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ABSTRACT: From the standpoint of chemistry, the meta-
stable nature of nanocrystals provides us plentiful ground for
the research of new nanoscale structural transformations.
Herein, we report a new phenomenon that trialkylphosphine
(TAP) can extract the Ag* and Bi*" from their nanostructural
chalcogenides and reduce them to the zerovalent state. Based
on this principle, a trialkylphosphine-driven chemical trans-
formation route has been developed for the synthesis of a
series of metals and metal-sulfide heterostructures with
multiple sulfides as the precursors. Using this reaction
principle, Ag, Bi, Ag-Ni;S,, Ag-ZnS, Ag-AgInS,, Ag-Bi, and
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Bi-Cu,S, nanostructures can be successively synthesized. These Ag- or Bi-based metal chalcogenide heteronanostructures with
interesting optical properties or multifunctionalities could be of special interest for a variety of applications, including high-
performance catalysis, biological and biomedical sensing, photovoltaic devices, and a new generation of optoelectronic devices.

B INTRODUCTION

During the last couple of decades there has been increasing
interest in nanoscale objects owing to their unique physical and
chemical properties compared with corresponding bulk
materials.'~* However, as a new branch of synthetic chemistry,
colloidal synthesis of nanostructures is difficult to control for its
too much depending on the rates of nucleation and growth of
nanoparticles.” ** Development of synthetic approaches to
produce a new class of nanocrystals with uniform size, shape,
chemical composition, and morphology is extremely important
for further fundamental studies and practical applications.>~**
To date, there are four types of solution routes in the
literature™ for transforming one crystalline nanomaterial into
another desired crystalline nanomaterial, i.e., the ion exchange
reaction,”>>* the Kikendall effect,>>3® stabilizer-depleted
binary semiconductor nanocrystals,****~*" and thermally
induced phase segregation and solid-state diffusion.'”**~**
Ion exchange involves replacing the ion in an ionic nanocrystal
lattice with a different jon. Utilizing the cation exchange
reaction, Alivisatos and co-workers successfully synthesized
CdS-Ag,S superlattices,”> CdS-Cu,S heterostructures,®* and
[II-V (GaAs, InAs, GaP, and InP) nanocrystals.”> Moreover,
Teranishi and co-workers™ prepared CdS/CdTe heterodimers
through an anion exchange reaction of ionic CdS nanoparticles
with tri-n-octylphosphine telluride. In Kikendall effect, hollow
nanocrystals can be synthesized because of the difference in
diffusion rates between two components in a diffusion couple,
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including the reaction of metal nanocrystals to a binary
compound or converting one binary compound into another
binary/ternary metal (mixed) oxide or sulfide.>® The stabilizer-
depleted binary semiconductor nanocrystals method can
transform binary materials into unary semiconductors because
of a manifold of long and short range interparticle forces
brought about by partial removal of the stabilizer shell.
Adopting this method, Kotov and co-workers have successfully
converted CdSe/CdTe nanoparticles into unary Se/Te nano-
wires and branched Te nanocrystals.*>*" In addition, Zhang
and co-workers transformed the binary Sb,Te; nanoplates into
unary 3D porous Te plates.** As for the thermally induced
phase segregation and solid-state diffusion method, it can
transform one kind of heteronanostructure or unary semi-
conductors into another kind of heteronanostructure. Banin
and co-workers™ found that Au/InAs core/shell nanocrystals
can be oxidized into Au/In,O; core/shell nanocrystals under air
by solid-state diffusion. Similarly, we reported a facile one-pot
method to prepare colloidal AgFeS, nanocrystals.** Such
ternary AgFeS, nanocrystals are not stable and will transform
into Ag,S—Fe,Sg heteronanostructures by thermally induced
phase segregation and solid-state diffusion at higher temper-
ature.
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Trialkylphosphine (TAP), regarded as a nanocrystal surface
stabilizer, a phosphorus source in chemical reaction, or a
chemical reagent in the formation of TAP-X (X = S, Se, Te)
complexes, has been extensively used in colloidal synthesis of
nanostructures.”” Schaak and co-workers*® found that tylphos-
phine (TOP) can extract selenium or sulfur from selenium- or
sulfur-rich metal chalcogenides and transform them into lower-
chalcogen compounds. While in the reverse cation exchange
reaction, tributylphosphine (TBP),*® as a soft base, can bind
strongly to Ag® cations in the precursor lattice and form
intermediate complexes to promote the cations exchange in
solution within the anion sublattice.

