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A B S T R A C T

Nanowires (NWs) and self-assemble nanostructures made of chalcogenide semiconductor nanocrystals
(NCs) are of great interests to the fundamental studies and practical applications. In this study, we
reported a seeded-mediated growth of AgInS2 NWs and their intriguing self-assembly nanostructures
with fingerprint-like shape. The key to the formation and self-assembly of AgInS2 NWswas the presence
of In-S species that was a type of molecular metal chalcogenide complexes, serving as specific inorganic
ligands for the growth of NWs and cross-linker molecules for the self-assembly of fingerprint-like
nanostructures. Systematic studies were carried out to investigate the reaction factors, including the
thermodynamics, amount and type of In precursors, and 1-dodecanethiol usage, to the success of the
desired products.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Chalcogenide semiconductor nanocrystals (NCs) made of
AgInS2 have received great attention in recent years due to their
unique band gap structures and optical properties, serving as
promising alternatives for the more toxic cadmium-based NCs [1–
3]. These features make them good candidates in many applica-
tions including solar cells [4–6], light-emitting diodes [7–11],
biological labels [12–16], photocatalysis [17,18] and so on [19,20].
Therefore, the controllable synthesis of AgInS2 NCs in terms of their
shape, size, and phase structure is of fundamental and practical
importance since their properties are highly dependent on the
physical parameters [21–23].

Among variety shapes of NCs, nanowires (NWs) represent for
typically one-dimensional nanostructures with the confined
geometry and large number of exposed atoms on surface, which
are mainly responsible for their enhanced properties and superior
performance. For example, wurtzite CuInS2 NWs were reported
with enhanced photoresponsivity [24]. However, due to the
presence of Cu2S NCs as catalysts for the growth of the CuInS2
NWs, the products are often inhomogeneous [24,25]. Therefore, it
remains challenging to produce ternary semiconductor NWs with
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high purity and uniformity. In addition, self-assembly of semicon-
ductor NCs paves a simple yet cost-effective way for the further
design and construction of NCs superlattices, which sets the basis
of nanodevices fabrication [26–28]. For example, Taniguchi et al.
proposed a simple route to the end-to-end self-assembly of CdSe
nanorods through ligand exchange with short-chained water-
soluble thiols [29]. However, the additional step of ligand exchange
adds complexity to the preparation. Herein, we reported a facial
and robust approach, based on seed-mediated growth and cation
exchange, to synthesize AgInS2 NWs, which could be self-
assembled into a fingerprint-like structure. The presence of In-S
as molecular metal chalcogenide complexes was found to play a
key role in the formation and self-assembly of AgInS2 NWs.

The AgInS2 NWs were synthesized by using a seeded-mediated
growth method, in which the In precursor solution was quickly
injected into the Ag2S NCs solution. Different aliquots were
extracted from the reaction system at different reaction temper-
atures and time to study the evolution of the morphology, crystal
structure and the optical properties. Moreover, the effects of types
of In precursors and the usage of 1-dodecanethiol (DDT) on the
morphology of the samples were studied to probe the formation
mechanism of the self-assembly nanostructures with fingerprint-
like shape.

Scheme 1 illustrates the synthetic approach for the growth and
self-assembly of AgInS2 NWs. In the first step, Ag2S NCs as seeds
were prepared via a thermolysis method. Then, excessive amount
of In precursorwas injected to initiate the growth of ternary AgInS2
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Scheme 1. Schematic illustration showing the morphologies change involved in
the synthesis and self-assembly of AgInS2 NCs into quasi NWs and fingerprint-like
structures.
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NCs through the cation exchange. Further prolonging the reaction
and elevating temperature allowed the formation of AgInS2 NWs
and InS compounds, and eventually leading to the self-assembly of
AgInS2 NWs with fingerprint-like shape. Notably, in the reaction
system, no heterogeneous catalysts were required for the NWs
growth and the as-obtained products showed a peculiar self-
assembly behavior with fingerprint-like shape. By carefully
checking the reaction conditions, it was found that the shape of
AgInS2 NCs (e.g., NWs)was related to the usage of In precursors and
DDT, as well as the reaction thermodynamics.

