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Abstract Novel Ag,S/ZnS and ZnS/Ag,S nanocompos-
ites were synthesized by a simple chemical method in air.
Different morphologies were obtained for Ag,S/ZnS
nanocomposites annealed at different temperatures. The
products were characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM), UV-visible absorp-
tion, and photoluminescence (PL) spectroscopy. Thermal
stability and phase transition of the sample were studied by
TG-DTA. Compared the PL spectra of Ag,S/ZnS at
640 nm, it was significantly red shifted from 640 to
670 nm for reversed ZnS/Ag,S nanocomposites. The band
gaps of nanocomposites were lying between 2.25 and
2.55 eV range. It has been found that as-synthesized
powder has excellent photocatalytic activity toward
degradation of methylene blue (MB) under visible light and
electrochemical activity, indicating that Ag,S/ZnS and
ZnS/Ag,S nanocomposites can play an important role as
semiconductor  photocatalyst and energy storage
applications.
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Introduction

In the past 2 decades, nanostructured semiconductors with
various structures and morphologies have received much
attention due to their novel applications, intriguing prop-
erties, and quantum size effects (Cui and Lieber 2001; Xie
et al. 2012; Harrison et al. 1999). It is well known that ZnS
is a commercially important II-VI group semiconductor
having a wide optical band gap, rendering it as a very
attractive material for optical application especially in
nanocrystalline form. As an intrinsic semiconductor com-
pound, silver sulfide (Ag,S) possesses a narrow band gap
and good chemical stability. In the past few years, Ag,S
nanoparticles have attracted much attention due to their
potential applications in photoconductors, solar cells, near-
infrared photo-detectors (Xiaodong et al. 2008), and so on.
The low-temperature phase of bulk silver sulfide is stable
up to approximately 177 °C and is usually denoted as o-
Ag,S. It is well known that «-Ag,S is a semiconductor with
a monoclinic structure (Sadanaga and Sueno 1967) and a
band gap of approximately 1 eV at room temperature
(Junod et al. 1977).

Recently, attempts have been made to prepare core—
shell nanocomposites of both organic and inorganic mate-
rials (Murugadoss 2012a, b, 2013). Core—shell nanoparti-
cles often exhibit improved physical and chemical
properties over their single-component counterparts, and
hence are potentially useful in a broad range of applica-
tions. To realize the practical applications of the
nanocomposites, it is desirable to develop novel, simple,
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Fig. 1 Schematic of the synthesis of the Ag,S/ZnS nanocomposites

fast, and low-cost methods for the synthesis of these
nanocomposites. The control over nanoparticle size, size
distribution, and dispersity is very important for the syn-
thesis of high-performance nanocomposites. Different
combinations of metal oxides and metal sulfide have been
extensively examined as potential photocatalysts for the
degradation of organic dyes (Reddy et al. 2007; Wu and
Chern 2006). Heterogeneous photocatalysis is a good
method for the decontamination and mineralization of or-
ganic pollutants because of its high efficiency, low-energy
consumption, and satisfactory environmental compatibility
(Su et al. 2008; Zukauskas et al. 2010). In view of this, ZnS
and Ag,S with band gap energy of 3.6 and 0.9 eV, re-
spectively, are considered to be good photo-responsive
catalysts. Herein, we have synthesized ZnS/Ag,S and
Ag>S/ZnS nanocomposites with different morphology such
as seeding, spherical, antenna, and rod-like structure by
with and without thermal treatment and studied their op-
tical, electrochemical, photocatalytic, and thermal
properties.

Materials and method

All chemicals were analytical grade and used as received
without further purification. In the whole synthesize pro-
cess, de-ionized water was used as a solvent. The
schematic diagram of the synthesis process is shown in
Fig. 1. In a typical synthesis of Ag,S/ZnS nanocompos-
ites, 50 ml of 0.1 M of sodium sulfide (Na,S.xH,O) so-
lution was added into 100 ml of 0.1 M silver nitrate
(AgNO3) solution, which was stirred vigorously at room
temperature. After 30-min stirring, 0.5 M of 50 ml zinc
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Fig. 2 X-ray diffraction pattern of a as-prepared ZnS/Ag,S and
Ag,S/ZnS nanocomposites; b Ag,S/ZnS nanocomposite annealed at
370 and 750 °C
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acetate (Zn (CH3COO),.H,O) was added drop-by-drop
into the above colloidal solution, which was stirred for
2 h. Then, the collected precipitate was washed with
ethanol and acetone for several times to remove the
residual component then dried in hot air oven at 120 °C
for 2 h. For synthesize of ZnS/Ag,S nanocomposites, the
above experimental processes was applied in the reverse
order.

