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ABSTRACT: Hybrid nanoparticles show considerable promise with potential
applications ranging across catalysis (including photocatalysis), energy
conversion, and storage. A generalized synthetic procedure for hybrid
nanoparticles is presented. The method offers the flexibility to drive the
products toward different hybrid nanostructure morphologies merely via a
change in the metal anion, under otherwise identical experimental conditions.
Both Ag@CZTS (CZTS = Cu,ZnSnS,) core—shell nanoparticles and Ag,S-
CZTS Janus nanoparticles, along with PbS and Au/AuAg hybrid analogues,
are synthesized using this methodology, highlighting its versatility and
translatability across different materials. The nucleation of the semiconductor
is the critical determining step for the synthesis of a given hybrid product.
Insight into the mechanism of growth for these two morphologies paves the
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way for the rational and generalized synthesis of hybrid nanoparticles.

B INTRODUCTION

Nanoparticles composed of different materials have the
potential to combine multiple properties into a single structure
as well as to access new phenomena as a consequence of the
interplay between the materials or interactions at the interface.
As such, they offer complementary or new properties that
cannot be replicated in pure materials. This, along with their
tunability and multifunctionality, has led to promisin%
applications within photocatalysis and solar light harvesting.'~
Hybrid materials, incorporating both metal and semiconductor
components, have shown particular efficacy in these
applications. Despite this, there are very few synthetic
strategies able to be applied across different metals and
semiconductors to yield hybrid nanoparticles of a specific
morphology.

Hybrid nanoparticles utilizing gold and semiconductors
including CdS, ZnSe, CdSe, and PbS have been successfully
synthesized to generate various morphologies such as Au@
PbS,> Au@CdS,”” Au-ZnSe,® and Au-CdSe’ hybrid nano-
particles. These hybrids have garnered considerable attention
and are widely explored as potential materials for applications
such as photocatalytic water splitting and photogeneration of
charge carriers.”'*™"?

Janus structures, for example, semiconductor—semiconduc-
tor systems, display a “built-in” potential at the semi-
conductor—semiconductor interface. This can be exploited
for the separation and transportation of photogenerated
electron—hole pairs. Consequently, they can greatly improve
charge separation, prevent charge recombination, and lower
the overpotential for electrochemical reactions resulting in
improved photocatalytic activity. Janus nanoparticles are
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generally synthesized using cation exchange approaches.'*
The process includes the diffusion of reactant atoms and
exchange of ions leading to their conversion into the
corresponding material, for example, the exchange of Ag*
ions in CdS, CdSe, and CdTe nanorods generating silver
chalcogenides.'”"® Similarly, CdS—Cu,S nanorods are formed
by partial Cu* exchange.'” The partial or total conversion of
the primary nanocrystals depends on the stoichiometry of the
reactants and experimental parameters such as growth
temperature or time.”

Epitaxial growth of one material over the other to synthesize
core-shell nanoparticles is favored by minimization of the
lattice mismatch between the materials. However, the lattice
mismatch is quite large for metal and semiconductor
materials.”" Plasmonic metallic gold has a lattice mismatch of
almost 43% with semiconductors such as CdSe, increasing the
synthetic complexity for the formation of a high-quality
crystalline shell.”” The large lattice mismatch is caused by
the differences in the crystal structure and different bonding
within different materials. This lattice mismatch inhibits the
epitaxial growth of dissimilar materials, such as single
crystalline semiconductors on metals, impeding the develop-
ment of core—shell nanostructures. This is especially
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challenging for (quasi-) spherical core NPs with highly curved
surfaces exhibiting a wide range of crystallographic facets.”" As
a result, growing semiconductor shells uniformly or epitaxially
onto metals is challenging.

The high cost and scarcity of gold preclude its use in a
variety of applications.” In contrast, silver is a potential, lower-
cost, alternative. It has a higher-quality plasmon resonance
compared to gold along with the advantage of its plasmon
resonance being tunable into the blue region of the visible
spectrum. Despite this, there are only a few reports of hybrid
nanoparticles combining silver and semiconductors. There are
two primary reasons for this. First, silver is less chemically inert
than gold. It has high ionic mobility due to its tendency to
undergo cation exchange, inhibiting the reduction of Ag"* to its
metallic state during the synthesis of hybrid particles.”*
Consequently, silver metal nanoparticles have significant
potential to undergo oxidation or sulfurization.”> Second,
silver has a lattice mismatch of 50%, higher than that of gold,
resulting in nonepitaxial growth and in some cases self-
nucleation of the second material. Both these aspects pose
challenges for the successful synthesis of core—shell nano-
particles incorporating silver, with the former being perhaps
the more challenging.

Quaternary nanocrystals, such as CZTS, being nontoxic and
earth-abundant, are some of the most promising materials for
solar cell absorbers and photocatalysts.”*~*° The molar ratio of
the three cationic precursors affects the phase composition and
crystallinity of the resulting CZTS nanoparticles. Small
deviations from optimal growth conditions lead to the
formation of undesired phases, such as binary or ternary
sulfides (for example, ZnS, Cu,SnS;).”" The formation of these
undesired phases not only affects the morphology and colloidal
stability of the particles but also affects the electronic
properties of CZTS.” This ultimately leads to poorer
performance of the material in optoelectronic applications.
Hybrid nanostructures containing CZTS semiconductor nano-
particles combined with gold to form hybrid Au@CZTS core—
shell nanoparticles and Au-CZTS heterostructures have been
reported.”*”**~*° However, tailoring the size and shape of the
hybrid nanoparticles while maintaining a high yield and
particle uniformity remains complex. The exploitation of the
higher reactivity of silver toward sulfur to yield hybrid Janus
nanostructures, combining Ag,S with CZTS, has also been
achieved.” Unlike the Au@CZTS synthesis,”® this latter
synthesis employs a “traditional synthesis” in the form of
cation-exchange methodology in which Ag" ions are added to
the presynthesized CZTS nanoparticles, followed by cation
exchange of Zn?* and Ag" in the CZTS lattice. The resulting
nanoparticles are highly monodisperse and exhibit a signifi-
cantly enhanced photocatalytic response compared to pure
CZTS. Despite this progress, little is known about the
formation mechanism and therefore the control of the particle
morphology for these hybrid nanoparticles.

