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ABSTRACT: We report a universal sulfide-assisted syn-
thesis strategy to prepare dumbbell-like M−Ag hetero-
dimers (M = Pd, Au, Pt). Sulfide ions can give fine control
over the reaction kinetics of Ag precursors, resulting in the
anisotropic overgrowth of Ag to realize the dumbbell-like
heterodimers irrespective of the surface facets or
components of the M domain. The M−Ag heterodimers
were facilely transformed to M−Ag2S heterodimers via a
simple sulfidation reaction. This study provides a versatile
approach to realizing not only metal−metal heterodimers
but also semiconductor−metal heterodimers and will pave
the way for designing heteronanostructures with un-
precedented morphologies and functions.

Themodification of nanostructured semiconductor materials
by controlling their shape,1 doping ions,2 and facets,3 as

well as by hybridizing them with metal nanostructures,4 has been
extensively investigated to develop desirable materials for
practical photovoltaic and photocatalytic applications. In
particular, semiconductors coupled with various metal materials
have demonstrated enhanced photocatalytic activities due to the
effective suppression of the charge recombination of the
semiconductors by metal domains through accepting photo-
generated electrons.4 To fully exploit the advantages of
conjugated metal domains, controlling the facets5 and
components6 of the metal domains is critical. The surface facets
of metal domains associated with their shapes indeed influence
the overall catalytic performance of semiconductor−metal
hybrid nanostructures because transferred electrons to metal
domains participate in catalytic processes.4a,7 In addition, certain
metal components not only trap photogenerated electrons but
also strongly affect the catalytic reaction pathway.8 However,
since different metal components have different inherent
nucleation and growth habits toward semiconductors, the
synthesis of hybrid nanostructures with a well-defined structure
has been limited to one or two kinds of metal element for a
specific semiconductor system.6a,9 As such, the development of a
universal method for the controlled synthesis of semiconductor−
metal hybrid nanostructures irrespective of the facets and
components of the metal domains remains a great challenge, and
its success can offer a wide selection of hybrid structures for
optimizing photocatalytic performance for specifically intended
reactions.

Semiconducting Ag2S nanostructures with a narrow band gap
in the range of 1.4−2.3 eV10 have recently been used in
fabricating electronic and optical devices due to their unique
properties, such as enhanced optical nonlinearity and near-
infrared photoluminescence.11 However, the synthesis of Ag2S−
metal hybrid nanostructures with tailored morphologies has met
with limited success because a lattice strain can be created
between the monoclinic crystal structure of Ag2S and the face-
centered cubic ( fcc) structure of common metal materials, and
Ag2S has a strong tendency to aggregate to yield bulk
precipitates.11a As an alternative approach, converting Ag in
preformed metal−Ag heterodimers to Ag2S via a sulfidation
reaction is very promising for generating hybrid nanostructures
of Ag2S.

12 In this regard, several seed-mediated growth methods
reported in the literature can be considered as a synthetic
protocol to prepare metal−Ag heterodimers.13−16 However, to
our knowledge, there is no general synthetic strategy that can be
used in fabricating metal−Ag heterodimers regardless of the
metal components. Here, we report a novel seed-mediated
synthesis of dumbbell-like metal (M,M= Pd, Au, Pt) nanocube−
Ag heterodimers with the assistance of sulfide ions (S2−). S2− ions
give fine control over the reaction kinetics of Ag precursors and
thereby induce the selective deposition of Ag onto one of the
crystal planes of preformed M nanocubes irrespective of the
metal components, thus realizing selective shape anisotropy in
the form of M nanocube−Ag heterodimers (Scheme 1).
Moreover, we also prepared octahedral nanocrystal−Ag
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Scheme 1. Schematic Illustration of the Sulfide-Assisted
Synthesis of Dumbbell-like M−Ag Heterodimers
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heterodimers using the same protocol, thus verifying that the
proposed sulfide-assisted synthetic strategy can be a universal
method for the controlled synthesis of metal−Ag hybrid
nanostructures regardless of the facets or components of the
metal domain. Most interestingly, dumbbell-like M nanocrystal−
Ag2S heterodimers could readily be prepared from the M
nanocrystal−Ag heterodimers through a facile sulfidation
reaction without the aggregation of Ag2S domains.
In a typical synthesis of M nanocube−Ag heterodimers, Ag