We startedwith the preparation of Ag2S NCs as the initial seeds.
In a standard synthesis, a solution of silver diethyldithiocarbamate
(Ag-DDTC) in DDT as Ag resource in DDT as the solvent was
preheated at 130[17_TD$DIFF] �C to form Ag2S NCs via a thermolysis strategy
[30]. Then, a DDT solution containing In(OAc)3 and oleic acid (OA)
was quickly injected in the seeds solution at 130[18_TD$DIFF] �C, the addition of
OA can accelerate the dissolution of indium acetate, which was
further heated to higher temperature (e.g., 200 or 210 �C) to induce
the cation exchange between the In3+ and Ag2S NCs for the
formation of ternary AgInS2 NCs. Shortly after the reaction reached
the desired temperature, the reaction was discontinued by
removing the heating source. Fig. 1a shows a typical transmission
[(Fig._1)TD$FIG]

Fig. 1. Morphology and crystal phase characterization of the AgInS2 NWs. (a)
Typical TEM image showing the fingerprint-like shape and good uniformity of the
products. Inset shows the corresponding model. (b) TEM image of individual
fingerprint-like structure at higher magnification. (c) HRTEM image of individual
AgInS2 NWs orientated along (121) direction. (d) The corresponding XRD pattern of
the product.
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electron microscopy (TEM) image of the as-obtained products in
200[19_TD$DIFF] �C. It can be seen that the products possess fingerprint-like
structures with good uniformity. A TEM image was taken at higher
magnification shown in Fig. 1b clearly demonstrates that the
fingerprint-like structureswere indeed the self-assembly of AgInS2
NWs. As shown in Fig. 1b, the width and length of NWs in 200[20_TD$DIFF] �C
were roughly 1.2�0.2 nm and 24.0�3.7 nm, respectively (Fig. S1
in Supporting information). The high-resolution TEM (HRTEM)
image in Fig. S2 (Supporting information) clearly shows the curly
nanowires, indicating that they were alloyed structures, instead of
heterostructures (e.g., Ag2S-AgInS2 or In2S3-AgInS2). Fig. 1c shows
clearly lattice spacing of the sample, measured as 0.314[21_TD$DIFF]nm, which
corresponds to the (121) plane of orthorhombic AgInS2. The X-ray
diffraction (XRD) pattern shown in Fig.1d reveals that the products
were composed of two phases, in which one could be indexed to
the AgInS2 (JCPDS No. 25-1328) and the other was nonstoichio-
metric InS (JCPDS No. 05-0722) with a distinctive peak around 2u [22_TD
$DIFF] =46�. We hypothesized that the nonstoichiometric InS species
were the molecular metal chalcogenide complex in the format of
In-DDT containing InS species, because 1) the stoichiometry of InS
does not match the elemental valence; and 2) InS species does not
appear neither in the solution nor attach to the NWs as individual
NCs as shown in the final products. Interestingly, these compounds
played a key role in the formation and self-assembly of AgInS2
NWs, which will be discussed later. Moreover, the energy-
dispersive spectroscopy (EDS) elemental mapping images are
performed to demonstrate the element distribution. As shown in
Fig. S3 (Supporting information) that the Ag, In and S elements are
uniformly distributed in the samples.

We first studied the impacts of the reaction thermodynamics on
the formation of products, in order to understand the growth
mechanism of AgInS2 NWs and their self-assembly behavior.
Aliquots extracted from the reaction system at 180[11_TD$DIFF] �C after the
injection of Inprecursorswith different reaction time (i.e.,10,15, 25
and 30[23_TD$DIFF]min) were characterized. It should be pointed out that
under higher reaction temperature, the morphological changewas
too fast to bemonitored and thus low temperature (i.e., 180[24_TD$DIFF] �C) was
chosen for the examination. The morphological and structural
changewas shown in Fig. 2. As seen from the TEM images in Fig. 2a
and b, at early stage of the reaction (i.e.,10 and 15[25_TD$DIFF]min) the products
were mainly composed of small NCs with dot-like shape, and only
few fingerprint structures were observed. The XRD pattern of the
corresponding sample reveals that the product was mainly made
of AgInS2 NCs (Fig. 2e). This indicates that the cation exchange
between the Ag2S NCs and In3+ ions could take place and complete
rapidly, which is in agreement with previous publications [30].
Prolonging the reaction time to 25 and 30[23_TD$DIFF]min (Figs. 2c and d,
respectively), AgInS2 NWs were formed and self-assembled into
fingerprint-like structures, whichwere dominated in the products.
Such morphological evolution was accompanied with the crystal
phase change. As seen from the XRD pattern of final product
(Fig. 2e), the peak at 2u [26_TD$DIFF]=46� showed up, indicating the presence of
InS complex. Thus, the product component consisted of AgInS2 and
InS species, which was consistent with the products obtained at
higher temperature. Based on the shape evolution during
synthesis, we envision that the presence of InS complex played
an important role in controlling the shape of the products (i.e.,
NWs), which further directed their self-assembly behavior.