Characterization

The obtained products were characterized by XRD (Rigaku
miniFlex IIC diffractometer), SEM (VEGA 3 SEM), UV-
visible absorption (1650PC SHIMADZU spectrometer),
and photoluminescence (RF-5301PC spectrophotometer)

Fig. 3 SEM images of a as-
prepared Ag,S/ZnS
nanocomposite; b Ag,S/ZnS
nanocomposite annealed at
370 °C; ¢ Ag,S/ZnS
nanocomposite annealed at
750 °C [for clear evidence,
more (8 images) SEM images
included]; d as-prepared ZnS/
Ag,S nanocomposite

spectra. Thermogravimetric and differential thermal ana-
lyses (TG-DTA) were performed using SDT Q600 20.

Photocatalytic properties study

The photocatalytic activities of the Ag,S/ZnS and ZnS/
Ag,S nanocomposites were evaluated by degrading
methylene blue (MB) in aqueous solution under visible
irradiation. Before the reaction, 10 mg photocatalyst

was added into 50 mL MB solution (0.01 g/L), and
stirred in the dark for 2 h. Then the system was irra-
diated for 6 h with a 300 W visible lamp with wave-
lengths of 400-700 nm. Initially, every 5 min, 5 mL
solution was taken out of the system and centrifuged at
5000 rpm for 5 min, and the concentration of MB in
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the supernatants was determined with UV-vis absorp-
tion spectroscopy.

Electrochemical study

Electrochemical measurements were performed using CHI
660D Biologic electrochemical workstation. In a typical
electrochemical measurement, three-electrode cell system
composed of Ag,S/ZnS and ZnS/Ag,S nanocomposites
electrode as the working electrode, a platinum wire as the
counter electrode, and an Ag/AgCl as the reference elec-
trode were used. The working electrodes were prepared by
coating a slurry containing a mixture of the active material
(80 wt %), Nafion®117 solution (20 wt %). The coated
mesh was dried at 80 °C in vacuum cabinet overnight. The
cyclic voltammetry measurements of the nanocomposites
were carried out at a scan rate of 10 mVs™"'.

Results and discussion
Structure and crystallinity of the synthesized nanocom-

posites were confirmed by X-ray diffraction pattern.
Figure 2a shows combined X-ray pattern of the Ag,S/

ZnS and ZnS/Ag,S nanocomposites. As seen in the
Fig. 2a, the diffraction peaks of the both samples are
broad. It dictates that the particles size is to be in the
nanoscale regime. The diffractive peaks marked with the
symbol (®) can be assigned to the monoclinic Ag,S
(JCPDS Card No. 14-0072) and those marked with as-
terisks (<) can be assigned to cubic phase of ZnS
(JCPDS Card No. 05-0566). The XRD result revealed
successful formation of the mixed structured Ag,S/ZnS
and ZnS/Ag,S nanocomposites by the simple chemical
method. The particles size can be estimated by consid-
ering the full width half maximum (FWHM) of the XRD
peaks using Debye—Scherrer formula. The measured
particle sizes are 5.8 and 6.2 nm for Ag,S/ZnS and ZnS/
Ag,S nanocomposites, respectively. Comparing the XRD
patterns (Fig. 2a) of the two nanocomposites, the corre-
sponding diffraction of first compound in the nanocom-
posites was more dominated than the second one. The
fraction of the Ag,S and ZnS was measured by the most
intensity of the diffraction peaks. For Ag,S/ZnS, the
quantitative of Ag,S is 54.5 % and ZnS is 45.5 %, and
51.2 % (Ag,S) and 48.8 % for ZnS/Ag,S. The results
show the fraction of Ag,S is significantly increased than
ZnS in Ag,S/ZnS nanocomposites. This observation can
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Fig. 4 a UV-visible; b Tauc plot and ¢ PL spectra of as-prepared ZnS/Ag,S and Ag,S/ZnS nanocomposites
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be explained from the fact that Ag,S has lesser solubility
product constant (Kg,; Ky, of Ag,S =6 x 1073 1) than
that of ZnS (K, of ZnS = 2 x 1072%). Because of this,
large amount of sulfur ions may consumed rapidly by
silver than zinc ions during the course of reactions. Thus,
predominant Ag,S diffraction peaks were observed for
both composites.