We report a generalized methodology for the synthesis of
hybrid nanoparticles. The synthesis strategy drives the
formation of two different morphologies via a simple cation
substitution: Ag@semiconductor metal—semiconductor core—
shell hybrid nanoparticles and Ag,S—semiconductor semi-
conductor—semiconductor Janus nanoparticles. The method is
able to be applied across different semiconductors (CZTS and
PbS) and different metals (Ag, Au, and AuAg). A thorough
investigation into the nucleation and growth mechanisms
shows that chloride counterions play an important role in

facilitating the nucleation of the semiconductor over metal
nanoparticles.

B EXPERIMENTAL SECTION

Materials. Copper(II) chloride dihydrate (CuCl,-2H,0; 99.99%),
copper(Il) acetate (Cu(OAc,); 99%), zinc(II) acetate (Zn-
(CH,;CO,),; 99%), zinc(Il) chloride (ZnCly; 99.99%), tin(IV)
acetate (Sn(CH;CO,)4; 99.9%), tin(IV) chloride dihydrate (SnCl,:
2H,0; 99.99%), lead acetate (Pb (CH;COO0),; 99.9%), lead chloride
(PbCly; 99.9%), oleylamine (OAm; 70%), octadecene (ODE; 90%),
gold(III) chloride (HAuCl,; 99.99%), sulfur (S; >99.99%), silver
nitrate (AgNO;; 99.8%), 1-dodecanethiol (1-DDT; 98%), fert-
dodecanethiol (+-DDT; 99%), and tri-n-octylphosphane oxide
(TOPO; 90%) were purchased from Sigma-Aldrich. Toluene and
ethanol were of analytical grade and obtained from Merck.
Oleylamine and octadecene were degassed and stored in a nitrogen-
filled glovebox prior to use. The remaining precursors and solvents
were used without further purification.

Synthesis. Ag Nanoparticles. The synthesis of Ag nanoparticles
was modified from the reported procedure.”” Briefly, a solution of
silver nitrate (0.03 g, 0.2 mmol) in oleylamine (5.0 mL) was heated to
165 °C for 45 min under a nitrogen flow. During this time, the color
of the solution changed from light yellow to dark brown, indicating
the formation of silver nanoparticles. The solution was cooled down
to room temperature, and the dispersion was used as seeds for the
growth of semiconductor shells without further purification.

AuAg Nanoparticles. The AuAg nanoparticles were synthesized
using the method reported by Wang et al.*® In this synthesis, AgNO;
(0.3 g 2 mmol) was dissolved in octadecene (20 mL) and slowly
heated to 100 °C. Separately, HAuCl, (0.03 g 0.2 mmol) was
dissolved in a mixture of oleylamine (S mL) and octadecene (1 mL).
Once the silver precursor was fully dissolved, the reduced gold
solution was injected into the silver precursor solution at 100 °C. The
temperature of the solution was then increased to 120 °C and held at
120 °C for 1 h. The color of the solution changed from yellow to red,
indicating the formation of AuAg alloy nanoparticles. The solution
was cooled down to room temperature, and ethanol (S mL) was
added. The dispersion was centrifuged at 5000 rcf for 10 min, the
supernatant was discarded, and the nanocrystal precipitate was
dispersed in toluene. This process was repeated twice, and the
product was finally dispersed in toluene.

Au Nanoparticles. HAuCl,-3H,0 (0.03 g, 0.2 mmol) was added to
oleylamine (4.0 mL) and heated to 120 °C under a nitrogen flow for
30 min. The color of the solution changed from yellow to red,
indicating the formation of gold nanoparticles. The solution was then
cooled to room temperature, and ethanol (S mL) was added. The
mixture was centrifuged at 6000 rcf for 10 min, the supernatant was
discarded, and the nanocrystal precipitate was dispersed in toluene.

Ag@CZTS Core—Shell Nanoparticles. Copper(1l) chloride dihy-
drate (0.059 g, 0.35 mmol), zinc(II) chloride (0.048 g, 0.35 mmol),
tin(IV) chloride dihydrate (0.088 g, 0.26 mmol), and TOPO (1 g
2.58 mmol) were dissolved in octadecene (5.0 mL) in a three-neck
round-bottom flask and degassed at 100 °C for ~20 min. The
reaction mixture was heated to 260 °C under N, and maintained at
this temperature for 5 min, following which the temperature was
reduced to 200 °C. At 200 °C, a mixture of 1-DDT (1 mL) and t-
DDT (1 mL) was rapidly injected into the reaction flask, which led to
a decrease in temperature to 165 °C. The alkylthiols were allowed to
mix for 1—2 min. At 200 °C, the freshly prepared silver nanoparticles
were swiftly injected, and the mixture was held at 200 °C for 60 min.
The metal chloride solution changed from green to light green at 130
°C to yellow at above 150—260 °C and finally to black-brown after
sulfur precursor and silver nanoparticle injection at 200 °C (Figure
Sla). After 60 min, the reaction mixture was cooled to 60 °C and
ethanol (3 mL) was added to precipitate the hybrid nanoparticles.
The dispersion was then centrifuged at 4400 rcf for 10 min, and the
supernatant was removed. The precipitate was redispersed in toluene
(10 mL), and ethanol (3 mL) was added to precipitate the
nanoparticles. The resulting dispersion was centrifuged at 4400 rcf
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for 10 min. The process was repeated twice to yield purified
nanoparticles.