To further validate the aforementioned argument, we examined
the effects of the reaction temperature on the products with the
same reaction time (i.e., 10 [27_TD$DIFF]min). Figs. 3a-c show the TEM images of
samples obtained from 210, 200 and 180[28_TD$DIFF] �C, and the obvious
fingerprint-like structures are observed at 210 and 200 �C, but only
small NCs are observed at 180[29_TD$DIFF] �C for 10min. The corresponding
XRD patterns reveal a distinctive peak for InS compounds at 200 �C
and 210 �C (Fig. 3d), while at lower temperature (180[30_TD$DIFF] �C), such a
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peak is not observed. Apparently, increasing the reaction
temperature accelerates the formation of InS species and thus
favoring for the formation of fingerprint-like AgInS2 NWs. In
contrast, when none or insufficient amount of InS compounds
were present in the reaction system, the AgInS2 NWs could not
form and so as the self-assemble structures. It also implies that the
formation of fingerprint-like structure is influenced by thermody-
namic factors. We further studied the effect of temperature on the
formation of AgInS2 NWs. Conducting the same reaction at 170[31_TD$DIFF] [32_TD$DIFF]�C
resulted in the formation of dot-like NCs in despite of the reaction
time (Fig. S4 in Supporting information). Notably, in this case, the
InS species was presented in the reaction system, as seen from the
XRD pattern of sample obtained at 60min. Therefore, the reaction
thermodynamics (i.e., high temperature) is also necessary to
induce the growth and self-assembly of AgInS2 NWs by providing
sufficient energy.

Collectively, the growth and self-assembly of AgInS2 NWs was
achieved by the following issues: 1) the presence of InS species,
serving as inorganic ligands that directs the morphological
evolution and assembling behavior of products; and 2) the
reaction thermodynamics that promotes this structural change
[31]. Importantly, the optical properties of the products were
changed due to the formation of fingerprint-like AgInS2 NWs. The
absorption and photoluminescent (PL) spectra were shown in
Fig. S5 (Supporting information). A slightly blue-shift was
observed in both of the absorption band edge and PL emission
maximum as the temperature increased. In other words, when the
size of the AgInS2 nanoparticles changed, the absorption band edge
showed a slightly blue shift. The corresponding optical band gap is
shown in Fig. S6 (Supporting information), the optical band gap
can be estimated to be about 2.95–3.05[33_TD$DIFF] eV, which is larger than the
band gap of bulk orthorhombic AgInS2 (1.98 [34_TD$DIFF] eV). PL emission
spectra can be divided into two peaks, one of the peaks is
significantly near 600nm and the other is near 670nm, whichmay
attributed to the presence of surface and internal defect states [30].

We then performed the high-resolution X-ray photoelectron
spectroscopy (XPS) to analyze the products obtained at different
temperature for the Ag, In and S elements (Fig. S7 in Supporting
information). For the sake of comparison, the products are marked
with i-iv. It should be noted that among these four products, only
sample iwas composed of AgInS2with dot-like shape, while others
are the combination of AgInS2 NWs and InS species as evidenced by
the TEM images and XRD patterns. The XPS spectrum of Ag 3d
region shown in Fig. S7a reveals that the sample i displayed two
peaks located at 368.1 and 374.1 [35_TD$DIFF] eV, matching well with the values
of Ag 3d5/2 and Ag 3d3/2, respectively. Both peaks shift to lower
binding energies for the sample ii-iv, whichmay result from the In-
S species on the surface of AgInS2 NWs. The ratio of [In]/([Ag]+[In])
quantified from the XPS data was estimated to be 0.63, 0.70, 0.76

[(Fig._2)TD$FIG]

Fig. 2. Temporal-evolution of morphology for the products obtained at 180 [11_TD$DIFF] [12_TD$DIFF]�C in a
standard synthesis. TEM images of the aliquots extracted at different stages: (a)
10min; (b) 15min; (c) 25min, and (d) 30[13_TD$DIFF]min, respectively. (e) XRD patterns of
samples obtained at 10min (black) and 30min (red), respectively.
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and 0.75 for sample i-iv, receptively, which further demonstrated
that increasing the reaction temperature or prolonging the
reaction time at low temperature favors for the formation of InS
species. Since these compounds are a type of electron-deficient
structures, their adsorption would lead to the enrichment of
electrons on the surface of AgInS2 NWs. The binding energy of
constituent elementwould decreasewhen it adsorbs electrons and
vice versa [32]. Therefore, the formation and adsorption of InS
species lead to the decrease of binding energy in terms of Ag in the
products [33]. Similar results are observed in the In element as
shown in Fig. S7b, which also arise from the presence of InS
species. In addition, the XPS spectra of S 2p peak shown in Fig. S7c,
which could be fitted to two different doublet peaks using a spin-
orbit splitting of 1.2[36_TD$DIFF] eV, indicated the presence of two different
sulfur species in the samples. The peak at lower binding energy
could be ascribed to sulfide ions of NCs, while the other peaks at
higher binding energy were associated with the thiol bonds on the
NCs surface [30,34,35]. The slightly shifting of the latter peaks
might be attributed to the formation of In-DDT compounds in
format of In-thiol bonds. Moreover, the Fourier transform infrared
(FTIR) spectra shown in Fig. S8 (Supporting information) demon-
strate that the sample obtained at 200 [37_TD$DIFF] �C exhibit the characteristic
peaks from In-DDT complex, further suggesting that the formation
of InS species contributed mainly to the self-assembly of NWs.

