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Solution-phase catalytic synthesis, characterization 
and growth kinetics of Ag2S-CdS matchstick-like 
heteronanostructures 

Junli Wang,*ab Hui Feng,a Kangmin Chen,c Weiling Fana and Qing Yang*b  

A facile catalytic growth route was developed for the low-temperature solution synthesis of 
Ag2S-CdS matchstick-like heteronanostructures in oleylamine, which are composed of Ag2S 
spherical head and CdS rod-like stem. Ag2S nanoseeds acted as an effective catalyst for the 
growth of CdS nanorods and remained at the tip of the resultant nanorods, leading to the 
formation of Ag2S-CdS heterostructures with a matchstick shape. The diameter of Ag2S heads 
and the length of CdS stems could be easily controlled by varying the molar ratios of Ag/Cd 
precursors. The differential scanning calorimetry (DSC) and variable-temperature X-ray 
diffraction (XRD) studies confirmed that Ag2S catalytic seeds underwent a phase change, that 
is, they were in the high-temperature superionic conducting cubic structure during the CdS 
nanorod growth and then converted to the low-temperature monoclinic crystal structure as the 
reaction was cooled to room temperature. The influence of synthetic temperature on the 
product morphology was investigated and the morphological evolution at different growth 
stages was monitored using transmission electron microscopy (TEM). Furthermore, the growth 
kinetics of Ag2S-CdS matchstick-like heteronanostructures, including the dissolution, 
nucleation and growth of CdS within Ag2S catalyst, was reasonably discussed on the basis of 
the structural characteristics of superionic cubic Ag2S catalyst and the low solubility of CdS in 
Ag2S derived from Ag2S-CdS binary phase diagram. 

1. Introduction 
Combining two or more chemically dissimilar components into 
one single nanostructure, i.e., heterostructured nanocrystals, is 
an effective method to construct functional nanomaterials with 
integrated and/or enhanced optical, electrical, magnetic, and 
catalytic properties.1–7 Owning to these physical and chemical 
properties being shape- and composition-dependent, many 
efforts have been devoted to the control over heterostructured 
nanocrystals with various materials and morphologies. For 
example, the two-component heteronanostructures composed of 
metal-metal,3 metal-metal oxide,4 metal-semiconductor,5,8 
metal oxide-semiconductor,6,9 and semiconductor-
semiconductor,7,10–17 have been successfully prepared and they 
exhibit a large range of morphologies and structures, including 
the spherical, polyhedral or rod-like core/shell shape,3,6,8,10,11 
asymmetric dimer shape,4,9,12 Janus-like shape,13 one-
dimensional (1D) axial or radial wire-like shape (i.e., nanowire 
heterostructures),14–16 and matchstick-like shape.5,7,17 In recent 
years, there is a growing interest in the tunable preparation of 
matchstick-like heteronanostructures,5,7,17 in which the 
spherical nanocrystals of one material act as the head section 

and the 1D nanorods of the other material as the stem section. 
The vital issue to construct matchstick-like 
heteronanostructures is how to realize the combination of these 
two sections without the yield of isolated particles.  

One synthetic strategy is to use 1D nanorods as seeds and 
then grow the nanocrystals of the second material onto one 
apex of these nanorods. This strategy is generally conducted in 
the solution chemistry and there are two mechanisms that can 
explain the formation of matchstick-like morphology. One 
mechanism is that the crystallographic facets at one end of 
nanorods have much higher reactivity than those at side 
surfaces and the other end, which enables the growth of the 
second material at the high active end of the nanorods. The 
preparation of Au-tipped CdSe nanorod,5 PbSe-tipped CdS 
nanorod17 and Co-tipped CdSe@CdS nanorod18 
heterostructures was achieved by this mechanism. The 
heteroepitaxial growth of the second material on the facets at 
the end of nanorods, based on a proper lattice match between 
certain crystallographic facets of two materials, is the other 
mechanism that can allow the yield of matchstick-like 
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heteronanostructures, such as FexOy-tipped TiO2 nanorod 
heterostructures.19 