Ag,S-CZTS Janus Nanoparticles. Ag,S-CZTS Janus nanoparticles
were prepared using the same method as for Ag@CZTS core—shell
nanoparticles, using acetate as the counterion (i.e., in the absence of
chlorides). Copper(II) acetate (0.032 g, 0.18 mmol), zinc(II) acetate
(0.022 g, 0.12 mmol), tin(IV) acetate (0.024 g, 0.07 mmol), and
TOPO (1 g, 2.58 mmol) were dissolved with ODE (5.0 mL) and
degassed for ~20 min at 100 °C. The reaction mixture was heated to
260 °C under N,. The mixture was maintained at this temperature for
S min before cooling to 200 °C. A mixture of 1-DDT (1 mL) and ¢
DDT (1 mL) was prepared separately and rapidly injected into the
reaction mixture, which led to a decrease in temperature. The
alkylthiols were allowed to mix for 1—2 min, and the solution was
reheated to 200 °C. The freshly prepared silver nanoparticles were
swiftly injected, and the mixture was held at 200 °C for 60 min. The
metal acetate solution changed from blue to green at 130 °C to yellow
after 180 °C and then finally to black-brown after the sulfur precursor
and silver nanoparticle injection (Figure S1b). After 60 min, the
reaction mixture was cooled to 60 °C and ethanol (3 mL) was added
to precipitate the hybrid nanoparticles. The dispersion was
centrifuged at 4400 rcf for 10 min, and the supernatant was removed.
The dispersion was precipitated using ethanol as an antisolvent and
toluene as a solvent. The washing cycle was repeated twice using the
same procedure as previously described, and the product was finally
redispersed in toluene.

Ag@PbS Core—Shell Nanoparticles. Lead chloride (0.056 g, 2
mmol), TOPO (1 g, 2.58 mmol), and octadecene (S mL) were heated
to 100 °C and degassed with N, for 20 min. The solution was heated
to 220 °C under N, and cooled to 200 °C; the color of the lead
precursor solution changed from white turbid to pale yellow. After S
min, a mixture of 1-DDT (0.5 mL) and +DDT (0.5 mL) was injected
into the lead precursor. Just after the alkylthiol injection, the silver
nanoparticles were swiftly injected into the reaction mixture and held
at 200 °C for 60 min, leading to the change in color from pale yellow
to black (Figure S2). After 60 min, the reaction mixture was cooled to
60 °C and ethanol (3 mL) was added to precipitate the reaction
product. The dispersion was centrifuged at 4400 rcf for 10 min, and
the supernatant was removed. Using ethanol as an antisolvent and
toluene as a solvent, the washing procedure was repeated twice using
the same procedure as previously described.

Ag,S-PbS Janus Nanopatrticles. Lead acetate (0.028 g, 1 mmol),
TOPO (1 g, 2.58 mmol), and octadecene (S mL) were heated to 100
°C and degassed with N, for 20 min. The solution was heated to 220
°C under N, and cooled to 200 °C. After S min at this temperature, a
mixture of 1-DDT (0.5 mL) and +-DDT (0.5 mL) was added to the
reaction solution, followed by the silver nanoparticle injection at 200
°C (Figure S2). The temperature was increased to 220 °C, and the
mixture was held at 220 °C for 60 min. The solution was cooled to 60
°C. The dispersion was centrifuged at 4400 rcf for 10 min, and the
supernatant was removed. The precipitate was redispersed in toluene
(10 mL), and ethanol (3 mL) was added to precipitate the
nanoparticles. The resulting dispersion was centrifuged at 4400 rcf
for 10 min. The process was repeated twice to obtain purified
nanoparticles.

AuAg@CZTS Core—Shell Nanoparticles. Copper(Il) chloride
dihydrate (0.059 g, 0.35 mmol), zinc(II) chloride (0.048 g, 0.35
mmol), tin(IV) chloride dihydrate (0.088 g, 0.26 mmol), and TOPO
(1 g 2.58 mmol) were dissolved in octadecene (5.0 mL) in a three-
neck round-bottom flask and degassed with N, at 100 °C for ~20
min. The reaction mixture was heated to 260 °C under N, and
maintained at this temperature for S min over which time the color
changed from light green to pale yellow to light brown. The
temperature was reduced to 200 °C. At 200 °C, a mixture of 1-DDT
(1 mL) and +DDT (1 mL) was rapidly injected into the reaction
flask. Following the DDT injection (1—2 min), the AuAg alloy
nanoparticles were swiftly injected and the mixture was held at 200 °C
for 30 min. After 30 min, the reaction mixture was cooled to 60 °C
and the washing procedures were followed twice as described above.

Au@CZTS Core—Shell Nanoparticles. Copper(1l) chloride dihy-
drate (0.059 g, 0.35 mmol), zinc(II) chloride (0.048 g, 0.35 mmol),
tin(IV) chloride dihydrate (0.088 g, 0.26 mmol), and TOPO (1 g,
2.58 mmol) were dissolved in octadecene (5.0 mL) in a three-neck
round-bottom flask and degassed at 100 °C for ~20 min. The
reaction mixture was heated to 260 °C under N, and maintained at
this temperature for S min over which the color changed from light
green to pale yellow to light brown. The temperature was reduced to
200 °C, and a mixture of 1-DDT (1 mL) and +-DDT (1 mL) was
rapidly injected into the reaction flask. After DDT injection (1-2
min), the freshly prepared Au nanoparticles were swiftly injected and
the mixture was held at 200 °C for 30 min. After 30 min, the reaction
mixture was cooled to 60 °C and the washing procedures were
followed twice as described above.

Instrumentation. Transmission electron microscopy and high-
resolution transmission electron microscopy (TEM and HRTEM)
were carried out using an FEI Tecnai T20 microscope with a LaB6
filament, operating at an accelerating voltage of 200 kV at room
temperature. STEM images were collected using high-angle annular
dark-field (HAADF) and bright-field (BF) modes with a Gatan
Ultrascan 1000 high-resolution CCD camera. EDS mapping was
carried out using an FEI Tecnai F20 microscope with a thermal
emitter, operated at an accelerating voltage of 200 kV at room
temperature. STEM images were obtained using a Gatan Ultrascan
1000 high-resolution CCD camera. The EDX signal was collected
using the Bruker X-Flash X-ray detector with an energy resolution of
123 eV.

Absorption spectra were acquired on an Agilent Cary 60 UV—vis
spectrometer in a 1 cm path length quartz cuvette.