Herein, we report a new strategy that TAP can extract the
Ag' and Bi** from their nanostructural chalcogenides (except
telluride) and reduce them to the zerovalent state. Using this
reaction principle, Ag, Ag-Ni;S,, Ag-ZnS, Ag-AgInS,, Ag-Bi, Bi,
and Bi-Cu,S, nanostructures can be successively synthesized, as
illustrated schematically in Scheme 1. Thus, it is expected that

Scheme 1. Synthetic Routes for the Chemical
Transformation of Ag- and Bi-Based Chalcogenides
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this trialkylphosphine-driven chemical transformation route can
be a powerful supplement to the synthesis pathways mentioned
above, facilitating composition and phase tunable fabrication of
metals and metal-sulfide heterostructure systems.

B RESULTS AND DISCUSSION

First of all, the Ag,S nanocrystals were synthesized by using the
reported solution method.*” Figure la shows a typical
transmission electron microscopy (TEM) image of the colloidal
Ag,S nanocrystals with a diameter of about 10 nm. The typical
powder X-ray diffraction (XRD) pattern displayed in Figure 1b
identifies these colloidal nanocrystals as a crystalline phase of
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Figure 1. (a) TEM image of the Ag,S nanocrystals. (b) XRD patterns
of the Ag,S nanocrystals (b1) before chemical transformation and (b2)
after chemical transformation. (c) TEM and (d) HRTEM image of the
Ag nanocrystals. (e) TEM image, (f) XRD, (g) HRTEM images and
(h) STEM-EDS elemental mapping images of the Ag-Ni;S,
heteronanostructures.
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Ag,S (JCPDS no. 14-0072, monoclinic, a = 4.226 A b=6928
A, ¢ = 7858 A). Chemical transformation reactions were
performed by adding 0.1 g triphenylphosphine (TPP) into
Ag,S solutions in oleylamine at 220 °C under N,. The powder
XRD was carried out on the as-transformed products, as shown
in Figure 1b. All of the peaks in the XRD pattern matched
those of cubic Ag, and the calculated lattice constants were a =
4.085 A (JCPDS no. 89-3722). Figure 1c shows a typical TEM
image of the as-transformed products. It is obvious that the
products are monodispersed nanoparticles with an average size
of about 15 nm. The structural analysis from a high-resolution
TEM (HRTEM) image further shows that the Ag nanoparticles
are of high crystallinity, and the interplanar distances of 2.37 A
are clearly observed, corresponding to the (111) plane of cubic
Ag (Figure 1d). Likewise, using TOP or TBP instead of TPP,
Ag,S nanocrystals can also be transformed into Ag confirmed
by XRD patterns (see Supporting Information Figure S1).

Under the same conditions, if we treat the Ag,Se (JCPDS no.
24-1041) nanocrystals*® with TPP, it is clear that the chemical
transformation reaction will not occur (Figure S1), while TOP
can transform Ag,Se nanocrystals into Ag (Figure S1). This is
due to the more “positive” phosphorus atom linked with three
electron-donating alkyl groups in TOP, causing its stronger
reducibility toward Ag" in Ag,Se. Furthermore, as a common
sense, element selenium can easily dissolve into TOP but not
TPP, which results from the large formation constant of TOP-
Se complexes. So the high reactivity between TOP and Se also
contributes to the transformation. As shown in Figure S1, for
the Ag;Te (JCPDS no. 34-0142) nanocrystals, neither TPP nor
TOP can induce the chemical transformation reaction to
proceed. Similar to the above, the poor reducibility of
trialkylphosphine is unable to reducing Ag" because of the
high binding energy in Ag,Te. Moreover, element Tellurium
dissolves into TOP very slowly, which indicates the reactivity
between TOP and Te is rather low.

