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Hierarchical hybrid metal nanostructures with complex architectures are attracting considerable attention
because of their tunable properties, novel functions, and promising applications. In this work, the control-
lable synthesis of unique hierarchical Au/PdAg heterostructures consisting of regularly aligned PdAg
nanosheets epitaxially grown on Au nanorods (Au/PdAg NRNSs) was realized in the presence of a mixture
of dodecyltrimethylammonium bromide (DTAB) and cetyltrimethylammonium bromide (CTAB). If DTAB
was used as the single surfactant, PdAg nanodendrite-tipped Au nanorods (Au/PdAg NRNDs) were pro-
duced, whereas Pd nanoblock-tipped Au nanorods (Au/Pd NRNBs) were obtained in the absence of Ag*
ions. It was revealed that a desirable combination of appropriate DTAB and CTAB concentrations is crucial
to the formation of the unusual Au/PdAg NRNSs. When the three nano-heterostructures were used as
catalysts for the electrocatalytic hydrogen evolution reaction, the Au—PdAg NRNSs exhibited the best
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catalytic performance. Furthermore, all of the three heterostructures showed pronounced plasmon-
enhanced electrocatalytic activity with the Au/PdAg NRNSs exhibiting the best photo-assisted electro-
catalytic activity. This work may open new avenues toward rational design and controllable synthesis of
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Introduction

Heterostructured nanoparticles are a typical kind of hybrid
nanostructure comprising two or more distinctive nanoscale
components. Owing to the combination of two different com-
ponents, tunable properties, superior performance, and novel
functions or applications may arise from the cooperative and
synergistic effects.'™ Considering that the properties of hybrid
nanostructures are largely dependent on the composition and
structure of each component as well as the three-dimensional
(3D) architecture of the heterostructures, significant efforts
have been devoted to the rational design and controllable syn-
thesis of hybrid nanostructures with complex 3D architectures.
It is notable that epitaxial growth has been demonstrated to be
a promising approach toward elaborate hybrid nanostructures
with well-defined 3D architectures.*® Particularly, epitaxial
growth of one-dimensional (1D) nanorods or nanowires and
two-dimensional (2D) nanosheets or nanoplates on 1D nano-
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well-defined heterostructured nanoparticles with novel architectures and promising applications.

wires leads to well-defined branched nanowires, which rep-
resent hierarchical 1D-1D and 2D-1D heterostructures,
respectively. For example, Zhang and co-workers reported the
fabrication of 1D-1D heterostructures through epitaxial growth
of Ru nanorods on crystal-phase heterostructured 4H/fcc Au
nanowires,® and the preparation of 2D-1D heterostructures via
epitaxial growth of MoS, or MoSe, nanosheets along the back-
bones of Cu,_,S nanowires.” However, it remains challenging
to develop feasible epitaxial growth methods to realize the con-
trolled synthesis of hierarchical heterostructures with desired
compositions and architectures.

Among various heterostructured nanoparticles, hybrid
noble metal nanocrystals have attracted considerable attention
because of their unique optical, electrical, and chemical pro-
perties associated with noble metals.* ' On the one hand,
noble metals including Au and Ag show size- and shape-
dependent optical properties and fascinating surface plasmo-
nic resonance (SPR) characteristics. In this regard, tremendous
efforts have been devoted to the shape-controlled synthesis of
gold nanocrystals and the exploration of their shape-depen-
dent properties.” ™ It is noteworthy that plasmon-mediated
catalysis, which includes plasmon-driven and plasmon-
enhanced processes, has stimulated intense interest in various
catalytic reactions involving plasmonic nanoparticles.’>*® On
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the other hand, noble metals such as Pt and Pd exhibit excel-
lent catalytic activity and have been widely used in a variety of
heterogeneous catalysis and electrocatalysis processes.
Notably, the catalytic activity of noble metal nanoparticles
largely depends on their size and morphology.'®*°
Furthermore, noble metal alloy (e.g., PdAg alloy) nanoparticles
can exhibit enhanced catalytic performance compared with
single-component noble metal (e.g., Pd) nanoparticles because
of favorable electronic, surface, and morphological
modulations.>*>* The hybridization of plasmonic noble metal
nanoparticles with catalytically active noble metal nano-
particles would endow the nano-heterostructures with
improved catalytic performance under light illumination
because of plasmon-enhanced catalysis, where the hot electron
transfer, photothermal effect, and local electromagnetic field
enhancement are believed to play key roles.'®'®™'® Therefore,
the rational design and synthesis of hybrid noble metal nano-
particles with significant plasmon-enhanced catalytic pro-
perties have become an appealing approach.