X-ray diffraction (XRD) was performed using a Bruker D8 Advance
diffractometer equipped with a Cu Ka (Ka = 1.54 A) radiation
source, operated at 40 kV and 40 mA. The sample was prepared by
deposition of the nanoparticle dispersion onto a glass substrate. The
samples were completely dried prior to measurements.

X-ray photoelectron spectroscopic (XPS) analysis was performed
using a Nexsa Surface Analysis System (Thermo Fisher Scientific)
with a monochromated Al-Ka source at a power of 180 W and a
hemispherical analyzer operating in the fixed analyzer transmission
mode. During analysis, the pressure in the main vacuum chamber was
less than 10~ mbar. High-resolution XPS spectra were collected at a
pass energy of 200 and 50 eV and a step size of 1 and 0.1 eV,
respectively.

TEM Grid Preparation. A 20 uL aliquot of the colloid was drop-
casted onto the holey carbon film supported on Cu TEM grids (Ted
Pella) and allowed to dry for S min. Following deposition, the grid
was washed by rinsing with toluene to remove any organic
contaminants. For STEM—EDS of copper-containing CZTS-based
nanoparticles, SiN; grids were used to avoid the copper background
for the chemical mapping of CZTS nanoparticles.

Sample Preparation for XPS. Samples were drop-casted onto a Si
wafer and allowed to dry. The samples were mounted to the sample
holder such that no electrical contact with the instrument ground was

established.

B RESULTS AND DISCUSSION

Synthesis. The generalized methodology for the synthesis
of different hybrid nanoparticle morphologies across different
materials is presented in Scheme 1. The formation of either
core—shell or Janus nanoparticles is accomplished by
considering the surface chemistry of the metallic seed and
the reactivity of the copper precursor along with alkylthiols for
CZTS. The reaction is driven toward one morphological
product (over the other) purely by utilizing different
counterions for the metal—semiconductor precursors:chloride
precursors favor the formation of core—shell structures (left
arrow, Scheme 1), while the use of acetates results in Janus
nanoparticles (right arrow, Scheme 1).
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Scheme 1. Synthetic Method Using Metal Chlorides as
Counterions to Synthesize M@Semiconductor Core—Shell
Nanoparticles and Metal Acetates to Synthesize M,S—
Semiconductor Janus Nanoparticles”

Metal Chlorides Metal Acetates
<4 —-_—)

M= Ag, Au, AuAg

M@Semiconductor Semiconductor = CZTS, PbS

core-shell nanoparticles

M,S-Semiconductor
Janus nanoparticles

“The metal nanoparticles employed in this study are Ag, Au, and
AuAg alloys and are represented as symbol “M”, while the
semiconductor used here are CZTS and PbS to generate hybrid
nanoparticles. “M,S” represents the transformation of metal to metal

sulfide.

As outlined in Scheme 1, core—shell hybrid nanoparticles
and Janus nanoparticles are synthesized via seed-mediated
growth. Their synthesis method is essentially identical, with the
only difference being the counterion of metal precursors for
the semiconductor constituents. Within this method, freshly
prepared metal nanoparticles are utilized as seeds. The
semiconductor metal anion precursor solution, comprising
metal chlorides for core—shell nanoparticles or metal acetates
for Janus nanoparticles, is heated to facilitate decomposition of
the precursors (260 °C for CZTS-based hybrids). Nucleation
and growth of the semiconductor are initiated by the addition
of the sulfur precursors (1:1 DDT: +-DDT), followed by the
silver nanoparticle seed injection at 200 °C. The hybrid
nanoparticles are grown for 60 min at 200 °C.

Representative TEM and HRTEM images showing the
morphology of the resulting Ag@CZTS hybrid nanoparticles,
grown in the presence of chloride counterions from Ag seeds
with a diameter of 5.5 + 1.0 nm, are shown in Figure 1a,b. The
Ag@CZTS nanoparticles have regular spherical shells with
good monodispersity and a morphological yield (number of
particles of a given morphology/total particles) of 78% (Figure
S3). The core—shell nanoparticles have a diameter of 8.1 + 1.0
nm, with a silver core diameter of 3.9 + 0.9 nm (size
histograms in Figure S4). The growth of the CZTS shell is
nonepitaxial onto the Ag core, and the shell is polycrystalline in
nature. The lattice spacings measured via HRTEM and FFT
are 0.29 nm, corresponding to the {101} planes of CZTS,
indicative of the wurtzite phase of CZTS. The lattice plane of
silver is 0.24 nm, corresponding to the {111} cubic Ag planes.
The peaks observed in the XRD spectra of Ag@CZTS shown
in Figure li are consistent with the HRTEM images, FFT
pattern, and the selected area electron diffraction (SAED)
pattern (Figure lc,d). The three intense peaks observed in
Ag@CZTS core—shell nanoparticles at 20 = 38.12°, 44.30°,
64.45°, and 77.41° correspond to the 111, 200, 220, and 311
planes of cubic silver (JCPDS# 00-071-3762). The major peaks
at 20 = 26.70° (100), 28.10° (002), 30.26° (101), 47.33°
(110), 51.23° (103), and 56.17° (112) are consistent with the
wurtzite phase of CZTS.” EDS—STEM chemical mapping
(Figure SS) and HAADF images (Figure SSa) show the
distribution of Cu (red), Zn (green), Sn (pink), and sulfur
(aqua) elements in CZTS as a concentric shell around the
spherical silver core (blue), confirming the presence of a core—
shell morphology. The diameter of the silver nanoparticle is
reduced from the original size of the seeds (Figure S6a,b) of
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Figure 1. (a) TEM and (b, c) HRTEM images of Ag@CZTS core—shell nanoparticles in the presence of metal chlorides showing a lattice spacing
of 0.295 nm corresponding to wurtzite CZTS. (d) The FFT of the marked area. (e, f) TEM and HRTEM images of Ag,S-CZTS Janus
nanoparticles synthesized in the presence of metal acetates. (g, h) The FFT of the Janus nanoparticles (marked area), showing Kesterite CZTS. (i)
XRD patterns of Ag@CZTS core—shell nanoparticles (brown) and Ag,S-CZTS Janus nanoparticles (blue) and their comparison with kesterite
CZTS (JCPDS# 00-026-0575), simulated wurtzite CZTS, Ag (JCPDS# 00-071-3762), and Ag,S (JCPDS# 00-014-0072).
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5.5 nm to 3.9 nm upon shelling. It is likely that the reduction in
diameter of the metal nanoparticles after injecting into the
chloride-mediated solution is due to etching caused by
chloride ions in the solution. Etching of noble metal
nanoparticles by halide ions has been reported”*™** with the
presence of chloride ions in Ag nanoparticle dispersions
leading to dissolution of the Ag surface atoms via oxidation to
AgCL™** Despite the etching, the Ag nanoparticles retain their
spherical shape.

