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ABSTRACT: Although great advances on the synthesis of
Au−semiconductor heteronanostructures have been
achieved, the crystal structure of Au components is limited
to the common face-centered cubic (fcc) phase. Herein,
we report the synthesis of 4H/fcc-Au@Ag2S core−shell
nanoribbon (NRB) heterostructures from the 4H/fcc
Au@Ag NRBs via the sulfurization of Ag. Remarkably, the
obtained 4H/fcc-Au@Ag2S NRBs can be further converted
to a novel class of 4H/fcc-Au@metal sulfide core−shell
NRB heterostructures, referred to as 4H/fcc-Au@MS (M
= Cd, Pb or Zn), through the cation exchange. We believe
that these novel 4H/fcc-Au@metal sulfide NRB hetero-
nanostructures may show some promising applications in
catalysis, surface enhanced Raman scattering, solar cells,
photothermal therapy, etc.

Metal−semiconductor heteronanostructures have received
great attention because of their unique optical, catalytic

and electronic properties, and potential applications in surface
enhanced Raman scattering (SERS), photothermal therapy,
solar energy conversion and information storage.1 In particular,
Au−semiconductor heteronanostructures have attracted in-
creasing interests as Au nanostructures exhibit excellent
chemical stability and strong localized surface plasmon
resonance (LSPR), which can significantly enhance the light
absorption of semiconductor, and enable the electron transfer
from Au to the semiconductor component through the so-
called “hot-electron” effect.2 To date, various Au nanostruc-
tures, such as spherical nanoparticles, nanopolyhedra, nanorods,
and nanoplates, have been used for the synthesis of Au−
semiconductor heteronanostructures.3 Although great advances
have been achieved for the preparation of Au−semiconductor
heteronanostructures, the crystal structure of Au components is
limited to the common face-centered cubic (fcc) phase.
Moreover, the preparation of Au nanoribbon (NRB)−semi-
conductor heterostructures remains a challenge.
As known, the cation exchange reaction has been

demonstrated as a versatility way to modulate the chemical
compositions, structures and properties of ionic nanocrystals,
especially for the transition metal chalcogenides (TMCs).4 Due
to the relative rigidity of anionic framework of TMC
nanocrystals, their sizes and shapes are mostly conserved

during the cation exchange.5 As a result, novel heteronanos-
tructures can be prepared via the cation exchange in TMC
nanostructures.5a,6 Importantly, the cation exchange reaction
can also be used for synthesis of Au−semiconductor
heteronanostructures through a nonepitaxial growth strategy.4e

For instance, small fcc-Au@CdS core−shell nanospheres have
been prepared from the fcc-Au@Ag2S nanospheres via the
cation exchange of Ag+ with Cd2+ ions.4e