After the chemical transformation reaction, a question came:
where the element S went ? Did it still stayed in the solution as
the TAP-S complexes or came out in other forms, such as H,S,
or SO, ? So in-depth study was needed. Further experiment was
done by adding some acetylacetone nickel to the Ag,S solution
at the beginning of the transformation reaction (see
Experimental Section). The corresponding TEM image (Figure
le) indicates that the products are monodispersed nano-
particles. Based on the XRD pattern (Figure 1f), it is obvious
that the obtained products are composed of crystalline phases
of cubic Ag (JCPDS no. 89—3722) and hexagonal Ni,S,
(JCPDS no. 44—1418, a = 5745 A, ¢ = 7.135 A). Further
characterization by HRTEM image (Figure lg) indicates that
the nanoparticles are composed of high crystalline Ag and
Ni;S,, and the lattice distances are measured to be 2.35 and
3.96 A, corresponding to those of (111) plane of cubic Ag and
(010) plane of hexagonal Ni,S,, respectively. Figure 1h shows
the high-angle annular dark field scanning TEM (HAADF-
STEM) image of the prepared heteronanostructures. The clear
contrast between the two segments indicates that the
heteronanostructure consists of two different components.
Moreover, the elemental distributions of Ag and Ni in the two-
component heteronanostructures (Figure 1h) were obtained by
STEM-EDS elemental mapping. The green regions in the
image are the Ni-containing component, and the red are the
Ag-containing component, which further demonstrates the
formation of the heteronanostructures. Thus, all the results and
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characterizations show that element S indeed exists in the
solution.

According to this principle, the Ag chalcogenides-based
heterostructures can be transformed into Ag-based hetero-
structures. Then, match-like Ag,S-ZnS heteronanostructures
were prepared as adapted from previously reported methods.*’
The TEM, XRD (Figure 2ab), and STEM-EDS elemental
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Figure 2. (a) TEM image of the Ag,S-Zn$S heteronanostructures. (b)
XRD patterns of the Ag,S-ZnS heteronanostructures (bl) before
chemical transformation and (b2) after chemical transformation. (c)
TEM and (d) HRTEM image of the Ag-ZnS heteronanostructures. (e)
FFT patterns of the HRTEM images of the segments of ZnS and Ag.

mapping (Figure S2) results confirmed that the heteronanos-
tructures were successfully synthesized. After the similar
chemical transformation reaction, the domains of Ag,S were
also transformed into Ag. As shown in Figure 2b, the XRD
result clearly shows that the typical diffraction peaks of the Ag,S
disappear, and the new diffraction peaks of Ag appear instead.
The corresponding TEM image in Figure 2¢ indicates that the
morphology of the products does not change and preserves its
match-like shape. The HRTEM and fast Fourier transform
(FFT) images (Figure 2d,e) further confirm the orientational
relationship between Ag and ZnS. A straightforward relation-
ship of plane epitaxy can be proposed for the (002) planes (d =
3.10 A) of ZnS (JCPDS no. 36-1450) and the (200) planes (d
=2.04 A) of Ag. The large lattice mismatch between (110) ZnS
and (220) Ag are [(1.91 — 1.45)/1.91 X 100%] = 24% which
may cause the local curving near interface junction or a
decrease in the total surface energy to accommodate it.** The
STEM-EDS elemental mapping results (Figure S3) demon-
strate that the segments of the match heads are Ag, while the
match sticks are ZnS.

As such, this approach can also be expanded to transforming
ternary Ag chalcogenides to Ag-based heterostructures. Ternary
AgInS, was prepared by the reported solution method.*® The
TEM and XRD (Figure 3a, bl) results confirmed that the
ternary AgInS, (JCPDS no. 25-1328) nanocrystals were
successfully synthesized. Then, chemical transformation re-
actions were performed by adding 0.2 mL TOP into AgInS,
solution in oleylamine at 250 °C for 1 h under N,. The powder
XRD was carried out on the as-obtained products, as shown in
Figure 3b. The typical diffraction peaks of the ternary AgInS,
nanocrystals weakened and the cubic Ag diffraction peaks
(JCPDS no. 89-3722) appeared in the XRD pattern (Figure
3b). So the obtained products are heterostructures composed
of crystalline phases of cubic Ag and AgInS, based on the XRD
pattern (Figure 3b) and TEM image (Figure 3c). The HRTEM
images (Figure 3d) further confirm the orientational relation-