Janus nanoparticles synthesized by replacing metal chlorides
with metal acetates, using an otherwise identical methodology
compared to that for the core—shell nanoparticles, are shown
in the TEM images in Figure lef. The FFT image (Figure
1gh) shows the {121}, {112}, and {110} AgS planes,
indicating that the metallic Ag seeds have transformed into
semiconductor Ag,S. Unlike enclosed core—shell nanopar-
ticles, the morphological structure appears to be elongated,
with CZTS on the one side and Ag,S distributed at the edge of
the surface of a semiconductor, yielding a CZTS-Ag,S Janus
structure. The CZTS nanoparticles are 182 + 4.3 nm in
diameter, while the diameter of Ag,S is 6.6 + 2.6 nm (size
histograms; Figure S7), with a morphological yield of 94%. It is
to be noted here that Ag,S has a different contrast depending
on the alignment of its crystallite w.r.t. the electron beam, and
so some particles, which initially “appear” to have no Ag,S, can
be seen to have it in the differently tilted images (Figure S8).
The Ag,S nanoparticles in the hybrids are larger and more
polydisperse than the Ag cores present in Ag@CZTS core—
shell nanoparticles (Figure S9). HRTEM of Ag,S-CZTS Janus
nanoparticles shows that the polycrystalline CZTS has a lattice
spacing of 0.31 nm, attributed to 112 planes of kesterite CZTS,
in contrast to the wurtzite CZTS present in Ag@CZTS.
Consistent with HRTEM, the major lattice spacings in the
FFT pattern match kesterite CZTS (Figure 1g). XRD spectra
of Ag,S-CZTS Janus nanoparticles have (Figure 1i) peaks at 26
= 34.38° (—121), 34.70° (022), 36.80° (121), and 37.71°
(—103), matching with the monoclinic crystal phase (JCPDS#
00-014-0072) of Ag,S. Weak peaks are also observed at 40.73
and 43.40°, attributed to the 031 and 200 planes of Ag,S. The
intense CZTS peaks (JCPDS# 00-026-0575) observed at
28.53° (112), 47.33° (220), 56.17° (312), and 76.44° (332)
correspond to those of the kesterite phase.””*> The type of
capping ligands, reactivity of the precursors, and their
interaction with other metal cations are known to strongly
influence the crystallographic phase of CZTS.**™*’ The
formation of binary sulfide (Cu,_xS) nuclei determines the
formation of wurtzite or kesterite phase. Sulfur precursors with
high reactivity such as elemental sulfur generally result in the
form of kesterite phase. The wurtzite CZTS phase using metal
chlorides as precursors™ (core—shell nanoparticles) is
consistent with the reported CZTS phase. The EDS—STEM
line scan and chemical map (Figure S10ab) of the Janus
nanoparticles show the presence of Cu, Zn, Sn, and S in the
CZTS section of the nanoparticle, with Ag and S mainly
distributed on the opposite side of the particle, consistent with
the expected results for Janus nanoparticles. Some diffusion of
silver ions into the CZTS lattice is also apparent.

The absorption spectra of Ag@CZTS and Ag,S-CZTS in
Figure 2 show that the Ag nanoparticle seeds have an intense
localized surface plasmon resonance at 420 nm and CZTS
nanoparticles show absorption extending into the near-infrared
region. Ag@CZTS exhibits a broad absorption and a red shift
in the localized surface plasmon resonance at 500—700 nm,
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Figure 2. Absorption spectra of Ag@CZTS nanoparticles (blue),
Ag,S-CZTS Janus nanoparticles (green), and their comparison with
bare Ag nanoparticles (seeds) and CZTS nanoparticles.

consistent with the literature for metal—semiconductor-based
core—shell nanoparticles.”**" In comparison to Ag@CZTS$
core—shell nanoparticles, no plasmon peak is observed in the
absorption spectra of Ag,S—CZTS Janus nanoparticles,
indicating that the nanoparticles do not contain areas of pure
silver metal, consistent with the silver seed becoming sulfurized
to form Ag,S.