Gold nanostructures normally crystallize in the fcc phase.
Recently, for the first time, our group reported the synthesis of
hexagonal close-packed (hcp, 2H type) Au square sheets,7 and
then the 4H hexagonal Au NRBs.8 Different from the common
fcc phase, which shows a typical stacking sequence of “ABC”
along the close-packed direction of [111]f, the 2H and 4H
structures of Au demonstrate characteristic stacking sequences
of “AB” and “ABCB” along the close-packed directions of
[001]2H and [001]4H, respectively. Importantly, through the
epitaxial growth of noble metals (e.g., Ag, Pd or Pt) on Au
square sheets or NRBs, novel Au@noble metal core−shell
nanostructures were obtained,2d,8,9 including the alternating
4H/fcc Au@Ag NRBs.8 Due to the small lattice mismatch, it is
relatively easy to realize the growth of Ag, Pd and Pt on the
surface of 4H Au NRBs.8 However, considering the large lattice
mismatch between Au and semiconductors, e.g., Ag2S, CdS,
PbS, and ZnS,4e it remains quite difficult to prepare non-fcc
Au−semiconductor heteronanostructures via the direct growth
of semiconductor nanomaterials on 4H Au NRBs. Note that
Au−semiconductor heteronanostructures exhibit superior
properties (e.g., photocatalytic activity) in comparison with
their individual components, which is derived from the
synergistic effects between Au and semiconductor nano-
structures.1b,2a−c Herein, for the first time, we report the
synthesis of 4H/fcc-Au@Ag2S core−shell NRBs via the
sulfurization of 4H/fcc Au@Ag NRBs. Then, a series of 4H/
fcc-Au@metal sulfide core−shell NRBs, referred to as 4H/fcc-
Au@MS (M = Cd, Pb, or Zn), can be prepared from the
obtained 4H/fcc-Au@Ag2S NRBs through the cation exchange
reaction. The detailed structure characterization and analyses
prove that the polycrystalline metal sulfide shells are coated on
the 4H/fcc Au cores.
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The alternating 4H/fcc Au@Ag NRBs were prepared based
on our previously reported method.8 Transmission electron
microscope (TEM) and scanning TEM-energy dispersive X-ray
spectroscopy (STEM-EDS) analyses confirmed the structure of
alternating 4H/fcc of Au@Ag NRBs with average Au/Ag
atomic ratio of 1.0/1.6 (Figures S1, S2), consistent with our
previous report.8 The obtained 4H/fcc Au@Ag NRBs were
then used to synthesize 4H/fcc-Au@metal sulfide core−shell
NRBs. The detailed experiments are described in the
Supporting Information. Briefly, the sulfurization of Ag in
alternating 4H/fcc Au@Ag NRBs was first carried out to
synthesize 4H/fcc-Au@Ag2S NRBs, which were then used to
prepare 4H/fcc-Au@MS (M = Cd, Pb, or Zn) NRBs via the
cation exchange reaction (Scheme 1).

As shown in Scheme 1, 4H/fcc-Au@Ag2S heteronanos-
tructures were obtained via the sulfurization of 4H/fcc Au@Ag
NRBs at 50 °C (see the Experimental Section in Supporting
Information for details). The Ag2S shell with thickness of about
4.5 nm is formed on the Au NRB core (Figure 1a,b). The
selected area electron diffraction (SAED) pattern of the
obtained Au@Ag2S NRBs suggests that the Au core and Ag2S
shell are alternating 4H/fcc and monoclinic structures (i.e., the
acanthite α-Ag2S), respectively (Figure 1c). To further
investigate the structure of as-prepared Au@Ag2S NRBs,
high-resolution TEM (HRTEM) characterization was carried
out (Figure 1d,e), confirming the coating of the Ag2S shell on
the Au core (Figure 1e). The Au core is dominated by the 4H
hexagonal structure, along with short-range fcc domains (Figure
1d,e), consistent with the SAED result (Figure 1c). A lattice
spacing of 2.4 Å is attributed to the interplane distance of close-
packed planes along the [001]4H/[111]f directions in the Au
core (Figure 1d,e). The Ag2S shell is polycrystalline, identified
by the presence of crystal grain boundaries (Figure 1e). The
lattice fringes with interplane distances of 2.6 Å can be assigned
to the {1 ̅21} planes of monoclinic Ag2S (Figure 1e). The
chemical composition of Au@Ag2S NRBs is measured by
STEM-EDS, showing an average Au/Ag/S atomic ratio of 1.0/
1.1/0.7 (Figure S3). The atomic ratio of Ag/S (1.1/0.7) is
slightly deviated from 2.0/1.0, suggesting the presence of excess
S adsorbed on the surface of Au@Ag2S NRBs, which has been
observed in the synthesized Ag2S nanoparticles and films.10 A
typical high-angle annular dark-field-STEM (HAADF-STEM)

image and the corresponding STEM-EDS elemental mappings
indicate the homogeneous distribution of Au, Ag, and S (Figure
1f−i), which is further verified by the STEM-EDS line scanning
profile (Figure S4).
Importantly, as shown in Scheme 1, the obtained 4H/fcc-