5392

|t MY,

pk

30_ 40 50 60
26 (degree)

|y
T T

80

Figure 3. (a) TEM image of AgInS, nanocrystals. (b) XRD patterns of
AgInS, nanocrystals (bl) before chemical transformation, and (b2)
after chemical transformation. (c) TEM and (d) HRTEM image of the
Ag-AgInS, heteronanostructures.

ship between Ag and AgInS,. The structural analysis from the
HRTEM images (Figure 3d) reveals that the element Ag could
be extracted from both ends, one end, and the middle of the
AgInS, nanocrystals. Furthermore, when 1 mL TOP was added
into AgInS, solution and reacted for 10 h, the AgInS,
nanocrystals would be completely transformed into Ag
nanocrystals finally (see Figure S4). Why is there no byproduct
of In,S; existence in the final solution? It is probably because of
element indium and sulfur existing in the solution formed
In,S,*” ions as the surfactant, which have been reported by
Talapin et al.''

Ternary nanocrystals of AgFeS, (JCPDS no. 65-2736) and
AgBiSe, (JCPDS no. 74-0842) using the similar methods***"
were also treated under the same conditions. For the AgFeS,
nanocrystals, they also transformed into Ag nanocrystals finally,
as shown in Figure SS. While for AgBiSe, nanocrystals (Figure
S6a), the pure Ag nanocrystals have not been obtained. Based
on the analysis of the XRD pattern (Figure 4a) and TEM
images (Figures 4b and S6b), the final products are the Ag-Bi
core—shell nanocrystals. The analysis of the lattice spacing from
the HRTEM image (Figure 4c) reveals that the (111) planes of
Ag are coincident with the (012) planes of Bi (JCPDS no. 44-
1246). The image obtained by line-scan energy-dispersive X-ray
spectroscopy (Figure 4d) further clearly revealed that the
nanoparticles were core—shell nanostructures consisting of an
Ag core and a Bi shell.

Based on the above experimental results, it can be seen that
Bi®" can also be extracted from the ternary AgBiSe,
nanocrystals. And another question comes whether Bi** can
be extracted from all the Bi-based chalcogenides. So Bi,S;
nanorods®” were synthesized and treated using similar chemical
transformation reaction. From the TEM image (Figure Sa) and
XRD pattern (Figure S7a), it is obvious that the Bi,S; nanorods
were successfully synthesized. For the chemical transformation
process, time-dependent experiments were conducted, as
shown in Figure Sb—f. At the early stage of the chemical
transformation process, the domain of Bi appeared on the tips
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Figure 4. (a) XRD patterns of the AgBiSe, nanocrystals (al) before
chemical transformation, and (a2) after chemical transformation. (b)
TEM image, (c) HRTEM image and (d) EDS line scan profiles of the
Ag-Bi core—shell heteronanostructures.

Figure S. TEM images of the Bi,S; nanocrystals and their
corresponding products after chemical transformation reactions for
different time: (a) Bi,S; and (b) S, (c) 10, (d) 20, (e) 30, and (f) 60

min.

of the Bi,S; nanorods. And then the segment of Bi grew up as
the reaction progressed. Finally, the Bi,S; nanorods dis-
appeared and completely transformed into Bi (JCPDS no.
44-1246) nanocrystals, which was confirmed by the XRD result
(Figure S7b). To expand this reaction, Cu;BiS; nanocrystals
(JCPDS no. 71-2115) were successfully prepared using the
reported solution method (Figure S8a, bl). The same as the
transformation process of Bi,S; nanorods, the domain of Bi also
appeared first on the edge of the Cu;BiS; nanocrystals (Figure
S8c). As the reaction progressed, the segment of Bi grew up
and Cu;BiS; nanocrystals finally transformed into mushroom-
shaped Bi-Cu,S, heteronanostructures, which are based on the
analysis of XRD pattern (Figure S8b) and TEM image (Figure
S8d, 6a).