The elemental composition of the hybrid nanoparticle, along
with oxidation states, is also consistent with the formation of
core—shell and Janus particles. The average ratio of Cu/Zn/
Sn/S in Ag@CZTS nanoparticles is close to 2:1:1:4, consistent
with the literature.”” >* The atomic composition determined
using XPS, ICP-MS, and STEM—EDS is listed in Table S1.
Some discrepancies are observed for sulfur, where the ratio of
sulfur is found to be higher than predicted, particularly with
ICP-MS (Table S1). This is likely because of the low signal-to-
noise ratio and the lower detection limit for sulfur. Ag@CZTS
nanoparticles are slightly Cu-poor, with a composition ratio of
Cu/(Zn + Sn) just less than 1 (0.88; average) Sn-rich and Zn-
poor, with Sn/Zn over 1 (1.27). These slight differences in
CZTS stoichiometry (compared to 2:1:1:4 for Cu/Zn/Sn/S)
are consistent with reports for the stoichiometry found for pure
CZTS nanoparticles synthesized using chloride counter-
ions.*”>> CZTS in the Janus nanoparticles is also found to
be Sn-rich or Zn-poor, as apparent from the Sn/Zn ratio
(Table S1). Cu is within the stoichiometric ratio, as deduced
from the ratio of Cu/(Zn + Sn) being close to 1. Janus
nanoparticles are also found to have a higher composition ratio
of sulfur (more than 50%). However, analysis of the average
ratio of sulfur in CZTS is difficult to determine because of the
presence of sulfur in both Ag,S and CZTS nanoparticles. High-
resolution X-ray photoelectron spectroscopy (XPS) shows
copper, zinc, tin, and sulfide of CZTS in both core—shell
nanoparticles and Janus nanoparticles to be mostly present as
Cu(I), Zn(II), Sn(IV), and sulfide (Figures S11—S14). The
silver core is found to be Ag(0) for the Ag@CZTS core—shell
nanoparticles, whereas silver present in the Janus nanoparticle
is in the form of Ag(I), consistent with silver sulfide (Figure
S15). No other CZTS phase impurities are observed, except
for some oxidation of Cu, Zn, and Sn which can also be
observed in Ols spectra (Figure S16). Oxidation could have
occurred during nanoparticle washing, sample preparation, or
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Figure 3. (a) Schematic illustration of the formation of Ag@CZTS core—shell nanoparticles with metal chlorides as precursors; TEM images of the
aliquots taken during the growth process after sulfur precursor addition to the reaction solution with metal chlorides as precursors; (b) 1 min
representing the core—shell nanoparticle formation; (c) 20 min and (d) after 40 min; (e) schematic illustrating the formation of Janus
nanoparticles using metal acetates as precursors; and (f) 1 min, (g) 20 min, and (h) 40 min after sulfur precursor injection.

storage of the sample in ambient conditions. A list of elements
and oxidation states is given in Table S2.

Reaction Mechanism. To rationalize and generalize
synthetic methods for the formation of hybrid nanostructures,
an understanding of the mechanistic factors governing their
final morphology is required. The identity of the counterion,
the differentiating factor between the formation of the different
hybrid morphologies, modifies the nucleation of CZTS. Figure
3 shows TEM images of intermediate species during the
reactions undertaken with different counterions. Images taken

1 min (Figure 3b) following the injection of the silver
nanoparticles show that the nucleation of CZTS in the
presence of chloride counterions occurs on the seeds, while in
the absence of chloride ions (i.e., in the presence of acetates),
CZTS self-nucleates, rather than forming on the metal
nanoparticles. The scheme illustrated in Figure 3a,e describes
the mechanism of formation of Ag@CZTS core—shell and
Ag,S-CZTS Janus nanoparticles. The difference in the
nucleation point of the semiconductor controls the morphol-
ogy of the final products, and this, in turn, is controlled by the
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surface chemistry of the seed and reactivity of the copper
precursor.

For the Ag@CZTS core—shell product after 1 min (Figure
3b), the thickness of the CZTS shells on the Ag seeds is ~1.5—
2.0 nm and the diameter of the core—shell nanoparticles is
~4.6 nm. The silver core diameter is reduced from the seed
diameter (5.5 nm) to 3.9 + 1.8 nm. It is difficult to accurately
determine the thickness of the CZTS shell due to the low
crystallinity of the sample, leading to poor contrast differences
in the early growth stages of the shell. At 20 min after seed
injection (Figure 3c), the CZTS shells are irregular (particle
diameter of ~4.0—5.0 nm); however, they grow to yield a
uniform and complete shell by 40 min, resulting in over 70%
Ag@CZTS core—shell hybrid nanoparticles (Figure 3d).

When acetates are used as the counterions (Figure 3f—h),
within 1 min, in contrast to that observed with chlorides as
counterions, a highly polydisperse colloid is formed with a
bimodal size distribution (Figure S17a). The smaller particles
have a diameter of 1.2 + 32 nm (Figure S17b). The
population with a larger size has a diameter of 6.4 + 1.7 nm
(Figure S17c), just slightly larger than the diameter of the
silver seeds (5.5 nm). At 20 min, the nanoparticles are much
more uniform in size, with the smaller particles disappearing
and a clear appearance of areas of different contrasts within
many nanostructures. Irregularly shaped nanoparticles are also
present, and the particles are relatively polydisperse. At 40 min
following seed injection, Janus nanoparticles are the dominant
product.

While the interpretation of the composition of the
populations observed at 1 min (Figure 3f) is difficult, we
suggest that the smaller nanoparticles are self-nucleated CZTS,
while the larger nanoparticles are derived from the Ag seeds,
which might be expected to grow in size slightly upon
sulfurization. This colloid is quite different from that of the
core—shell particle synthesis at 1 min (Figure 3b), which
shows no evidence of small nanoparticles, consistent with the
growth of a CZTS shell (as observed in the TEM at 1 min)
rather than self-nucleation of the CZTS. The small particles
observed in the synthesis for the Janus nanostructures have
disappeared by 20 min, presumably due to further growth.

Chloride ions are known to be surface-active species with a
significant propensity to adsorb onto metallic surfaces.*"**™>*
As a result, chloride ions in the solution, present as counterions
from the CZTS metal precursors, would be expected to adsorb
on the surface of silver nanoparticles. This surface chemistry,
formed in the presence of chloride counterions, facilitates the
nucleation of Cu,S onto the seed and the growth of CZTS
onto silver nanoparticles to form core—shell Ag@CZTS. When
acetate precursors are used with silver seeds (from silver nitrate
precursor), there is no source of chloride ion in the synthesis
available for adsorption onto the seeds. This difference in
surface chemistry is one factor that affects the growth
mechanism (and therefore reaction products), resulting in
the formation of Janus nanoparticles rather than core—shell
nanoparticles when acetate counterions are used.