As typical anisotropic metal nanocrystals exhibit remark-
able SPR properties, gold nanorods (Au NRs or GNRs) have
received tremendous attention.>> A variety of Au-Pd nano-
heterostructures based on GNRs have been fabricated through
controlled growth on the GNRs. For example, Au@Pd core-
shell nanorods were readily synthesized, and both the growth
mechanism®® and the light-driven catalytic organic synthesis®’
were investigated. Interestingly, Au-Pd supra-nanoparticles
consisting of densely packed anisotropic Pd nanostructures
surrounding GNRs were prepared instead of core-shell nano-
rods when the GNRs were modified with a mixture of cetyltri-
methylammonium bromide (CTAB) and 5-bromosalicylic
acid.”® It is noteworthy that there are several reports on the
synthesis and plasmon-enhanced catalysis of hierarchical Au-
Pd heterostructures made of GNRs covered by 1D Pd nano-
structures; examples include Au-Pd superstructures with
ordered Pd nanoarrays precisely grown on GNRs for plasmon-
enhanced carbon-carbon coupling reactions,> Pd nanoden-
drite-tipped GNRs for plasmon-enhanced Suzuki cross-coup-
ling reactions,® and Pd-tipped GNRs for plasmon-enhanced
electrocatalytic hydrogen evolution.>* Furthermore, Au@PdAg
core-shell nanorods were obtained from conversion of Au@Pd
core-shell nanorods.>” Some hierarchical Au-PdAg hetero-
structures based on GNRs were synthesized through CTAB-
assisted overgrowth on GNRs** and conversion of Au@Ag
core-shell nanorods,**?* and their applications in electro-
catalytic ethanol oxidation were explored. Despite considerable
progress in the preparation of Au-Pd or Au-PdAg hetero-
structures, it remains a challenge to controllably synthesize
epitaxial heterostructures with well-defined and novel
architectures.

In this work, the controlled synthesis of unique hierarchical
Au/PdAg heterostructures consisting of regularly aligned PdAg
nanosheets grown perpendicularly on Au nanorods (Au/PdAg
NRNSs) was realized, which may represent the first example of
epitaxial 2D-1D hybrid noble metal nanostructures. The epi-
taxial growth of arrayed PdAg nanosheets on the four lateral
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{100} facets of the [100]-oriented GNRs was achieved in
aqueous solution with the assistance of a mixture of
dodecyltrimethylammonium bromide (DTAB) and CTAB. In
contrast, without addition of CTAB, PdAg nanodendrite-tipped
Au nanorods (Au/PdAg NRNDs) were produced, whereas Pd
nanoblock-tipped Au nanorods (Au/Pd NRNBs) were obtained
in the absence of Ag" ions. When the three nano-hetero-
structures were used as catalysts for the electrocatalytic hydro-
gen evolution reaction (HER), the Au-PdAg NRNSs exhibited
the best catalytic performance; furthermore, all of the three
heterostructures showed pronounced plasmon-enhanced cata-
Iytic activity.

Experimental section
Chemicals

Dodecyltrimethylammonium bromide (DTAB, 99%) and
cetyltrimethylammonium bromide (CTAB, 99%) were pur-
chased from Sigma. Silver nitrate (AgNO3, 99.8%) and hydro-
chloroauric acid trihydrate (HAuCl,;-3H,O, 99.9%) were
obtained from Beijing Chemical Reagents Co. Palladium(u)
chloride (PdCl,) was from Beijing Tongguang Chemical Co.
Sodium borohydride was purchased from Guoyao Chemical
Co., and hydroquinone and ascorbic acid (>99.7%) were
obtained from Xilong chemical Co. All aqueous solutions were
prepared from ultra-pure water.