An alternative strategy to prepare matchstick-like 
heteronanostructures is to use spherical (or nearly spherical) 
nanocrystals as seeds and induce the growth of nanorods on 
them. The spherical nanocrystals can induce the heteroepitaxial 
growth or catalytic growth of 1D nanorods of the second 
material and then remain on the end of the resulting nanorods, 
which will produce matchstick-like heterostructured 
nanocrystals. For example, Cu2S nanocrystals were used as 
seeds for the epitaxial growth of ZnS, In2S3, CuInS2 and 
CuInZnSx nanorods,20−22 in which the seeds and the growing 
nanorods have good matches in the crystal structure and lattice 
constants and accordingly the matchstick-like 
heteronanostructures of Cu2S-ZnS, Cu2S-In2S3, Cu2S-CuInS2 
and Cu2S-CuInZnSx were obtained. Meanwhile, 
nonstoichiometric copper sulfide Cu1.94S nanocrystals were also 
reported to be used in the synthesis of Cu2S-In2S3 and Cu1.94S-
ZnS matchstick-like heterostructured nanorods.23−25 In these 
reports, Cu1.94S nanocrystals were proposed as catalysts in the 
growth of In2S2 and ZnS nanorods, where the heteroepitaxial 
growth was also involved based on the results of high-
resolution transmission electron microscopy (HRTEM).23−25 
Recently, Ag2S nanocrystals, which could catalyze the growth 
of ZnS nanowires or nanorods,26,27 have been used to synthesize 
Ag2S-ZnS, Ag2S-CdS and Ag2S-AgInS2 matchstick-shaped 
heteronanostructures.7,27−29 

As for a catalytic growth mechanism conducted in either 
high-temperature vapor or low-temperature solution phase, the 
catalyst particles usually remain at the tip of the resultant 
nanowires or nanorods,14−16,23−28,29a,b which offers us a handy 
route for the preparation of matchstick-shaped 
heteronanostructures. In our recent work,30 we reported the 
solution-phase synthesis of ZnS, CdS, ZnSe and CdSe 
nanowires or nanorods using Cu2S, Ag2S and Ag2Se 
nanocrystals as catalysts. Different from the liquid-state 
catalysts in the vapor–liquid–solid (VLS)14,15 or solution–
liquid–solid (SLS)16 mechanism, we found that Cu2S, Ag2S and 
Ag2Se catalysts were in their solid-state superionic conductor 
phase during the nanowire/nanorod growth and therefore we 
proposed a solution-solid-solid (SSS) catalytic mode to 
elucidate the nanowire/nanorod formation. By using the SSS 
growth mechanism, some matchstick-like heteronanostructures 
containing two dissimilar components, such as Cu2S-ZnS, 
Cu2S-CdS, Ag2S-CdS and Ag2S-ZnSe,30 could been prepared. 
In this study, we specifically demonstrate the tunable synthesis, 
detailed characterization and growth kinetics of Ag2S-CdS 
matchstick-like heteronanostructures, which are made of a 
spherical Ag2S catalytic head and a rod-like CdS stem. The 
studies on the phase transition behaviors of Ag2S catalytic 
heads by means of differential scanning calorimetry (DSC) 
thermal analysis and variable temperature X-ray powder 
diffraction (XRD) confirmed that high-temperature superionic 
conducting state Ag2S

31,32 catalyze the CdS nanorod growth and 
thus produce Ag2S-CdS matchstick-like heteronanostructures. 
These heteronanostructures integrate wide band gap 

semiconducdtor CdS (bulk Eg = 2.5 eV)13 with narrow band gap 
semiconductor Ag2S (bulk Eg = 0.9−1.1 eV),33,34 which exhibit 
a type I (sandwiched) electronic band alignment and may find 
their potential use in many optical and optoelectronic fields.34 

2. Experimental 

2.1. Synthesis of Ag2S-CdS matchstick-like 
heteronanostructures.  

The matchstick-shaped heteronanostructures of Ag2S-CdS 
could be prepared by a one-pot two-step synthesis procedure 
using Ag2S nanocrystals as seeded catalyst. The first step is to 
prepare Ag2S nanocrystals. In a typical procedure, a certain 
amount of AgNO3 (0.05−0.2 mmol, 8.5−34 mg) and S powder 
(0.25 mmol, 8 mg) were added into 8 mL oleylamine (Aladdin, 
80–90%) in a 25 mL two-necked flask under stirring, and the 
mixture solution was heated to 160 oC and reacted at this 
temperature for 20 min to synthesize Ag2S nanocrystals. Then, 
0.2 mmol Cd(DDTC)2 (Cd (S2CNEt2)2, 82 mg) was swiftly 
added into the above reaction solution and kept at 160 oC for 45 
min. The solid products were collected by centrifugation, 
washed with dichloromethane and ethanol three times, and then 
dried in a vacuum at 50 °C for further characterization. The Cd 
precursor, Cd(DDTC)2, was prepared according to the method 
described previously.7,29 The diameter of Ag2S nanocrystals and 
the length of CdS nanorods in the Ag2S-CdS matchstick-shaped 
heteronanostructures could be tuned by varying the molar ratio 
of Ag/Cd precursors from 1:1, 1:2 to 1:4. Ag2S nanocrystals 
could be synthesized in a large scale through the reaction 
between AgNO3 and S. For example, 1 mmol AgNO3 and 2 
mmol S powder can lead to an increased amount of Ag2S 
nanocrystals large enough for the XRD and DSC 
characterization. All of syntheses did not need the protection of 
inert gas (e.g., Ar and N2). 