Figure 2b shows XRD patterns of the Ag,S/ZnS
nanocomposite annealed at 370 and 750 °C for 4 h in air.
As shown in Fig. 2b, four strong diffraction peaks are
observed for both the annealed samples, assigned to cubic
Ag (JCPDS Card No. 87-0717). Among the strong
diffraction peaks, hexagonal ZnO (JCPDS Card No.
80-0075) planes are detected with low intensity. It revealed
a possibility of the formation of Ag—ZnO nanocomposites
from Ag,S/ZnS nanocomposites under thermal treatment in
air. Further, when increasing the annealing temperature
from 370 to 750 °C, the average size of the product in-
creased from 16.4 to 34.5 nm. In addition, the diffraction
peaks correspond to ZnO was noticeably increased as
shown in Fig. 2b. Formation of stable hexagonal ZnO may
be due to oxidation of the ZnS by air. But, the XRD pattern
(Fig. 2b) of annealed Ag,S shows that oxidation of Ag,S to
Ag,0 is not favored at higher temperature due to the ab-
sence of Ag,O planes. The diffraction peaks at 26 = 38,
44, and 64° (marked by 4 asterisks) associated with the
face-centered cubic (FCC) phase of metallic Ag (JCPDS
No. 04-0783). It clearly indicates the formation of crys-
talline silver cluster in the ZnO nanoparticles. When an-
nealing above 200 °C, the silver sulfide decomposes and
only elemental silver is stable, and the remaining sulfur
ions may be released as the form of SO, gas (Murugadoss
2011). The secondary products ZnO-Ag may be formed in
air as given by the following equations:

ZZI‘IS(S) + 302(g) = ZZHO(S) + ZSOZ(g) (1)
Ag,S + OZ(g) = 2Ag + SOz<g) (2)

Figure 3a—d shows SEM micrographs of as-prepared
and annealed nanocomposites with different
magnifications. Figure 3a (i-iv) shows an interesting
surface morphology for the as-prepared Ag,S/ZnS
nanocomposites. These SEM images of the Ag,S/ZnS
nanocomposites are immediately remembered a plant of
paddy-like structure. To the best of our knowledge, this is
the first investigation on the above morphology for Ag,S/
7nS nanocomposites. In addition, Ag»S/7ZnS
nanocomposites were treated at different temperatures
and obtained different morphology as shown in Fig. 3b,
c. Figure 3b (i—iv) shows as antenna (I[pda-shark fin style)
shape of Ag,S/ZnS nanocomposites annealed at 370 °C.
Further increasing the temperature to 750 °C, the antenna
structure was converted into rod-like shape as shown in the

Fig. 3c. For clear evidence, more images (8 images) with
different magnifications are presented in Fig. 3c, whereas
spherical-shaped smooth surface morphology was obtained
for as-synthesized ZnS/Ag,S nanocomposites as shown in
Fig. 3d (i-iv).

UV-visible absorption spectra of Ag,S/ZnS and ZnS/
Ag,S nanocomposites have been shown in Fig. 4a. A max-
imum peak position of the nanocomposites is centered at 480
and 520 nm for Ag,S/ZnS and ZnS/Ag,S, respectively. The
optical band gap of the nanostructures was estimated from
the Tauc plot (Tauc and Menth 1972) and presented in
Fig. 4b. From the absorption values, the calculated band gap
is 2.25 eV for ZnS/Ag,S and 2.55eV for Ag,S/ZnS
nanocomposites. The measured band values of nanocom-
posites are noticeably shifted from the bulk band gap of the
corresponding ideal compounds. The band gap value of the
bulk Ag,S and ZnS is 0.9 and 3.6 eV, respectively. Figure 4c
depicts photoluminescence spectra of the Ag,S/ZnS and
ZnS/Ag,S nanocomposites. It is clear from this figure that PL
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Fig. 5 Cyclic voltammograms of the as-prepared ZnS/Ag,S and
Ag,S/ZnS nanocomposites. Scan rates = 10 mVs~!
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spectra of Ag,S/ZnS and ZnS/Ag,S nanocomposites exhib-
ited strong emission in the red region.