precursors (AgNO3) were reduced by ascorbic acid (AA) on
presynthesized M nanocubes (Figure S1 in the Supporting
Information (SI), where the average edge lengths of Pd, Au, and
Pt nanocubes were 30, 58, and 33 nm, respectively) in an
aqueous solution of cetyltrimethylammonium chloride (CTAC)
in the presence of Na2S (see experimental details in the SI).
Representative transmission electron microscopy (TEM) images
of the products are shown in Figure 1a−c, demonstrating the

successful formation of monodisperse M nanocube−Ag
heterodimers through the asymmetric growth of Ag on M
nanocubes (see also the scanning electron microscopy (SEM)
images of the products shown in Figure S2 in the SI). No
homogeneous nucleation of Ag to form Ag nanoparticles was
observed in any of the samples. The average sizes of the M
nanocube−Ag heterodimers estimated from their long axis
lengths were 70, 87, and 66 nm for Pd, Au, and Pt nanocube−Ag
heterodimers, respectively. The high-angle annular dark-field
scanning TEM-energy-dispersive X-ray spectroscopy (HAADF-
STEM-EDS) elemental mapping images of each M nanocube−
Ag heterodimer show the distinct compositional distribution of
each constituent metal element (Figure 1d−f), unambiguously
revealing the heterodimer structure of the products. The X-ray
diffraction (XRD) patterns of M nanocube−Ag heterodimers
showed characteristic diffraction peaks of individual metal

components that can be assigned to the reflections from the fcc
structure of M and Ag (Figure S3 in the SI).
The presence of the appropriate amount of S2− ions in the

reaction medium is the key synthetic lever for the formation ofM
nanocube−Ag heterodimers. In fact, when the Ag precursors
were reduced on as-prepared M nanocubes without S2− ions
under otherwise identical synthesis conditions, irregular
deposition of Ag on M nanocubes was observed (Figure S4 in
the SI), which may be due to the random heterogeneous
nucleation of Ag. On the other hand, an excess amount of S2−

ions impeded the reduction of Ag precursors (Figure S5 in the
SI). On the basis of these findings, it can be assumed that S2− ions
control the heterogeneous nucleation of Ag by manipulating the
reduction kinetics of Ag+ ions, which results in the growth of Ag
predominantly on one side of the preformed M nanocubes. To
verify the effect of S2− ions on the reduction kinetics of Ag+ ions,
the nucleation of Ag on Pd nanocubes was monitored by
measuring the UV−vis extinction spectra of reaction solutions
with different amounts of S2− ions over the course of the reaction.
The intensity of a typical absorption peak of a Ag nanostructure
at 420 nm was chosen as an index for the degree of Ag nucleation
on M nanocubes. When Ag+ ions were irregularly reduced on Pd
nanocubes in the absence of S2− ions, the nucleation of Ag
initiated in 15 min (Figure S6a in the SI). On the hand, the
nucleation of Ag was delayed by about 5 min when Pd
nanocube−Ag heterodimers were obtained (Figure S6b in the
SI). When the amount of S2− ions was increased by 20-fold
compared to that used in the standard synthesis, the absorption
peak at 420 nm did not appear even after 3 h (Figure S6c in the
SI), which reflected the prohibited nucleation of Ag. These
results indicate that the reduction kinetics of Ag+ ions slows as
the amount of S2− ions increases, and the control over the
reduction/nucleation kinetics of Ag+ ions is crucial for the
formation of M nanocube−Ag heterodimers. This was further
confirmed by a control experiment. Namely, when the reduction
kinetics of Ag+ ions was intentionally accelerated by increasing
the amount of reductant (AA) by 2-fold, with other conditions
kept the same as in the preparation of the Pd nanocube−Ag
heterodimers, inhomogeneous nanostructures instead of dumb-
bell-like heterodimers were generated from the irregular
deposition of Ag on Pd nanocubes (Figure S7 in the SI), as
observed in the synthesis without S2− ions. It is notable that
control over the reduction kinetics of Ag+ ions solely by changing
the amount of AA in the absence of S2‑ ions did not result in the
formation of dumbbell-like M nanocube−Ag heterodimers
(Figure S8 in the SI). On the other hand, control over other
experimental variables that can modify the nucleation/growth
kinetics of Ag, such as the amount of M nanocube precursors,
type of surfactant, and reaction temperature, did not alter the
growth manner of Ag on the M nanocubes (Figure S9 in the SI).
On the basis of these results and findings, we infer that the