Synthesis of gold nanorods (Au NRs)

The synthesis of Au NRs (i.e., GNRs) was carried out using a
seed-mediated method following the reported method®® with
minor modification. For the preparation of a seed solution,
0.5 mL of 10 mM HAuCl, solution was added into 10 mL of 0.1
M CTAB solution in a glass vessel. A solution of 0.01 M
sodium borohydride dissolved in 0.01 M sodium hydroxide
was freshly prepared. Then, 0.6 mL of 10 mM sodium boro-
hydride solution was injected into the mixture under vigorous
stirring. After 10 s of stirring, the resultant seed solution was
aged for 30 min at 30 °C before use. For the preparation of a
growth solution, 200 mL of 100 mM CTAB solution was mixed
with 10 mL of 10 mM HAuCl, solution and 8 mL of 10 mM
AgNO; solution. Then, 10 mL of 100 mM hydroquinone solu-
tion was added, which was followed by vigorous stirring for
1 min. Finally, the growth of GNRs was triggered by adding
1.6 mL of the seed solution into the growth solution. The reac-
tion mixture was left undisturbed overnight at 30 °C. The resul-
tant GNR dispersion was centrifuged, and the GNRs were
redispersed in 1 mM CTAB solution to form a 10-fold concen-
trated GNR dispersion as a GNR seed solution for further
overgrowth.

Synthesis of gold nanorods tipped by Pd nanoblocks
(Au/Pd NRNBs)

A 10 mM H,PdCl, solution was first prepared by dissolving
PdCl, (44.6 mg) in 25 mL of HCI solution (pH = 1.69). Then,
9.2 mL of water was mixed with 0.3 mL of 3 mM DTAB solu-
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tion, 0.1 mL of 10 mM H,PdCl, solution, and 0.2 mL of the
GNR seed solution. Then, 0.2 mL of 100 mM ascorbic acid was
quickly injected into the mixture under stirring. Finally, the
solution mixture was left undisturbed at 30 °C for 12 h in a
water bath. The resultant Au/Pd NRNBs were washed twice
with water by centrifugation at 5400 rpm for 10 min to remove
the extra DTAB.

Synthesis of gold nanorods tipped by PdAg nanodendrites (Au/
PdAg NRNDs)

The Au/PdAg NRNDs were synthesized under conditions
similar to the synthesis of Au-Pd NRNBs except for the
addition of Ag' ions. In a typical synthesis, 9.15 mL of water
was first mixed with 0.3 mL of 3 mM DTAB solution, 0.1 mL of
10 mM H,PdCl, solution, 0.05 mL of 10 mM AgNO; solution,
and 0.2 mL of the GNR seed solution. Then, 0.2 mL of
100 mM ascorbic acid solution was quickly injected into the
mixture under stirring. Finally, the solution mixture was left
undisturbed at 30 °C for 12 h in a water bath. The resultant
Au/PdAg NRNDs were washed twice with water by centrifu-
gation at 5400 rpm for 10 min to remove the extra DTAB.
Additionally, dense Au-PdAg NRNDs were prepared by increas-
ing the H,PdCl, concentration in the solution from 0.1 mM to
0.4 mM while the Pd/Ag molar ratio in the solution was kept at
2:1.

Synthesis of gold nanorods attached by PdAg nanosheets (Au/
PdAg NRNSs)

The Au/PdAg NRNSs were synthesized under conditions
similar to the synthesis of Au-PdAg NRNDs except for the
introduction of CTAB. In a typical synthesis, 0.3 mL of 10 mM
DTAB solution, 0.1 mL of 10 mM H,PdCl, solution, 0.05 mL of
10 mM AgNO; solution and 0.2 mL of the GNR seed solution
were added to 9.05 mL of water sequentially. Then, the
mixture was added to 0.1 mL of 100 mM CTAB solution, and
0.2 mL of 100 mM ascorbic acid solution was added quickly,
which followed by 20 s of rigorous stirring. Then, the solution
was left undisturbed at 30 °C for 12 h in a water bath. The
resultant Au/PdAg NRNSs were washed twice with water by cen-
trifugation at 5400 rpm for 10 min to remove the extra DTAB
and CTAB. Additionally, dense Au-PdAg NRNSs were prepared
by increasing the H,PdCl, concentration in the solution from
0.1 mM to 0.4 mM while the Pd/Ag molar ratio in the solution
was kept at 2: 1.