Au@Ag2S NRBs could be used to synthesize a series of 4H/fcc-
Au@MS (M = Cd, Pb, or Zn) NRB heterostructures through
the cation exchange in the presence of tributylphosphine
(TBP). Note that TBP is a soft base, which binds much more
tightly to the monovalent ions (such as Ag+) compared to the
divalent metal ions (such as Cd2+, Pb2+, or Zn2+). Therefore,
the addition of small amount of TBP can promote the cation
exchange of Ag+ ions with Cd2+, Pb2+, or Zn2+ in 4H/fcc-Au@
Ag2S NRBs.

4c,e As a typical example, the 4H/fcc-Au@CdS NRB
heterostructure was synthesized from the 4H/fcc-Au@Ag2S
NRB via the cation exchange of Ag+ ions with excess Cd2+ in
the presence of TBP at 55 °C (see the Experimental Section in
Supporting Information for details). The core−shell architec-
ture is preserved after the cation exchange of Ag+ with Cd2+

ions in the Au@Ag2S NRBs (Figure 2a−c). The average
thickness of resulting CdS shell is about 3.8 nm (Figure 2c).
The chemical composition of Au@CdS NRBs is measured by
STEM-EDS, showing average Au/Cd/S atomic ratio of 1.0/
0.5/0.4 (Figure S5), which reveals that the surface of CdS shell
is Cd-rich.11 HAADF-STEM image of an Au@CdS NRB and
the corresponding STEM-EDS elemental mappings indicate the
uniform distribution of Au, Cd, and S (Figure 2f−i), which is
further confirmed by the STEM-EDS line scanning analysis
(Figure S6). Importantly, SAED pattern shows that the

Scheme 1. Schematic Illustration for Synthesis of 4H/fcc-
Au@Metal Sulfide Core−Shell NRB Heterostructures

Figure 1. (a) Bright-field TEM image of 4H/fcc-Au@Ag2S NRBs. (b)
TEM image of a typical 4H/fcc-Au@Ag2S NRB. Inset: Magnified
TEM image of the 4H/fcc-Au@Ag2S NRB. (c) The corresponding
SAED pattern of a 4H/fcc-Au@Ag2S NRB taken along the [110]4H/
[101]f zone axes of Au core. The other randomly distributed
diffraction spots arise from the polycrystalline Ag2S shell. (d,e)
HRTEM images of a 4H/fcc-Au@Ag2S NRB taken in its center (d)
and at its edge (e). (f) A typical HAADF-STEM image and (g−i) the
corresponding STEM-EDS elemental mappings of a 4H/fcc-Au@Ag2S
NRB.
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alternating 4H/fcc structure of the Au core is well-maintained
and the CdS shell crystallizes in the wurtzite hexagonal
structure (Figure 2d). No diffraction spots belonging to the
α-Ag2S can be observed in the SAED pattern of an Au@CdS
NRB derived from the Au@Ag2S NRB, suggesting the
successful transformation of α-Ag2S to wurtzite CdS after the
cation exchange of Ag+ with Cd2+ ions. HRTEM image further
confirms the coexistence of alternating 4H and fcc structures in

the Au core, and the formation of a polycrystalline wurtzite
CdS shell which is evidenced by the presence of crystal grain
boundaries (Figure 2e). The lattice spacings of 3.6 and 2.1 Å
can be assigned to the {100} and {110} planes of hexagonal
CdS, respectively. Interestingly, TEM image of Au@CdS NRB
also shows the Moire ́ patterns, which are caused by the
interference of the two mismatched crystal lattices of the Au
core and CdS shell (Figure S7).
Furthermore, through the cation exchange of Ag+ with excess