2.2. Characterization.  

Room temperature X-ray powder diffraction (XRD) was 
collected on a Bruker D8 Advance X-ray diffractometer with 
Cu Kα radiation (λ= 1.54184 Å) at a voltage/current of 40 
kV/40 mA, scan rate of 2° min−1 and a step size of 0.02°. 
Variable temperature XRD data were collected using Shimadzu 
XRD-7000 with Cu Kα radiation (λ = 1.54187 Å). Transmission 
electron microscopy (TEM) and high-resolution TEM 
(HRTEM) images were performed on a JEOL JEM 2010 TEM 
at an acceleration voltage of 200 kV. High-angle annular dark 
field scanning TEM (HAADF-STEM) images and line-scan 
energy-dispersive X-ray spectroscopy (EDS) were carried out 
on a JEOL JEM 2010F field-emission TEM at 200 kV, 
equipped with an X-ray energy dispersive spectrometer (EDS, 
Oxford Inca). X-ray photoelectron spectroscopy (XPS) analyses 
were carried out on a VGESCA-LAB MKII X-ray 
photoelectron spectrometer with an AlKα excitation source 
(1486.6 eV). Differential scanning calorimetry (DSC) 
measurements were performed on NETZSCH DSC 204 in the 
range 0–200 °C with a heating/cooling rate of 5 °C min−1. 
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3. Results and discussion 

 
Fig. 1 Schematic of binary Ag2S-CdS phase diagram.36 

 
Fig. 2 XRD patterns of the Ag2S-CdS matchstick-shaped heteronanostructures 
(red line) and the pure Ag2S nanocrystals (black line). 

In the experiments, Ag2S nanocrystals were prepared in 
advance through the reaction of AgNO3 with S power in 
oleylamine at 160 oC and then used as seeds to catalyze the 
growth of CdS nanorods. Oleylamine acted as multifunctional 
roles of solvent, surfactant and reductant.35 Single-source 
molecular precursor, Cd(S2CNEt2)2 (Cd(DDTC)2), was used as 
Cd and S sources for the synthesis of CdS nanorods.29c As a 
catalyst, Ag2S nanoseeds will remain at one end of CdS 
nanorods as their growth is finished, so that matchstick-like 
Ag2S-CdS heteronanostructures can be prepared through this 
process. After reexamining the phase diagram of Ag2S-CdS 
binary system (Fig. 1),36 we can find that CdS has a low 
solubility in Ag2S from a simple extrapolation of the bulk 
solubility to the low temperature region of 100–300 oC (the red 
region in Fig. 1). The low solubility of CdS in Ag2S not only 
enables Ag2S nanocrystals to be a good candidate catalyst for 
the growth of 1D CdS nanorods or nanowires, but also favors 
the dissolution, nucleation and phase extraction of CdS within 
Ag2S nanocrystals. Similar cases relevant to the solubility have 

been demonstrated for the growth of nanowires/nanorods by a 
catalytic mechanism derived from an inorganic compound or 
metal catalyst.23,27,30,37–39 At the same time, a proper dissolution 
of CdS in Ag2S can allow a good combination of CdS and Ag2S 
into a single structure, which can effectively prevent the self-
nucleation and growth of CdS and therefore inhibit the yield of 
CdS and Ag2S isolated nanoparticles. On the other hand, 100–
300 oC is a very suitable temperature range for the solution-
phase synthesis of nanomaterials in consideration of the boiling 
points of many common solvents. 