Characterization

The Au/Pd and Au/PdAg heterostructures were characterized by
scanning electron microscopy (SEM, Hitachi FEI S4800 and
FEI Helios G4 UX, 10 kV), transmission electron microscopy
(TEM, FEI Tecnai T20, 200 kV), high-resolution TEM (HRTEM,
FEI Tecnai F30, 300 kV), and UV-vis-NIR spectroscopy
(PerkinElmer Lambda 950).

Electrochemical measurements

For the catalytic electrode modification, an L-type glassy
carbon electrode was polished using alumina slurries with
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0.3 pm and 0.05 pm in diameter. Then the polished L-type
glassy carbon electrode was sonicated three times in water for
30 s each time to remove the residual polishing agent.
Subsequently, 10 pL of the treated mixed solution
(Viwater : Vethanol : V5% Nafion solution = 4 : 1:0.25) was added drop-
wise to the treated L-type glassy carbon electrode (the total
loading of Pd was 0.15 mg cm™ ) and dried at room
temperature.

All electrochemical measurements were performed at room
temperature on a CHI 660C electrochemical workstation
(Shanghai Chenhua Instruments Inc.). Polarization curves
were obtained by linear sweep voltammetry at a scan rate of
5mvV s in 0.5 M H,SO, solution. In all electrochemical tests,
the modified glassy carbon electrode and the graphite rod elec-
trode were used as the working electrode and the counter elec-
trode, respectively, while the Ag/AgCl electrode was used as the
reference electrode. In the photo-assisted electrocatalytic test,
the working electrode was illuminated with a 300 W xenon
lamp at a distance of 15 cm. The temperature of the electro-
catalytic system was kept constant under dark and light
irradiation to eliminate the effects of the temperature change
caused by light irradiation on the electrocatalytic activity.

Results and discussion

The GNRs used as seeds for the secondary growth of Pd or
PdAg alloy nanostructures were prepared by a seed-mediated
procedure using hydroquinone as a reducing agent, which led
to high-yield synthesis of [100]-oriented single-crystal gold
nanorods with relatively large aspect ratios.*®?” The SEM
image shown in Fig. 1a suggests that the produced GNRs are
uniform with an average length of ~93 nm and an average dia-
meter of ~13 nm, giving an aspect ratio of ~7.2, as confirmed
by the particle size distribution diagram (Fig. S17). The related
TEM image shows that the GNRs have straight side edge lines

Fig. 1 (a) SEM and TEM (inset) images of Au NRs. SEM (b) and TEM (c)
images of Au/Pd NRNBs. The inset shows an enlarged TEM image of the
nanoblocks tipped at the ends of Au/Pd NRNBs. (d) HAADF-STEM image
of Au/Pd NRNBs and corresponding elemental mapping of Au and Pd.
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and relatively sharp tips on both ends. Au/Pd heterostructured
nanoparticles were obtained by reducing H,PdCl, with
ascorbic acid using the GNRs as seeds in the presence of
0.1 mM H,PdCl, and 3 mM DTAB. As shown in Fig. 1b,
uniform Pd nanoblock-tipped Au nanorods (Au/Pd NRNBs)
~105 nm in length were obtained. The TEM images shown in
Fig. 1c suggest that two quasi-cuboidal nanoblocks ~25 nm in
width are tipped on both ends while the central part of the
nanorods is slightly widened to ~15 nm, indicating preferen-
tial growth of Pd crystal blocks on the ends and minor Pd
deposition on the lateral surfaces. This result is consistent
with the elemental analysis by high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
shown in Fig. 1d, which reveals that the Pd element is mainly
distributed in the nanoblocks tipped on both ends and also
present in the thin layer covering the lateral sides of the
middle part of the GNRs. The HRTEM image of the nanoblock
shows clear lattice fringes with a spacing of 0.22 nm (Fig. S27),
which corresponds to the (111) plane of metallic Pd, confirm-
ing that the nanoblocks are essentially Pd single crystals
despite the existence of many defects. The preferential growth
of Pd on both ends of GNRs could be partially ascribed to the
relatively large curvature of the ends, which results in looser
packing of the capping DTAB molecules.

