/Ag2S@ZnS-III and also the expansion of S and Ag areas
are consistent with the extent of sulfurization from Ag/Ag2S@
ZnS-I to -III samples, which have clearly indicated the outward-
diffusion kinetics of Ag2S. In general, the uniformity of the
hybridization between the composition elements improves with
sulfurization. The control of sulfurization is the key to
manipulating the composition and homogenity of the
heterostructures by means of Ag core dissolution, diffusion,
and recrystallization attributed to ion exchange reaction with a
nonequilibrium interdiffusion mechanism.38,39 This in situ

Figure 5. FESEM images (a, d, and g), TEM images (b, e, and h), and EDX patterns (c, f, and i) of the Ag/Ag2S@ZnS-I (a−c), Ag/Ag2S@ZnS-II
(d−f), and Ag/Ag2S@ZnS-III (g−i), respectively.

The Journal of Physical Chemistry C Article

DOI: 10.1021/jp510413b
J. Phys. Chem. C 2015, 119, 1667−1675

1671

http://dx.doi.org/10.1021/jp510413b
http://pubs.acs.org/action/showImage?doi=10.1021/jp510413b&iName=master.img-005.jpg&w=469&h=399


chemical transformation can facilitate intimate and homoge-
neous hybridization of multiphase materials within its core−
shell structure.

To further investigate the chemical states of the as-prepared
materials, XPS is performed (Figure 8). The binding energy of
Zn 2p3/2 is allocated at 1021.5 eV, while the S 2p core-level
spectra show two deconvoluted peaks with binding energies of
S 2p3/2 and S 2p1/2 at 161.3 and 162.1 eV, respectively, which
suggest that S is in sulfide state.40 The control sample ZnS
shows an absence of Ag while Ag 3d3/2 and Ag 3d5/2 are
detected for samples Ag/Ag2S@ZnS-I, -II, and -III. Peak fittings
of Ag 3d spectra reveal that 368.2 and 374.2 eV peaks are
consistent with the binding energies of Ag 3d5/2 and Ag 3d3/2
metallic Ag0 while 367.8 and 373.8 eV peaks are ascribed to Ag
3d5/2 and Ag 3d3/2 of Ag+ for samples Ag/Ag2S@ZnS-I, -II.
Peaks of Ag+ are observed only for sample Ag/Ag2S@ZnS-III,
indicating the complete conversion of Ag to Ag+. The atomic
percentages of the Ag detected for the samples I and II are ∼2
and 4% while that of S are 13% and 28%, respectively. The XPS
surface analysis has detected the presence of Ag 3d due to the
out-diffusion of Ag species during the sulfurization process. The
higher content of sulfurization may have cracked the Ag
nanocubes into smaller fragments of nanosized particles. Some
of these Ag nanoparticles have dispersed outward from inner
core to the surface of the shell structures which can clearly be
observed in Figure 7b (the small black dots embedded in the
shell). Therefore, these XPS surface analyses agree with the
STEM observations where substantial sulfurization and out-
diffusion of Ag from the core has been extended to the shell
structures which are detected by XPS.
It is noteworthy that, in addition to the presence of the Ag/

Ag2S core, the homogeneous out-diffusion and recrystallization
of Ag2S throughout the shell structure optimize contact

Figure 6. FESEM image (a), TEM image (b), and HRTEM (inset of
b) of the ZnS nanospheres, and XRD patterns (c) of the Ag/Ag2S@
ZnS-I, -II, -III and ZnS nanospheres (IV).

Figure 7. TEM bright field images (a−c), Zn K (d−f), Ag L (g−i), and S K (j− l) elemental mappings of samples Ag/Ag2S@ZnS-I (a, d, g, and j),
Ag/Ag2S@ZnS-II (b, e, h, and k), and Ag/Ag2S@ZnS-III (c, f, i, and l), respectively.
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interface for enhanced heterojunction-induced charge transfer,
an outstanding issue commonly faced in the design of a
photocatalyst where cocatalyst is often surface loaded/
coupled.41−43 This rational structural fabrication and chemical
hybridization approach is anticipated to be beneficial for solar-
to-chemical energy conversion application. Consequently, UV−
vis measurements were carried out which reveal the extended
visible light absorption of sample Ag/Ag2S@ZnS-I, -II, and -III
as compared to control sample ZnS (Figure 9a). The
complexity of the core−shell architecture in both structure
and chemical composition may endow the materials with
exceptional optical properties.6,44−46 Previously, hybrid Ag/
Ag2S materials have been investigated for photocatalytic
studies.11,47 In this study, proof-of-concept of the multiphase
hybrid Ag/Ag2S@ZnS as UV to visible light responsive
photocatalyst for enhanced solar H2 production is demon-
strated (Figure 9b). As expected, no H2 is generated for the
control samples ZnS and pure Ag and Ag2S nanocubes, which
confirms that they are not suitable for H2 production under
visible light. In contrast, multiphase Ag/Ag2S@ZnS- I, -II, and
-III heterostructures are able to show visible-light solar
hydrogen production of ∼20, 25, and 46 μmol h−1 g−1,

respectively. The production rate of H2 improves with
sulfurization which can be attributed to higher content of
Ag2S (with narrow band gap of 1.1 eV and a relatively large
absorption coefficient) in the shell structure which leads to
enhance visible light absorption.26,37,48−50 In addition, H2
performances under the whole solar spectrum are evaluated
(Figure 6b). The control sample (ZnS) exhibits a lower
production rate (∼126 μmol h−1 g−1) under the UV−vis range.
The multiphase Ag/Ag2S@ZnS samples produce a relatively
higher amount of H2 compared to pure ZnS, with the Ag/
Ag2S@ZnS-III being the highest production rate (∼243 μmol
h−1 g−1) sample, which is consistent with its performance under
visible light. The best H2 performance of Ag/Ag2S@ZnS-III
may be due to its homogeneous hybridization of ZnS and Ag2S,
which has improved the visible-light absorption. Also, it should
be noted that the out-diffusion process has hybridized the ZnS
shells with smaller bandgap, Ag2S (see Figure 7), and hence led
to the formation of a new hybrid semiconductor of narrower
bandgap. The hybrid material may have wider light absorbance
range (see Figure 9a), and hence can promote the evolution of
H2 under visible light. It is speculated that the sulfurization
process has led to the homogeneous dissolution and trans-

Figure 8. XPS results of sample ZnS (a and b), Ag/Ag2S@ZnS-I (c−e), Ag/Ag2S@ZnS-II (f−h), and Ag/Ag2S@ZnS-III (i−k).
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formation into hybrid solid solution composite of narrower
bandgap, which enhances light absorption and increases H2
production rates.

4. CONCLUSIONS
We have integrated distinctive structures (nanocube and
nanosheets) and chemical composition materials to form
multiphase Ag/Ag2S@ZnS core−shell structures through
hydrothermal synthesis and sulfurization. The chemical trans-
formation of Zn silicate to ZnS shell and dissolution−
recrystallization of Ag cores to promote homogeneous
hybridization of multiphase structure can be realized by one-
step sulfurization process. Finally, this work demonstrates a
proof of concept on the feasibility of employing the as-prepared
multiphase Ag/Ag2S@ZnS core−shell heterostructures as
visible to UV light responsive photocatalyst.
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