Compared with AgInS,, after extraction of Bi, Cu,S,
nanostructures are also formed in the final solution. This is
because the binding energy of Cu,S, is very strong in this
situation that is inclined to form this kind of nanostructures.
The characterization by the corresponding HRTEM image
(Figure 6b) further indicates that the mushroom-shaped
nanocrystals are of high crystallinity. The fringe spacing of
the mushroom stalk is clearly discerned to be 2.61 A,
corresponding to the (20 0 1) planes of monoclinic Cu,S,
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Figure 6. (a) TEM image, (b) HRTEM image, and (c) STEM-EDS
elemental mapping images of the products obtained by chemical
transformation of Cu;BiS; nanocrystals.

(JCPDS no. 23-0958). While the fringe spacing of the
mushroom head measured to be 2.79 A, which cannot be
matched with any plane of hexagonal Bi (JCPDS no. 44-1246).
Moreover, the elemental distributions of Bi, Cu, and S in the
two-component heteronanostructures were obtained by STEM-
EDS elemental mapping, as shown in Figure 6c. It is surprising
that the element S exists in both components of the
heteronanostructures. That is, the obtained heteronanostruc-
tures are not Bi-Cu,S, but Bi,S;-Cu,S,. But from the analysis of
XRD pattern, there is no existence of the phase of Bi,S;.
Besides, from the above results, it is very clear that the Bi,S; has
been completely transformed into Bi in the existence of TPP at
the temperature of 220 °C. We proposed that the transformed
products of Cu;BiS; nanocrystals are Bi-Cu,S, heteronanos-
tructures. Bi nanocrystals with low melting point are widely
used for nanowire growth via the solution-liquid—solid strategy
as a catalyst.54 With this unique property, Bi nanocrystals are
very active under the radiation of the high-energy electron
beam. Thus, Bi will react with the sulfur diffusing from the
segment of monoclinic Cu,S, to form Bi,S;-Cu,S, hetero-
nanostructures. That is why we cannot observe the Bi-Cu,S,
heteronanostructures by the analysis of HRTEM and STEM-
EDS elemental mapping. So the fringe spacing of the
mushroom head measured to be 2.79 A should correspond to
the (2 2 1) planes of orthorhombic Bi,S; (JCPDS no. 65-2435).

Previous studies have shown that TOP can transform the
selenium- or sulfur-rich metal chalcogenides into lower
chalcogen compounds through extraction of selenium or sulfur,
such as SnSe,, CoSe,, and NiSe,, which convert to SnSe,
CoySes, and Ni,Se,, respectively.*® While Alivisatos and co-
workers™® reported that TBP, as a soft base, could bind strongly
to Ag* cations in the precursor lattice and form intermediate
complexes to promote the reverse cations exchange in solution
under ambient conditions. In our experiments, we found that
not only Ag-TAP intermediate complexes but also S/Se-TAP
were formed, which will assist the chemical transformation
process. Taking the chemical transformation process of Ag,S
nanocrystals as an example, there is a chemical equilibrium
between Ag,S and Ag* and S*~ in oleylamine solution. TAP, as
a soft base, bound strongly to Ag" cations first in reaction
solution. And then Ag" cations were reduced to Ag by TAP
serving as the reducing agent at high temperatures. This would
break the solubility equilibrium of Ag,S in the solution and
promote the chemical transformation of Ag,S nanocrystals into
Ag nanostructures. However, as for Ag,Se nanocrystals, TPP
cannot transform them to Ag nanocrystals while TOP can,
which means that the binding between Ag" and TAP is not
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enough to transform Ag,Se into Ag. As we mentioned above,
forming S/Se-TAP complexes also contributes to this trans-
formation process. When it comes to the Ag,Te nanocrystals,
neither TPP nor TOP can transform them to Ag nanocrystals,
which indicates that the binding energy between Ag" and Te*~
is stronger than Ag-TAP and Te-TAP. Therefore, the binding
energies between Ag/Bi and S/Se/Te, Ag/Bi and TAP, and S/
Se/Te and TAP are crucial to the transformation process.
Besides, it is similar for the AgInS, and Cu;BiS;. When
extracting Ag from AgInS,, the binding energy of In,S,*” is
strong enough to maintain stable in the solution. While for the
Cu;BiS;, the binding energy of Cu,S, is very strong in this
situation that is inclined to recrystallize to form nanocrystals.
Based on the above experimental results and analysis, it is
obvious that TAP can reduce Ag- and Bi-based chalcogenides
(except telluride) to the zerovalent state. For high-valence
metal chalcogenides (e.g,, SnSe,, CoSe,, and NiSe,), TAP can
just reduce them to low-valence chalcogenides (e.g, SnSe,
CooSeg, and NijSe,). While for Zn- and Cd-based chalcoge-
nides, according to the above experimental results, ZnS
segments will not change after the chemical transformation of
Ag,S-ZnS to Ag-ZnS heteronanostructures. What’s more,
plenty of work has reported that TOP is usually used to
synthesize Cd-based chalcogenides nanocrystals as the capping
agents,'>*>%° especially in the quantum dots synthesis.
Therefore, there is enough evidence showing that TAP has
no effect on Zn- and Cd-based chalcogenides.