When ZnS nanoparticles are coated on Ag,S and like-
wise reversely, the blue emission at 450 nm from ZnS and
the IR emission about 700-1200 nm range from Ag,S are
absent in both Ag,S/ZnS and ZnS/Ag,S nanocomposites.
This suggests successful formation of the nanocomposites.
For core shell like nanocomposites, the core materials play
an important role for tuning the optical emission. The PL
spectrum of ZnS/Ag,S shows a significant red shifting
from Ag,S/ZnS. The red shifting of PL emission for ZnS/
Ag,S may be due to emission of photons from the wide
band gap of ZnS and absorption by narrow band gap of
Ag,S, and then recombination process on ZnS/Ag,S oc-
curs. This results in red emission observed at 670 nm. In
addition, this PL emission shows strong blue shifting
compared with ideal emission of Ag,S (Yang et al. 2013).
It also revealed a successful formation of ZnS/Ag,S
nanocomposites. To the best of our knowledge, this is the
first observation of PL emission at 670 nm for Ag,S/ZnS
nanocomposites. Cyclic voltammetric responses of as-
prepared ZnS/Ag,S and Ag,S/ZnS samples in acetonitrile
with 0.1 M LiClO,4 supporting electrolyte are shown in
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Fig. 5. Ag,S/ZnS shows well-defined voltammetric re-
sponse, while ill-defined responses were obtained for ZnS/
Ag,S sample. The shoulder peaks with main redox peaks
which may be the presence of some unreacted Ag,S par-
ticles with ZnS/Ag,S composites.

Photocatalytic behavior of the ZnS/Ag,S and Ag,S/ZnS
nanocomposites toward degradation of MB under visible
light irradiation was investigated and shown in Fig. 6a—c. No
detectable degradation of MB was observed without any
catalyst under illumination of UV light, which reveals that
the degradation occurred was due to catalysts (not shown).
The profiles for degradation of MB in the presence of
nanocatalysts are shown in Fig. 6c. It can be seen that ZnS/
Ag,S nanocatalysts have higher degradation efficiency than
Ag,S/ZnS nanocomposites. The ZnS/Ag,S nanocatalysts
provide multiple benefits like a dispersing agent and suffi-
cient band gap alignment, which enhances the photocatalytic
activity. Furthermore, the higher photocatalytic activities of
the ZnS/Ag,S may be attributed to the separation of electron—
hole pairs rather than the transport of charge carriers. On the
other hand, lower photocatalytic performance of Ag,S/ZnS
heterostructures may be due to the unfavorable electron
transfer and the rapid recombination of electron—hole pairs.
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Fig. 6 a, b Absorption spectra of the degradation of MB under visible light in aqueous solution and ¢ Photocatalytic activity of the

corresponding samples (as-prepared)
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Figure 7 shows combined TG-DTA plot of Ag,S/ZnS
nanocomposites. As shown in the figure, a minor weight
loss is observed below 150 °C. It can be assigned to the
loss of adsorbed water on the surface of the nanocompos-
ites. Significant weight loss was shown between 150 and
250 °C in TG curve with corresponding changes in DTA. It
can be attributed to the removal of residual compounds and
decomposition of major sulfur ions from Ag,S due to low
stability at higher temperature (Frueh 1958). It is in good
agreement with XRD result (Fig. 2b). A sharp exothermic
peak is observed in DTA curve at 370 °C with corre-
sponding weight loss appears in TG curve from 250 to
550 °C. It may be due to the release of the remaining sulfur
ions from core ZnS. Finally, an exothermic peak is ob-
served in the downward curve of DTA curve between 650
and 750 °C with small weight gain in TG curve instead of
weight loss at higher temperature. It may be due to con-
version of ZnS to ZnO in air as discussed in Fig. 2b.

Conclusion

Here, we have presented the first comprehensive investi-
gation on growth kinetics, optical, photocatalytic, and
thermal properties of water soluble Ag,S/ZnS and ZnS/
Ag,S nanostructures. The XRD measurements indicate the
formation of nanocomposites with mixed phases. SEM
images of nanocomposites signify the possibility of
preparing different morphology Ag,S/ZnS. The photocat-
alytic results showed that the binary hybrid, ZnS/Ag,S
nanostructures exhibited an enhanced performance under
visible light. First time, high crystal quality of Ag—ZnO
nanocomposites was prepared thermally from Ag,S/ZnS

Temperature °C

nanocomposite and the possible mechanism was also pre-
sented. The strong visible light absorption and fast photo-
catalytic properties of the nanocomposites promise that
they may be used as a sensitizer to fabricate an efficient
solar cell, energy storage, and photocatalytic applications.
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