Pb2+ or Zn2+ ions in the presence of TBP, the 4H/fcc-Au@PbS
or 4H/fcc-Au@ZnS NRB heterostructures can be prepared
from the obtained 4H/fcc-Au@Ag2S NRBs, respectively
(Figure 3 and Figures S8−S15). Figure 3a,b shows the typical
TEM images of the as-prepared Au@PbS NRBs. The PbS shell,
with average thickness of about 6.0 nm, is coated on the Au
core (Figure 3b). The Au core in Au@PbS NRBs shows the
alternating 4H/fcc structure (Figure 3c,d). The PbS shell
crystallizes in the rock-salt cubic structure, which shows a
polycrystalline feature (Figure 3c,d). The lattice spacings of 3.5
and 3.0 Å can be attributed to the interplane distances of {111}
and {200} planes of cubic PbS, respectively (Figure 3d). Figure
3e,f shows the TEM images of the obtained Au@ZnS NRBs.
The ZnS shell has average thickness of about 4.2 nm (Figure
3f). Similar to the aforementioned Au@CdS NRB (Figure
2d,e), the Au core and ZnS shell in the obtained Au@ZnS NRB
also show the alternating 4H/fcc and wurtzite hexagonal
structures, respectively (Figure 3g,h). HRTEM image confirms
the presence of crystal grain boundaries, suggesting the
polycrystalline feature of the ZnS shell (Figure 3h). The lattice
fringes with interplane spacings of 3.3 and 2.0 Å can be
assigned to the {100} and {110} planes of hexagonal ZnS,
respectively (Figure 3h). All the aforementioned results
demonstrated that a series of 4H/fcc-Au@MS (M = Cd, Pb,
or Zn) NRBs have been successfully prepared from the 4H/fcc-
Au@Ag2S NRBs through the cation exchange reaction.
In summary, for the first time, a novel class of 4H/fcc-Au@

metal sulfide core−shell NRB heterostructures has been
successfully synthesized from the 4H/fcc Au@Ag NRBs. The

Figure 2. (a) Bright-field TEM image of 4H/fcc-Au@CdS NRBs. (b,c)
Magnified TEM images of a typical 4H/fcc-Au@CdS NRB. (d) The
corresponding SAED pattern of a 4H/fcc-Au@CdS NRB taken along
the [110]4H/[101]f zone axes of Au core. The other randomly
distributed diffraction spots arise from the polycrystalline CdS shell.
(e) A typical HRTEM image of the 4H/fcc-Au@CdS NRB. (f)
HAADF-STEM image and (g−i) the corresponding STEM-EDS
elemental mappings of a typical 4H/fcc-Au@CdS NRB.

Figure 3. (a) Bright-field TEM image of 4H/fcc-Au@PbS NRBs. (b) Magnified TEM image of a typical 4H/fcc-Au@PbS NRB. (c) The
corresponding SAED pattern of a 4H/fcc-Au@PbS NRB acquired along the [110]4H/[101]f zone axes of Au core. The other randomly distributed
diffraction spots are attributed to the polycrystalline PbS shell. (d) A typical HRTEM image of a 4H/fcc-Au@PbS NRB. (e) Bright-field TEM image
of 4H/fcc-Au@ZnS NRBs. (f) Magnified TEM image of a typical 4H/fcc-Au@ZnS NRB. (g) The corresponding SAED pattern of a 4H/fcc-Au@
ZnS NRB acquired along the [110]4H/[101]f zone axes of Au core. The other randomly distributed diffraction spots are attributed to the
polycrystalline ZnS shell. (h) A typical HRTEM image of a 4H/fcc-Au@ZnS NRB.

Journal of the American Chemical Society Communication

DOI: 10.1021/jacs.5b06405
J. Am. Chem. Soc. 2015, 137, 10910−10913

10912

http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06405/suppl_file/ja5b06405_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06405/suppl_file/ja5b06405_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b06405


metal sulfide shells are polycrystalline nanostructures. These
novel 4H/fcc-Au@metal sulfide heteronanostructures may
open up new opportunities for various applications in catalysis,
SERS, solar cells, photothermal therapy, etc.
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