Fig. 2 shows the X-ray diffraction (XRD) patterns of the 
resultant Ag2S-CdS matchstick-like heteronanostructures and 
the pure Ag2S nanocrystals, respectively. The 
heteronanostructures are prepared from a 1:2 molar ratio of 
Ag/Cd precursors and it can be seen from the XRD pattern that 
they are made of crystalline phases of CdS and Ag2S (the red 
line in Fig. 2). In detail, the diffraction peaks from CdS in both 
zinc blende (ZB, JCPDS# 89-0440) and wurtzite (W, JCPDS# 
75-1545) structures are detected. The ZB and W phase CdS has 
an approximate 60%:40% molar ratio. The peaks at 2θ 31.6 (d 
= 2.85 Å), 34.5o (d = 2.60 Å), and 36.8 (d = 2.44 Å) are in good 
agreement with the characteristic peaks of monoclinic Ag2S 
(JCPDS# 89-3840, a = 4.23 Å, b = 6.91 Å, and c = 7.87 Å), 
corresponding to the (-112), (-121), and (121) planes. The 
monoclinic structure of Ag2S is further verified by the XRD 
measurement recorded on the pure Ag2S nanocrystals prepared 
under similar conditions (the black line in Fig. 2). The Ag2S-
CdS matchstick-like heteronanostructures prepared from 1:4 
Ag/Cd molar ratio have a similar XRD pattern to those 
prepared 1:2 Ag/Cd molar ratio, which is indexed in detail in 
the Supplementary Information (ESI†, Fig. S1). 

The transmission electron microscopy (TEM) studies directly 
confirm the formation of Ag2S-CdS matchstick-shaped 
heteronanostructures. As shown in Fig. 3, each heterostructured 
nanocrystal has a darker spherical head and a brighter rod-like 
stem, which is typically in a matchstick-like morphology. The 
difference in the contrast suggests that the two parts are 
composed of different materials, which are proven (shown 
below) to be Ag2S head and CdS stem, respectively. 
Interestingly, the diameter of Ag2S head and the length of CdS 
stem could be tunable just by varying the molar ratios of Ag/Cd 
precursors. At the 1:1 Ag/Cd molar ratio, the average length of 
CdS stems is 24.2 nm and the average diameter of Ag2S heads 
is 14.7 nm (Fig. 3a,b). At the 1:2 Ag/Cd molar ratio, the 
average length of CdS stems is 34.6 nm and the average 
diameter of Ag2S heads is 17.6 nm (Fig. 3c,d). When the Ag/Cd 
molar ratio is changed to 1:4, the CdS stems have a mean 
length of 68.4 nm and the Ag2S heads a mean diameter of 15.7 
nm (Fig. 3e,f). These data were extracted from 80 Ag2S-CdS 
matchstick-like heteronanostructures. It is notable from these 
TEM images that CdS stems have a diameter slightly smaller 
(~1−4 nm) than the corresponding Ag2S heads at the junction 
region (Fig. 3). 
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Fig. 3 TEM images of Ag2S-CdS matchstick-shaped heteronanostructures 
prepared at different Ag/Cd molar ratios: (a,b) 1:1, (c,d) 1:2, and (e,f) 1:4. The 
amount of Cd(DDTC)2 is fixed as 0.2 mmol while that of AgNO3 ranges from 0.2, 
0.1 to 0.05 mmol. 

A high-angle annular dark field scanning TEM (HAADF-
STEM) image of the as-synthesized heteronanostructures (Fig. 
4a) reveals a clear contrast between the head and the stem, 
which hints that the heteronanostructures are composed of two 
different materials. Their chemical compositions were 
measured by the line-scan energy-dispersive spectroscopy 
(EDS). As displayed in Fig. 4b, the EDS elemental profiles 
clearly reveal the distribution of Ag, Cd and S elements in the 
heterostructures: Ag is limited to the head part and Cd to the 
stem part, while S is distributed throughout two parts. The 
calculated Ag:S and Cd:S elemental ratios are approximately 
2:1 and 1:1, respectively. On the basis of the EDS analyses 
coupled with the XRD results, a conclusion can be reached that 
the matchstick-shaped heteronanostructures indeed consist of 
Ag2S head and CdS stem. 

High-resolution TEM (HRTEM) was further used to 
characterize the Ag2S-CdS heteronanostructures. The well-
defined lattice fringes in the HRTEM image suggest good 
crystallinity of both CdS stem and Ag2S head (Fig. 5). For the 
Ag2S head, the distance measured between two adjacent fringes 
is 6.92 Å, which is in good agreement with the interfacial 
spacing of the monoclinic Ag2S (010) planes, and the 
corresponding fast Fourier transform (FFT) pattern contains the 
diffraction spots from the (010) and (001) planes of monoclinic 
phase Ag2S (JCPDS# 89-3840). The HRTEM image of CdS 

stem shows the single crystal nature of CdS nanorod and its 
FFT pattern can be indexed as the [1-10] zone axis diffraction 
pattern of cubic ZB phase CdS. The measured adjacent fringe 
distance in the HRTEM image is 3.37 Å, corresponding to the 
interplanar spacing of cubic CdS(111) planes. 