This hypothesis is further supported by the synthetic
methods reported for Au@CZTS carried out using acetate/
acetylacetonate counterions for the CZTS precursors.”® Au
seeds for Au@CZTS are synthesized from their chloride
precursor, resulting in chloride ions adsorbed onto the gold
nanoparticle surface prior to their injection into the CZTS
precursor solution. Due to the highest chalcophilicity of Cu, it
is reasonable to assume that the nucleation of Cu,_xS onto the

metal nanoparticles should occur first for the CZTS shells,
similarly to the growth of CZTS itself, followed by the
incorporation of Zn and Sn into the Cu,_ xS lattice.*>*7%°

The higher reactivity of the CuCl, precursor relative to that
of Cu(OAc),, combined with the surface chemistry of the seed,
is proposed to lead to rapid adsorption of the copper (sulfide)
precursor onto the seed surface. The rapid depletion of the
copper precursor prevents it from becoming concentrated
enough to undergo significant self-nucleation (with the sulfur
precursor). In contrast, the lower reactivity of the Cu(OAc),
precursor toward the oleylamine-passivated seed (compared to
those of the chloride system) allows the copper precursor to
build to concentrations above the critical nucleation
concentration, ultimately resulting in CZTS self-nucleation
and formation of Janus hybrid nanostructures.

Syntheses using metal precursors with a combination of
chloride and acetate counterions generally form core—shell
morphologies,™ although with lower yields (Figure S18c). The
morphological yield of core—shell hybrid nanoparticles
obtained with a mixture of Cu(II) acetate, Zn(II) acetate,
and Tin(IV) chloride precursors (Figure S18c) is lower (27%)
than that with all chloride precursors (shown in Table S3).
Under conditions where the only chloride source is the more
reactive CuCl, (compared to the acetate complex), the yield of
core—shell hybrid forms remains high. This highlights the
importance of rapid reduction in copper precursor concen-
tration to prevent self-nucleation.

The formation of Ag,S in Janus nanoparticles could be due
to the diffusion of sulfur ions from CZTS into an adjoining
(adsorbed) Ag nanocrystal or by sulfurization of Ag seeds prior
to adsorption of Ag,S onto the independently nucleated CZTS
nanoparticles. The latter is more likely to be formed given the
observed rapid initial increase in the size of the silver
nanoparticle seeds. Ultimately, the Ag,S nanocrystals are
adsorbed onto the surface of CZTS, leaving a small percentage
of isolated Ag/Ag,S nanoparticles as byproducts and the Ag,S-
CZTS Janus nanoparticles with an elongated morphology as
the dominant product (Figure 3h). Similar Janus nanoparticles
have been synthesized by the addition of Ag" ions into a
solution containing preformed CZTS nanoparticles,3 and the
Zn®" ions are preferentially exchanged by Ag’, generating
elongated Ag,S-CZTS Janus nanoparticles. Control experi-
ments adding Ag* (in the form of AgNOj;), rather than the
presynthesized silver nanoparticles, to presynthesized CZTS
nanoparticles also show the formation of Janus particles with
similar morphology (Figure S19a—c). However, the morpho-
logical yield obtained with this method is comparatively lower
(53%) and the particles are more irregular than those obtained
using the synthetic method with silver seeds.

The use of TOPO as the coordinating solvent in the reaction
system is also found to be critical for obtaining a high yield of
Ag@CZTS core—shell nanoparticles. TOPO, in general, is
known to increase the crystallinity of semiconductor nano-
particles and also regulates the reactivity of metal precursors,
improving sample monodisgersity and achieving controlled
nucleation of metal sulfides.’®” In the absence of TOPO, the
injected DDT regulates the reactivity of metal precursors,
yielding core—shell nanoparticles with a morphological yield of
40% and the remaining self-nucleated irregular CZTS nano-
particles (Figure S20b). The use of TOPO along with ODE
and DDT in the reaction system enables more precise control
of the particle shape, resulting in a homogeneous coating of the
seeds and the formation of spherical shells, yielding 78% of
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Figure 4. TEM images of the Ag@CZTS core—shell hybrid nanoparticles synthesized with (a) elemental sulfur, (b) only 1-DDT, and (c) a mixture

of 1-DDT and +DDT.
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core—shell nanoparticles (Figure S20a). The synthesis of Janus
nanoparticles is also carried out in the presence of TOPO;
however, no changes are observed compared with those
synthesized in the absence of TOPO (Figure S20c,d). This is
likely due to the fact that TOPO acts as a coordinating solvent
for the formation of the crystalline CZTS, which, as outlined
above, for Janus particles occurs via self-nucleation due to the
use of the lower reactivity of the acetate precursors.

Similarly, we have found that the use of a mixture of
alkylthiols (as a source of sulfur) in the reaction solution is
crucial for the formation of core—shell hybrid nanoparticles,
although CZTS nanoparticles are also able to be formed using
elemental sulfur and dithiocarbamates.””** The morphology of
the nanoparticles obtained using elemental sulfur as the sole
sulfur precursor is not core—shell but instead irregular,
presumably self-nucleated CZTS nanoparticles, as shown in
Figure 4a. The dissolved elemental sulfur exists as an
alkylammonium polysulfide, which then transforms into H,S
by reacting with excess oleylamine in the solution to generate
metal sulfides much faster than alkylthiols. Alkylthiol, however,

slows down the reactivity of metal precursors by forming
complexes with metal ions such as metal thiolates.”* They
promote a controlled reaction important for the nucleation
control of CZTS onto the Ag core, ultimately leading to core—
shell nanoparticles. The 1-DDT is used as a sole sulfur
precursor for the formation of chalcogenide-based disk-shaped
and bullet-like morphologies.'® It acts as both a sulfur source
and a ligand, minimizing the surface area of the high-energy
(112) plane and promoting the growth of (100) nanocrystal
facet growth. Consistent with this, larger and irregular bullet-
like nanoparticle byproducts are apparent when using 1-DDT
as the sulfur source, as shown in Figure 4b, along with a low
yield of core—shell hybrid nanoparticles. It is likely that the t-
DDT has a higher chemical potential and being a more reactive
counterpart of 1-DDT, the combination (1-DDT and t+-DDT)
offers the balance necessary for the formation of CZTS-based
core—shell nanoparticles (Figure 4c). Similar results compared
to those observed for Ag@CZTS are obtained when sulfur is
used to synthesize Ag,S-CZTS Janus nanoparticles (Figure
S21a). This can be attributed to the high reactivity of the sulfur
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precursor toward metal precursors leading to (presumably)
self-nucleation of CZTS nanoparticles. Similarly, using 1-DDT
as a sole sulfur precursor yielded Janus nanoparticles along
with some elongated and irregular bullet-shaped CZTS
nanoparticles (Figure S21b).