Bl CONCLUSIONS

In summary, we have developed a trialkylphosphine-driven
chemical transformation route for the synthesis of metal and
metal sulfide heterostructures with multiple sulfides as the
precursors. The results demonstrated that trialkylphosphine can
extract the Ag" and Bi** from their nanostructural chalcoge-
nides and reduce them to the zerovalent state in solution
reaction. This general chemical transformation strategy has
three important implications. First, it represents a green and
economical synthesis strategy because noble metal Ag can be
recycled through solution process as Ag,S and Ag,Se can be
reduced to Ag completely. Second, it is an addition to the
growing toolbox of fabricating Ag-metal chalcogenides
heteronanostructures which are significant in photocatalytic
and photothermal areas. Ag-Ni;S,, Ag-ZnS, and Ag-AgInS,
heteronanostructures with well-defined morphology can be
synthesized using this method. Third, it provides a new avenue
for the synthesis of composition and shape controllable Bi and
Bi-based nanostructures. For example, Bi-Bi,S; nanorods, Ag-Bi
core—shell nanostructures, and Bi-Cu;S, mushroom hetero-
nanostructures can be obtained by this approach. Such a
colloidal chemical transformation method provides a new
strategy for controlled synthesis of a family of Ag- or Bi-based
metal chalcogenide heteronanostructures, which may have
interesting optical properties or multifunctionalities for
applications in various fields.

B EXPERIMENTAL SECTION

Chemicals. The chemicals sodium diethyldithiocarbamate (Na-
(S,CNE,)), Fe(NO,);-9H,0, Bi(NO5);-5H,0, AgNOs, ZnCl,, BiCl,,
InCl,, sulfur powder, selenium powder, tellurium powder, oleic acid
(0A), 1-dodecanethiol (DDT), triphenylphosphine (TPP), and
tributylphosphine (TBP) were purchased from the Shanghai Reagent
Company (P. R. China). Octadecylamine (ODA, 90%) and oleylamine
(OLA, 70%) were purchased from Aldrich. 1-Octadecene (ODE,

5394

90%), tri-n-octylphosphine (TOP, 90%), acetylacetone copper (Cu-
(acac),), and acetylacetone nickel (Ni(acac),) were purchased from
Alfa Aesar. All chemicals were used as received without any further
purification.

Synthesis of Ag(S,CNEt,), Zn(S,CNEt,),, In(S,CNEt,);, and
Fe(S,CNEt,); Precursors. In a typical reaction for Ag(S,CNEt,),
Na(S,CNEt,)-3H,0 (0.01 mol) and AgNO; (0.01 mol) were first
dissolved in S0 mL of distilled water, respectively. Then, the two
solutions were mixed with stirring in a 250 mL beaker for 2 h. And the
resulting precipitates were collected by centrifugation (5000 rpm, S
min) and washed several times with distilled water, and dried under a
vacuum at 60 °C. Zn(S,CNEt,),, In(S,CNEt,),, Fe(S,CNEt,); were
synthesized by the same way as described above, except that the molar
ratios of Zinc Chloride, Indium Chloride, Iron(IlI) Nitrate to
Na(S,CNEt,)-3H,0 were 1 to 2, 1 to 3, 1 to 3, respectively.