 
Fig. 4 (a) HAADF-STEM image and (b) Line-scan EDS elemental profiles of Ag, Cd 
and S of Ag2S-CdS matchstick-shaped heteronanostructures prepared at 1:2 
Ag/Cd molar ratio. The EDS line scan was recorded along the white line shown in 
panel (a). 

 
Fig. 5 (a) A typical HRTEM image of the as-prepared Ag2S-CdS matchstick-shaped 
heteronanostructures and its corresponding FFT patterns for (b) the Ag2S head 
and (c) the CdS stem, respectively. 

The above results of XRD, TEM, EDS and HRTEM studies 
confirm that the as-obtained heteronanostructures are composed 
of Ag2S heads and CdS nanorods, which display a matchstick-
like shape. It has been reported that, besides the Ag2S-CdS 
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Fig. 6 XPS spectra of Ag2S-CdS matchstick-like heteronanostructures prepared at 1:2 Ag/Cd molar ratio: (a) Survey spectrum; (b–d) High-resolution spectra of Ag 3d, 
Cd 3d and S 2p core levels, respectively. 

heteronanostructures, Ag2S nanocrystals were also used to 
synthesize Ag2S-ZnS and Ag2S-AgInS2 matchstick-shaped 
heteronanostructures as well as ZnS nanowires, where Ag2S is 
an excellent catalyst for the growth of 1D nanorods or 
nanowires.7,26–30 Recently, however, Li et al. reported the use of 
Ag nanocrystals as seeds for the synthesis of Ag-ZnS metal-
semiconductor nanorod heterostructures.40 X-ray photoelectron 
spectroscopy (XPS) is an accurate technique to discriminate the 
oxidation state of an element. In this work, XPS spectra were 
taken to determine the valence state of Ag and the chemical 
composition (purity) in the Ag2S-CdS matchstick-like 
heteronanostructures. As shown in Fig. 6a, the XPS survey 
spectrum reveals the presence of C 1s, O 1s, Ag 3d, Cd 3d and 
S 2p core level peaks, confirming the high purity of the sample 
only consisting of Ag, Cd and S. In the high-resolution XPS 
spectrum of Ag 3d core level (Fig. 6b), the 3d5/2 and 3d3/2 peaks 
are loaded at 367.5 eV and 373.4 eV, respectively, which match 
well with those from Ag2S.33,41–43 Such a result shows that the 
oxidation state of Ag in the Ag2S-CdS matchstick-like 
heteronanostructures is univalent and thus excludes the 
existence of elemental metal Ag (zero valent) in the sample, 
consistent with the above XRD analyses (Fig. 2). At the same 
time, the amount of S powder is excessive in the experiments 

for synthesizing Ag2S catalyst seeds, which ensures the yield of 
Ag2S without metal Ag. 

Shown in Fig. 6c is the high-resolution XPS spectrum for the 
Cd 3d core level. The 3d5/2 signal at 404.7 eV and 3d3/2 at 411.5 
eV are detected, which agree well with Cd 3d core levels from 
CdS.41 Interestingly, the S 2p high-resolution XPS spectrum 
provides rich chemical information to show the coexistence of 
Ag2S and CdS in the heteronanostructures. Three obvious peaks 
are detected in the spectrum (Fig. 6d). The peak at 160.8 eV is 
assigned to the S 2p3/2 binding energy from Ag2S.33,41  Its 
corresponding spin-orbit splitting peak is the S 2p1/2 peak, 
which is measured at 161.9 eV in the XPS spectrum, showing a 
1.1 eV higher than the S 2p3/2 peak in binding energy. However, 
the peak intensity ratio of S 2p1/2 to S 2p3/2 measured in our 
XPS study is larger than that in the pure Ag2S