We found that the shape of product was dependent on the
amount and types of In precursors. Altering the amount of In(OAc)3
with In/Ag ratio of 1:2 and 1:1, while kept other conditions the
same as in a standard synthesis, produced different shapes of
products as shown in Figs. S9a and b (Supporting information),
respectively. Clearly, decreasing the amount of In(OAc)3 affected
the morphology of the products dramatically. In the Ag-rich case
(In/Ag[38_TD$DIFF] =1:2, Fig. S9a), the product exhibited hybrid shapes. The
black dots adsorbed on surface and dispersed individually could be
Ag2S NCs, while the knife-like particles could be AgInS2 NCs and
the rest might be Ag2S-AgInS2 heteronanostructures [30,36].
When the In/Ag was set to be 1:1 (Fig. S9b), most of the
monodispersed dots disappeared and the products remained as
triangular NCs with dark “head” and bright “tail”. Such a head-tail
shape of the NCs could be classified as a type of heteronanos-
tructures. Also, the black dotsweremuch less than those in the Ag-
rich case, due to the increasing amount of In precursor (more Ag2S
turned into AgInS2). These results were in consistent with the XRD
patterns shown in the Fig. S10 (Supporting information), where the
Ag2S peaks around 2u [39_TD$DIFF] =35� gradually disappeared when the
amount of In(OAc)3 increases. Notably, in those cases, none of the
peaks represented for InS species appeared and thus neither
AgInS2 NWs nor self-assembly were observed. In contrast, further
increasing the In/Ag ratio to 3:1 resulted in fingerprint-like AgInS2
NWs (Fig. 1a). Taken together, those results strongly support our
hypothesis that the InS complex was the key to the formation and
self-assembly of AgInS2 NWs. In addition, changing the types of In
precursors has significant effects on the morphologies of products.
TEM images of AgInS2 NCs obtained by using of In(acac)3 and InCl3
are shown in Figs. S9c and d (Supporting information), respective-
ly. Such a difference might be induced by the different binding
energy of In-DDT compounds and additional anions presented in
the reaction system.

Lastly, the dose effects of capping ligands (DDT) on products
were also studied. In many cases, the capping ligands are involved
in the growth of colloidal NCs, during which they are adsorbed on
the NCs’ surfaces [30]. Therefore, they not only prevent NCs from
aggregation, but also direct morphological evolution of growing
NCs. In the present study, when only 2 [40_TD$DIFF]mL of DDT was used in the
reaction system, the products possess a similar shape as the Ag2S-
AgInS2 heteronanostructures (Fig. S11a in Supporting informa-
tion). It was similar to the case shown in Fig. S9a. Further
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Fig. 3. TEM images of AgInS2 NCs at different temperatures for 10[14_TD$DIFF]min: (a) 210 �C;
(b) 200 �C; (c) 180 �C. (d) The corresponding XRD patterns.
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increasing the DDT dose to 4 and 6[41_TD$DIFF]mL leads to the formation of
AgInS2 NCs and NWs, and the corresponding TEM images were
provided in Figs. S11b and c (Supporting information), respectively.
In Fig. S11b (Supporting information), dot-like AgInS2 NCs were
appeared with the co-existence of small portion of AgInS2 NWs.
Nevertheless, self-assembly structures of AgInS2 NWs started
dominating when sufficient amount of DDT was used (e.g., 6 [42_TD$DIFF][10_TD$DIFF]mL),
where dot-like NCs could still be observed. Further increasing the
DDT amount to 12mL produced uniform fingerprint-like struc-
tures as obtained from a standard synthesis (Fig. 1a).

In summary, we have demonstrated a facile method based on
the seeded growth and cation exchange strategy for the synthesis
and self-assembly of AgInS2 NWs with fingerprint-like shape. The
key was to direct the formation of InS complex to induce the
growth of NWs and thus self-assembly behavior by controlling
multiple factors including the reaction kinetics, amount and type
of In precursor, and DDT usage. Significantly, this study not only
provides the first successful attempt for the synthesis of high-
quality AgInS2 NWs, but also provides a simple yet efficient route to
controllable self-assembly structures. We believe the synthetic
strategy reported here can also be extended to the synthesis of
NWs of other chalcogenide semiconductors and the development
of self-assemble nanostructures with unusual properties.
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