Synthesis of Ag,S, Ag,Se, and Ag,Te Nanocrystals. In a
typical procedure for Ag,S, ODA (1.35 g) and 1.6 mL OA, 32 mL
ODE were added in a 25 mL three-necked flask. Then, Ag(S,CNEt,)
(0.1 mmol) was added to the solution. The mixture was degassed and
heated to 200 °C under nitrogen and kept for 30 min. The products
were collected by centrifugation (8000 rpm, S min) and washed
several times with n-hexane and absolute ethanol. All products in this
paper were collected and washed by the same method. As for Ag,Se, S
mL OLA was added in a 25 mL three-necked flask. The solvent was
heated to 180 °C under nitrogen, 0.2 g AgNO; was added to the
solvent, the mixture was magnetically stirred for 10 min, and 0.048 g
Se Powder was added to the mixture for a magnetically stirring of 30
min. As for Ag,Te, ODA (1.35 g) and 1.6 mL OA, 3.2 mL ODE were
added in a 25 mL three-necked flask. Then, 2 mL of 1 M TOP-Te was
added to the solution. The mixture was degassed and heated to 190 °C
under nitrogen, 0.17 g AgNO; was added to the mixture, and the
mixture grew for 10 min at 150 °C.

Chemical Transformation of Ag,S, Ag,Se, and Ag,Te
Nanocrystals. In a typical procedure for Ag,S, TPP (0.1 g) and
the previous prepared Ag,S nanocrystals were dispersed in S mL OLA
in a 25 mL three-necked flask. The mixture was heated at 90 °C under
vacuum for 20 min and then heated to 220 °C under nitrogen and
kept for 10 min. As for Ag,Se, one-fifth of the above obtained Ag,Se
nanocrystals, TOP (0.1 mL), and S mL OLA were added in a 25 mL
three-necked flask. The mixture was heated at 90 °C under vacuum for
20 min and then heated to 220 °C under nitrogen and kept at for 10
min. As for Ag,Te, the solution was heated to 250 °C under nitrogen
and kept for 1 h.

Synthesis of Ag-Ni3S, Heteronanostructures. In a typical
procedure, Ni(acac), (0.019 g), TPP (0.1 g), and the previous
prepared Ag,S nanocrystals were dispersed in S mL OLA in a 25 mL
three-necked flask. The mixture was heated at 90 °C under vacuum for
20 min and then heated to 220 °C under nitrogen and kept for 30 min.

Synthesis of Ag,S-ZnS Heteronanostructures. In a typical
procedure, the above obtained Ag,S, Zn(S,CNEt,), (0.018 g), and S
mL OLA were added in a 25 mL three-necked flask. The mixture was
heated at 80 °C under vacuum for 20 min and then heated to 150 °C
under nitrogen and kept for 30 min.

Chemical Transformation of Ag,S-ZnS to Ag-ZnS Hetero-
nanostructures. In a typical procedure, TPP (0.1 g) and the previous
prepared Ag,S-ZnS heteronanostructures were dispersed in S mL OLA
in a 25 mL three-necked flask. The mixture was heated at 90 °C under
vacuum for 20 min and then heated to 220 °C under nitrogen and
kept for 30 min.

Synthesis of AgFeS, Nanocrystals. In a typical procedure,
AgNO; (0.017 g), Fe(S,CNEt,); (0.025 g), and S mL OLA were
added in a 25 mL three-necked flask. The mixture was degassed and
heated to 150 °C under nitrogen and kept for 30 min.

Chemical Transformation of AgFeS, to Ag Nanostructures.
In a typical procedure, the above obtained AgFeS,, TPP (0.1 g) and 5
mL OLA were added in a 25 mL three-necked flask. The mixture was
heated at 90 °C under vacuum for 20 min and then heated to 220 °C
under nitrogen and kept for 10 min.