33 or in the 
standard XPS spectrum for S 2p core level.42 Such an intensity 
enhancement is due to the overlap of the S 2p1/2 peak from 
Ag2S with the S 2p3/2 peak from CdS (Fig. 6d). As shown in the 
literature,43 the S 2p core level in CdS has a higher binding 
energy ~1.0 eV than the S 2p core level in Ag2S. The binding 
energy of the S 2p3/2 peak from CdS is higher by 1.0 eV than 
the binding energy of the S 2p3/2 peak from Ag2S and just 
overlaps with the S 2p1/2 peak from Ag2S. Meanwhile, the peak 
overlapping also causes a broadening for the S 2p core level 
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peak in the XPS spectrum (Fig. 6d). A relatively weak shoulder 
peak is also detectable at the higher energy side of this 
overlapped peak and it can be indexed to the S 2p1/2 core level 
from CdS with a binding energy of 162.8 eV (Fig. 6d). It is 
notable that there is a broad peak centered at 168.2 eV in the 
high-resolution XPS spectrum of S 2p core level, which is 
derived from the oxidized S (S-O)41,43 on the surface of Ag2S-
CdS matchstick-like heteronanostructures. 

It has been reported that Ag2S, either in the bulk or nanoscale 
form, displays a solid-solid phase transition at ~180 oC31,32,44,45 
from low-temperature monoclinic-structured semiconductor to 
high-temperature cubic-structured superionic conductor, which 
is reversible and illustrated in Fig. 7a. In the Ag2S-CdS phase 
diagram shown in Fig. 1, this phase transition of Ag2S is 
indicated with the solidus line at 175 oC,36 being a little lower 
than the transition temperature (~180 oC) of Ag2S reported by 
other researchers.44,45 The differential scanning calorimetry 
(DSC) thermal analysis technique is an effective tool for 
studying the structural phase change of Ag2S.44,45 In this work, 
we used DSC technique to contrastively investigate the phase 
transition behaviors of the as-prepared pure Ag2S nanocrystals 
and the Ag2S catalyst heads from Ag2S-CdS matchstick-like 
heteronanostructures.  

 
Fig. 7 (a) Schematic illustration of the structure phase transition between 
monoclinic and cubic Ag2S. (b−d) DSC heaƟng/cooling curves of (b) pure Ag2S 
nanocrystals and (c,d) Ag2S catalytic heads for the first and second cycle, 
respectively. The Ag2S catalytic heads used for DSC measurements are from 
Ag2S-CdS matchstick-like heteronanostructures prepared at 1:2 Ag/Cd molar 
ratio. 

Fig. 7b dispalys the DSC heating/cooling cycle curve for 
pure Ag2S nanocrystals (~27.5 nm in the mean diameter, Fig. 
S2†), in which an endothermic peak at 180 oC and an 
exothermal peak at 172 oC are detected. This result indicates 
that the structural transitions between monoclinic and cubic 
structures of Ag2S nanocrystals occur at these temperatures. 
The transition temperature of 180 oC of the monoclinic-cubic 
phase measured for the pure Ag2S nanocrystals is well 
consistent with the values in the literature.31,32,44,45 

However, Ag2S catalyst heads exhibit a different phase 
transformation behavior. As shown in Fig. 7c, an endothermic 
peak at 164 oC and an exothermal peak at 155 oC are observed 
in the first DSC heating/cooling cycle between 0 oC and 200 oC, 
which means that Ag2S catalyst heads transform from 
monoclinic structure to cubic structure at 164 oC and then 
return to monoclinic structure at 155 oC. Obviously, the 
monoclinic-cubic phase transition temperature of the Ag2S 
catalyst heads is decreased by 16 oC compared to that of the 
pure Ag2S nanocrystals (Fig. 7b). Importantly, it is measured 
that the endothermic peak at 164 oC of Ag2S catalyst heads has 
an onset temperature at 159 oC (Fig. S3†), that is to say, Ag2S 
catalyst heads start to transform to cubic structure at 159 oC. In 
our synthesis, the reaction temperature is fixed at 160 oC and is 
higher than 159 oC. Therefore, we can conclude that at the 
synthetic temperature of 160 oC Ag2S catalyst nanocrystals are 
in the superionic-state cubic phase, which actually catalyzes the 
growth of CdS nanorods.30 Fig. 7c shows that the DSC 
endothermic and exothermal peaks for Ag2S catalyst heads 
display a weak intensity, compared to that for the pure Ag2S 
nanocrystals (Fig. 7b). This is because a large amount of CdS 
stem component coexists with Ag2S catalyst heads. 