random heterogeneous nucleation of Ag can be suppressed in a
sulfide-assisted environment because the Ag precursor is
prevented from freely approaching the M nanocube surfaces
on account of the S2− ions passivating the surface of the
nanocubes. It is well-known that sulfide species can passivate Pd,
Au, and Pt surfaces due to its binding affinity to metal.17 The role
of sulfide in the formation of M nanocube−Ag heterodimers was
further verified by our observation that similar heterodimer
structures were generated when other sulfide species, such as
NaHS, was used in the synthesis instead of Na2S (Figure S10 in
the SI). Once the nucleation of Ag occurs on a relatively exposed
surface of nanocubes, Ag overgrows selectively on one side of the

Figure 1. (a−c) TEM and (d−f) HAADF-STEM-EDS elemental
mapping images of (a,d) Pd nanocube−Ag heterodimers, (b,e) Au
nanocube−Ag heterodimers, and (c,f) Pt nanocube−Ag heterodimers.
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nanocubes, which leads to the generation of dumbbell-like
structures. In fact, TEM measurements on samples taken from
early in the reaction confirmed the nucleation of Ag primarily on
one side of the nanocubes (Figure S11 in the SI). This proposed
formation mechanism is schematically illustrated in Scheme 1.
The proposed sulfide-assisted synthetic strategy is not limited

tometal nanostructures with specific facets, though halide ions or
surface-stabilizing agents, such as iodide,18 bromide,19 citrate,20

and poly(vinyl pyrrolidone) (PVP),20 adsorb preferentially on
specific surface facets of nanostructures. For instance, when Pd
nanooctahedra enclosed by {111} facets (Figure S12 in the SI)
were used as seeds instead of Pd nanocubes with {100} facets, Pd
nanooctahedron−Ag heterodimers were readily prepared in the
same way (Figure S13 in the SI). This demonstrates that the
proposed method can be employed generally to generate shape-
controlled metal nanostructure−Ag heterodimers irrespective of
the kind of component or shape of the metal nanostructures,
while previous strategies have not succeeded in fabricating
heterodimers with a variety of metal combinations and
morphologies.
After the formation of M−Ag heterodimers, passivating S2−

ions on the metal domains were effectively removed through
repeated washing by centrifugation with deionized water. In fact,
sulfur was not detected in the elemental analyses for the purified
M−Ag heterodimers using an inductively coupled plasma-atomic
emission spectrometer (ICP-AES) (Table S1 in the SI), which
indicates that the amount of S atoms adsorbed on the
heterodimers was less than the detection limit, if any.
Furthermore, X-ray photoelectron spectroscopy (XPS)measure-
ments on the synthesized M−Ag heterodimers revealed that Pd,
Au, and Pt exist in single metallic states (Figure S14 in the SI).
These results indicate that the inherent surface properties of the
metal domains were not modified after the formation of
heterodimers.
By using the synthesized M−Ag heterodimers as starting

materials, M−Ag2S heterodimers could readily be prepared
through a sulfidation reaction, where Ag was transformed to Ag2S
by reacting the M−Ag heterodimers with an aqueous solution of
Na2S at room temperature (see experimental details in the SI).12