Synthesis of AgInS, Nanocrystals. In a typical procedure,
Ag(S,CNEL,) (0.013 g), In(S,CNE,); (0.028 g), S mL OA, and 11
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mL DDT were added in a 25 mL three-necked flask. The mixture was
heated at 80 °C under vacuum for 20 min and then heated to 200 °C
under nitrogen and kept for 2 h.

Chemical Transformation of AgInS, to Ag-AginS, or Ag
Heteronanostructures. In a typical procedure, TOP (0.2 mL) and
the previous prepared AgInS, nanocrystals were dispersed in S mL
OLA in a 25 mL three-necked flask. The mixture was heated at 90 °C
under vacuum for 20 min and then heated to 250 °C under nitrogen
and kept for 1 h. As for complete transformation, the reaction was kept
at 250 °C for 10h using 1 mL TOP instead.

Synthesis of Bi,S; Nanorods. In a typical procedure, BiCly (0.5
g) and 10 mL OLA were added in a 25 mL three-necked flask. The
mixture was heated at 120 °C under vacuum for 30 min and then
heated to 170 °C under nitrogen and kept for 30 min. Then, 0.25 g S
powder in S mL OLA was injected to the mixture and the mixture
grew for 1 h at 130 °C.

Chemical Transformation of Bi,S; Nanorods to Bi Nano-
crystals. In a typical procedure, one-tenth of the above obtained
Bi,S;, TPP (0.1 g), and S mL OLA were added in a 25 mL three-
necked flask. The mixture was heated at 90 °C under vacuum for 20
min. Then, the mixture was heated under nitrogen to 220 °C and kept
for 2 h.

Synthesis of AgBiSe, Nanocrystals. In a typical procedure,
BiCl; (0.0788 g) and 10 mL OLA were added in a 25 mL three-necked
flask. The mixture was heated under vacuum at 120 °C for 30 min.
Then, the mixture was heated under nitrogen to 180 °C, and 0.0425 g
AgNO; was added to the mixture. After magnetically stirring for 10
min, 0.040 g Se powder was added, and the mixture was kept at 180
°C for 30 min under magnetic stirring.

Chemical Transformation of AgBiSe, to Ag-Bi Core—Shell
Nanostructures. In a typical procedure, TOP (0.2 mL) and half of
the above prepared AgBiSe, nanocrystals were dispersed in S mL OLA
in a 25 mL three-necked flask. The mixture was heated at 90 °C under
vacuum for 20 min. Then, the mixture was heated to 220 °C under
nitrogen and kept for 1 h.

Synthesis of Cu3BiS; Nanocrystals. In a typical procedure, 2.25
mmol Cu(acac),, 0.75 mmol Bi(NO;);-5H,0, and 12 mL OLA were
added in a 25 mL three-necked flask. The mixture was heated at 140
°C under vacuum for 1 h. Then, the mixture was heated to 220 °C
under nitrogen and 2.5 mL 1.2 M of S-OLA was injected, and the
mixture was kept at 220 °C for 30 min under magnetic stirred.

Chemical Transformation of Cu;BiS; to Bi-Cu,S, Hetero-
nanostructures. In a typical procedure, TPP (0.1 g) and one-fifth of
the previous prepared Cu;BiS; nanocrystals were dispersed in 5 mL
OLA in a 25 mL three-necked flask. The mixture was heated at 90 °C
under vacuum for 20 min and then heated to 220 °C under nitrogen
and kept for 10 min.

Characterization. The product was characterized by XRD, using a
Philips X'Pert PRO SUPER X-ray diffractometer equipped with
graphite monochromaticized Cu Karadiation (4 = 1.54056 A). The
operation voltage and current were kept at 40 kV and 400 mA,
respectively. TEM and HRTEM were performed on Hitachi H-7650
and JEOL-F2010 with an acceleration voltage of 200 kV respectively.
STEM EDS element mapping and line scan were carried out on Inca
Oxford equipped on JEOL-F2010.
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