Furthermore, it is found that the DSC heating process caused 
significant damage to the Ag2S-CdS matchstick-shaped 
heteronanostructures and accordingly caused the change of 
phase transition behavior of Ag2S catalyst heads. As shown in 
Fig. 7d, the second DSC cycle reveals that the monoclinic-
cubic phase transition temperature of Ag2S increases to 177 oC 
from 164 oC detected in the first DSC cycle. Under our TEM 
studies (Fig. S4†), the sintering and agglomeration of the 
sample were observed after the first heating/cooling cycle, 
which leads to the size increase and the shape change of Ag2S 
catalyst heads. The size increase of Ag2S catalyst heads will 
cause an increase in the transition temperature of Ag2S, like the 
behavior found in Cu2S nanocrystals.46a  

Along with the DSC analyses, the crystal phase transition of 
Ag2S is also examined by the variable-temperature XRD 
measurements. Fig. 8 shows the temperature-dependent XRD 
patterns of pure Ag2S nanocrystals (Fig. S2). It can be seen that, 
with the increase of temperature, Ag2S clearly undergoes a 
structural transition from the low-temperature monoclinic phase 
(JCPDS# 89-3840, a = 4.23 Å, b = 6.91 Å, and c = 7.87 Å) to 
the high-temperature cubic phase (JCPDS# 71-0995, a = 4.86 
Å). The transition temperature is measured between 170 and 
190 °C, consistent with the value detected in the DSC curve 
(Fig. 7b). The variable-temperature XRD measurements were 
also taken on the sample of Ag2S-CdS matchstick-like 
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heteronanostructures (Ag/Cd = 1:2). However, the change in 
the diffraction peaks of Ag2S heads is not clearly observed 
because the weak peak intensity of Ag2S and the peak overlap 
of Ag2S with CdS in the temperature-dependent XRD patterns. 
It is believed that Ag2S catalytic heads exhibits a phase change 
behavior similar to the pure Ag2S nanocrystals, except that the 
transition temperature is different. 

 
Fig. 8 Temperature-dependent XRD patterns of as-prepared pure Ag2S 
nanocrystals. The peak marked with an asterisk (d = 2.24 Å, 2θ = 40.05°) is 
derived from instrument and cannot be assigned.30 

Above the phase transition temperature, Ag2S nanocrystals 
are in the superionic phase and possess a large number of cation 
vacancies and a high mobility of cations (Ag+) in the body-
centered cubic sublattice of S2- ions.31,32 These structural 
characteristics help Ag2S nanocrystals to display good ability to 
catalyze the growth of CdS nanorods. As reported previously, 
the high-density Ag+ vacancy sites are favorable for the 
occupation of Cd ions over Ag+ vacancy sites and then the 
dissolution of Cd ions in Ag2S catalytic nanocrystals,21,23,27,30 
and meanwhile, the highly mobile Ag+ ions can enhance the 
growth rate of CdS nanorods.21,30  

In view of the crystal phase change of Ag2S catalyst at 
different temperatures, the synthetic temperature plays an 
important role in the formation of Ag2S-CdS matchstick-like 
heteronanostructures. At 140 oC, which is below the transition 
temperature of superionic-phase Ag2S, Ag2S catalyst particles 
are usually in the monoclinic phase, but they could also be in 
the superionic-conductor cubic phase in accordance with the 
influence of particle size on the crystal phases and phase 
transition temperature.46 In this case, there will be a mixture of 
separated Ag2S nanoparticles and Ag2S-CdS matchstick-like 
heteronanostructures in the products (Fig. S5a†). At the 
temperatures higher than the onset temperature (159 °C, 
detected by DSC) of phase transition, for example, 160 and 
180 °C, Ag2S is in the superionic cubic phase and thus can 
effectively catalyse the growth of CdS nanorods to form Ag2S-
CdS matchstick-shaped heteronanostructures. However, 180 °C 
is high enough to cause the thermal decomposition of 
Cd(DDTC)2 and yield the thin CdS nanorods in the products 

(Fig. S5b†). So, it is clear that 160 °C is a very suitable 
temperature for the synthesis of Ag2S-CdS matchstick-like 
heteronanostructures (Fig. 3). 

 
Fig. 9 Growth process of the Ag2S-CdS matchstick-like heteronanostructures 
(Ag/Cd = 1:2, 160 °C) at various stages: (a) Ag2S catalytic seeds; (b) 2 min; (c) 10 
min. (d) Schematic illustration for the above growth process with prolonging 
reaction time. 