During the sulfidation reaction, PVP was used as a stabilizer to
protect the surface of the Ag2S domains from aggregation;
otherwise, severe agglomeration between heterodimers was
observed (Figure S15 in the SI). As shown in Figure 2, M
nanocube−Ag2S heterodimers preserved the original shape of M
nanocube−Ag heterodimers overall. The EDS elemental
mapping images of each M nanocube−Ag2S heterodimer further
showed that individual components were confined in the form of
dumbbell-like heterodimers. In the elemental mapping images of
Au− and Pt−Ag2S heterodimers, the S component seems to be
distributed among all the domains. However, this is due to the
similar EDS peak position of S (Kα at 2.307 keV) with those of
Au (Mα at 2.120 keV) and Pt (Lα at 2.048 keV). The XRD
patterns of M nanocube−Ag2S heterodimers showed character-
istic diffraction peaks associated with the monoclinic structure of
Ag2S together with those from the fcc structure of Pd, Au, and Pt,
while no peak from the Ag was observed (Figure 3), which
unambiguously reveals the successful formation ofM nanocube−
Ag2S heterodimers without the transformation ofM components
into corresponding metal sulfides. On the other hand, Pd
nanooctahedron−Ag heterodimers could also be converted
successfully into Pd nanooctahedron−Ag2S heterodimers via the
sulfidation reaction (Figure S16 in the SI).

In summary, we developed a universal sulfide-assisted method
to synthesize dumbbell-likeM−Ag heterodimers. In this method,
sulfide ions play a pivotal role in tailoring the nucleation kinetics
of Ag onto preformed metal nanocrystals, resulting in the
anisotropic overgrowth of heteronanostructures to realize the
dumbbell-like heterodimers. Despite the different growth

Figure 2. (a−c) TEM and (d−f) HAADF-STEM-EDS elemental
mapping images of (a,d) Pd nanocube−Ag2S heterodimers, (b,e) Au
nanocube−Ag2S heterodimers, and (c,f) Pt nanocube−Ag2S hetero-
dimers.

Figure 3. XRD patterns of M nanocube−Ag2S heterodimers. The
magnified XRD patterns in the range 20°−55° in insets show the
characteristic diffraction peaks associated with the monoclinic structure
of Ag2S. The positions of Pd, Au, Pt, Ag, Ag2S, and Ag3AuS2 references
were taken from the JCPDS database (Pd: 65-6174, Au: 65-2870, Pt: 04-
0802, Ag: 04-0783, Ag2S: 14-0072, Ag3AuS2: 33-0587).
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behaviors of Ag toward various metal components and surface
facets, the proposed method produces the heterodimer type of
nanomaterials for different metal nanostructures in the identical
synthesis route. The prepared dumbbell-like M−Ag hetero-
dimers were easily converted to M−Ag2S heterodimers through
the sulfidation reaction. This work provides a versatile approach
to generating not only metal−metal heterodimers but also
semiconductor−metal heterodimers and can be extended to
designing anisotropic nanomaterials with unprecedented
morphologies and functions. Remarkably and as an example,
M−Ag2S heterodimers can be used as an efficient platform to
generate M−CdS heterodimers via a cationic exchange reaction
within their Ag2S domains (Figure 4).21
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Figure 4. (a) TEM and (b) HAADF-STEM-EDS elemental mapping
images of Pd nanocube−CdS heterodimers. (c) XRD pattern of Pd
nanocube−CdS heterodimers. The positions of Pd and CdS references
were taken from the JCPDS database (Pd: 65-6174, CdS: 41-1049).
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