The tuning and balance of reactivity of the precursors is an
important aspect of the successful synthesis of core—shell
particles in high yield. The results show that the higher
reactivity of the copper precursor is important (along with the
surface chemistry of the seed); however, this is contrasted with
the mitigation of the reactivity by TOPO and the reactivity of
the alkylthiol. The formation of Janus particles, which involves
the sulfurization of the Ag nanoparticles, suggests that
nucleation/growth of the CZTS onto Ag nanoparticles is in
competition with sulfurization of the Ag nanoparticles and self-
nucleation of the CZTS. The lower reactivity of the alkylthiol
precursor (compared to elemental sulfur sources) moderates
the rate of sulfurization of the Ag nanoparticles. It also
moderates the reactivity of the metal (copper) precursors in
combination with the TOPO. It can be concluded that it is a
very fine balance of the reactivity of the metal, chalcogenide,
and thiol precursor, combined with the surface chemistry of
the seed, which drives the reaction toward the formation of
core—shell nanoparticles or Janus semiconductor nanostruc-
tures.

Generalization of the Synthetic Method. There is a
need for a more general synthetic approach targeted at specific
hybrid morphologies. To highlight the generality of the
synthetic procedure reported here across different semi-
conductors and metal cores, it is successfully applied to
synthesize Ag@PbS core—shell nanoparticles, AuAg@CZTS$
core—shell nanoparticles, and Au@CZTS core—shell nano-
particles. Under the same experimental conditions, in the
presence of chloride counterions and within 30 min of growth
time, CZTS shells are grown onto both AuAg alloy
nanoparticles and Au metal nanoparticles. Similarly, PbS shells
grow onto Ag metal nanoparticles with a growth time of 60
min. As for the CZTS analogue, the synthesis of PbS shell is
performed using a mixture of +-DDT and 1-DDT as sulfur
sources, unlike pure PbS nanoparticles, which are commonly
synthesized using elemental sulfur.>~’

TEM and HRTEM images in Figure S show that products
obtained have a core—shell morphology with highly crystalline
PbS shells, generating Ag@PbS core—shell nanoparticles with a
morphological yield of 84%, AuAg@CZTS core—shell nano-
particles with a yield of 76%, and Au@CZTS core—shell
nanoparticles with a yield of 88%. The HRTEM (Figure Sa,b)
shows that the Ag@PbS core—shell is 8.1 + 1.0 nm in
diameter, while AuAg@CZTS is 7.8 + 2.0 nm (Figure Sgh)
and Au@CZTS is 21.2 + 2.0 nm (Figure Sjk). Similar to the
Ag@CZTS nanoparticles, the diameter of the AuAg core
reduces slightly from 6.5 + 1.5 to 4.3 + 1.8 nm and for Au
from 11.8 + 1.7 to 10.5 + 1.1 nm, while the Ag core reduces
from 5.5 + 1.0 to 3.1 + 1.0 nm for Ag@PbS core—shell
nanoparticles. The formation of PbS shells around Ag cores
results in a shift of the plasmon peak from 420 nm for the Ag
nanoparticles to a broad peak from 550 to 800 nm for Ag@PbS
core—shell nanoparticles and 550 t0750 nm for AuAg@CZTS
and Au@CZTS (Figure Scji,l).

Ag,S-PbS Janus nanoparticles are synthesized through
nucleation of PbS from lead acetate and 1:1 DDT/t-DDT in
the presence of silver nanoparticles, as shown in the TEM
image in Figure 5d,e. The diameter of the Ag,S particles is 5.46

+ 1.7 nm, while the diameter of PbS is 14.04 + 3.9 nm. Similar
to Ag,S-CZTS, the absorption spectrum of the Ag,S-PbS Janus
nanoparticles, shown in Figure 5f, shows no evidence of a silver
plasmon resonance, consistent with the silver becoming
sulfurized.

Janus particles are not observed to form when the metallic
seed contains gold, even when metal acetates are employed as
the precursors for CZTS.* This is likely due to the presence of
chloride ions in the gold precursor used for the preparation of
the Au nanoparticle, AuCl;.*® Gold(III) chloride is a
commonly used precursor for the synthesis of Au nano-
particles; however, using this precursor introduces chloride
ions into the solution. Reproducing the synthesis of Au@
CZTS core—shell nanoparticles using gold oxide for the
synthesis of the gold seeds and metal acetates results in the
synthesis of nanoparticles similar to Janus nanoparticles
(Figure S22a,b).

B CONCLUSIONS

We present a general strategy for the synthesis of hybrid
nanoparticles of different morphologies composed of plas-
monic metals (Ag, Au, and AuAg alloy) and the semi-
conductors CZTS and PbS. The formation of Ag@semi-
conductor core—shell nanoparticles is mediated by the
presence of chloride ions in the solution. Chloride ions
improve the nucleation of the semiconductor phase onto the
surface of the metal core. Subsequent growth of the CZTS
results in the formation of a core—shell morphology. The
hybrid nanostructures synthesized have a nonepitaxial interface
but are highly crystalline. The growth mechanism relies on
finely balancing the reactivity of the metal precursors, thiol
precursors, and surface chemistry of the seeds. Changing the
metal precursors from chlorides to acetates, in contrast, results
in the formation of Ag,S—semiconductor Janus nanoparticles.
The use of metal acetates results in the self-nucleation of
CZTS as a consequence of the lower reactivity of the acetate
precursors (compared with the chlorides). Silver sulfurizes in
the presence of sulfur and is converted to Ag,S, which is
adsorbed on the CZTS surface forming an elongated Janus-like
morphology. Understanding the mechanism of growth of these
different structures combined with the ability to generalize the
synthetic methodology across a range of materials is the first
step in rationalizing hybrid nanostructure synthesis. This
ultimately will allow the development of methods able to be
applied across many metal—semiconductor combinations to
achieve a specific hybrid nanocrystal morphology.
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