The catalytic role of Ag2S nanoseeds in the formation of CdS 
nanorods can be demonstrated by monitoring the morphological 
evolution of Ag2S-CdS heteronanostructures (Ag/Cd = 1:2) at 
different growth stages by means of TEM. The results are 
shown in Fig. 9. At the initial stage, spherical Ag2S 
nanocrystals (Fig. 9a, prepared from 0.1 mmol AgNO3 at 
160 °C for 20 min) served as catalytic seeds. After adding 
Cd(DDTC)2 for 2 min, the products show a biphasic 
heterostructure composed of darker Ag2S and lighter CdS and 
the CdS part has a tendency to grow into rod-like shape (Fig. 
9b). With further growth of CdS for 10 min, almost all the 
products are Ag2S-CdS matchstick-like heterostructures with a 
longer CdS nanorod (Fig. 9c). From these TEM observations, it 
can also be seen the shape of Ag2S seeds become from 
spherical to hemispherical, and that the diameter size of Ag2S 
heads is slightly larger than that of CdS nanorods at their 
interfaces. Such characteristics, which are often observed in a 
nanowire catalytic growth mechanism,14–16,23–30 indicate that the 
formation of Ag2S-CdS matchstick-like heteronanostructures 
follows a catalytic growth route. The above growth process 
with reaction time increasing can be clearly illustrated in Fig. 
9d. 

As indicated in Fig. 1, the Ag2S-CdS phase diagram shows a 
peritectic temperature at 893 oC and below this temperature 
Ag2S and CdS are solid. So, Ag2S seeds can be simply seen as a 
solid-state catalyst when the CdS rod-like nanocrystal growth 
proceeds at the synthetic temperature of 160 oC, like Ag2Se 
solid-state catalyst for the ZnSe nanowire growth, where we 
suggested a solution-solid-solid (SSS) catalytic mechanism.30 
The formation process of Ag2S-CdS matchstick-shaped 
heteronanostructures (Fig. 9) can be rationally explained by the 
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SSS growth model. Firstly, the occupation of Cd2+ over Ag+ 
vacancy sites in Ag2S is a dissolution process of Cd2+ in Ag2S, 
which will lead to the formation (nucleation) of CdS species 
within Ag2S catalysts. Then, with the CdS species aggregating, 
the new phase of CdS will be readily precipitated out from 
Ag2S nanocatalysts because the supersaturation of CdS in Ag2S 
is easily achieved due to the low solubility of CdS in the Ag2S 
(the red region in Fig. 1). As the reaction proceeds, the new 
phase of CdS will eventually grow into nanorods by the 
catalysis of Ag2S. Because the solubility product constant (Ksp) 
of Ag2S is much lower than that CdS (Ksp: 6.3 × 10−50(Ag2S) 
<< 8.0 × 10−27(CdS))47, it is difficult for Cd2+ to replace Ag+ 
ions in Ag2S catalytic nanocrystals. Meanwhile, Ag2S has a low 
solubility in CdS, which suppresses the consuming of Ag2S 
nanocrystals during the growth of CdS nanorods. These two 
reasons ensure the remaining of Ag2S nanocrystals at the end of 
CdS nanorods to construct the matchstick-like Ag2S-CdS 
heteronanostructures. 

4. Conclusions 
We have demonstrated the solution-phase catalytic synthesis of 
Ag2S-CdS heteronanostructures with a matchstick-like shape. 
The control over the diameter of Ag2S heads and the length of 
CdS stems is realized by tuning the molar ratios of Ag/Cd 
precursors. The structural transition of Ag2S catalytic 
nanocrystals is investigated, which confirms that the high-
temperature superionic conductor phase Ag2S catalyze the 
growth of CdS nanorods (stems). It is suggested that the 
structural characteristics of superionic conductor phase and the 
low solubility of CdS in Ag2S endow Ag2S nanocrystals with 
good catalytic ability to grow CdS nanorods. Meanwhile, the 
formation of Ag2S-CdS matchstick-like heteronanostructures 
has been reasonably clarified through the SSS catalysed growth 
mechanism, where superionic phase Ag2S nanoseeds act as 
catalyst and remain at one end of CdS nanorods to form 
matchstick-like Ag2S-CdS heteronanostructures. This work 
provides a convenient strategy for controlled preparation of 1D 
heteronanostructures containing two dissimilar metal 
chalcogenides, which may be useful for engineering the 
composition and band gap of semiconductor nanostructures 
with interesting optical properties or multifunctionality. 
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Ag2S nanocrystals are catalytically active to grow CdS nanorods in oleylamine, and remain at their 

end to yield Ag2S-CdS matchstick-like heteronanostructures. 

Page 10 of 10Dalton Transactions

D
al

to
n

 T
ra

n
sa

ct
io

n
s 

A
cc

ep
te

d
 M

an
u

sc
ri

p
t