If 0.05 mM AgNO; was added to the growth solution con-
taining 0.1 mM H,PdCl,, PdAg alloy nanodendrites instead of
Pd nanoblocks were grown on both ends of the GNRs.
Uniform dumbbell-shaped heterostructures made of PdAg
nanodendrites tipped on both ends of the Au nanorods (Au/
PdAg NRNDs) were obtained (Fig. 2a and b). The nanoden-
drites are composed of loosely aligned anisotropic PdAg nano-
structures (Fig. 2c). The elemental mapping result indicates
that the Pd and Ag element patterns are very similar, and they
are distributed predominantly on both swollen ends of the
dumbbells, indicating the formation of the dendrites com-
posed of the PdAg alloy (Fig. 2d). The related energy dispersive
X-ray spectroscopy (EDS) analysis suggests that the Pd/Ag
molar ratio in the PdAg alloy is ~2.2:1, which is somewhat
higher than that in the reaction solution (2:1), indicating a
relatively higher tendency of Pd deposition. The HRTEM
image of the nanodendrite shows clear lattice fringes with a
spacing of 0.23 nm (Fig. S371), which is slightly larger than the
interplanar spacing (0.22 nm) of the Pd (111) plane, and actu-
ally corresponds to the (111) plane of the PdAg alloy. The for-
mation of nanodendrites instead of nanoblocks upon addition
of the Ag" ion could be attributed to the difference in the crys-
tallization characteristics of the Pd metal and PdAg alloy since
hyperbranched PdAg alloy nanoparticles were readily formed
in a similar DTAB solution without the seed GNRs.*® When the
concentration of the H,PdCl, was increased from 0.1 mM to
0.4 mM while the Pd/Ag molar ratio in the solution was kept at
2:1, dense Au/PdAg NRNDs consisting of GNRs almost fully
covered by dense PdAg nanodendrites were obtained (Fig. 2e
and f), suggesting that the PdAg alloy nanodendrites preferen-
tially deposited on both ends of the GNRs, and the deposition
gradually extended to the middle part of the GNRs with
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Fig.2 SEM (a) and TEM (b and c) images of Au/PdAg NRNDs. (d)
HAADF-STEM image of Au/PdAg NRNDs and corresponding elemental
mapping of Au, Pd and Ag. SEM (e) and TEM (f) images of dense Au/
PdAg NRNDs.

increasing the feeding Pd and Ag amounts, leading to nearly
full coverage.

Interestingly, the introduction of 1 mM CTAB to the growth
solution containing 3 mM DTAB resulted in the formation of
unusual hierarchical heterostructures consisting of PdAg alloy
nanosheets epitaxially grown on the Au nanorods (Au/PdAg
NRNSs), which may represent the first example of 2D-1D
hybrid noble metal nanostructures. As shown in Fig. 3a, the
Au/PdAg nano-heterostructures obtained in the mixed DTAB/
CTAB surfactant system are uniform branched nanorods com-
prising parallel nanosheets, which are perpendicular to the
length axis of the nanorods. The uniform Au/PdAg NRNSs are
~105 nm in length and ~28 nm in diameter (Fig. S4t). Closer
observation suggests that there are four distinct grooves
between the four well-alighed nanosheet arrays grown on the
GNRs in a crisscross manner (Fig. 3b), indicating epitaxial
growth of the nanosheets on the four symmetric side facets of
the GNRs. The TEM image shown in Fig. 3c confirms that the
branched nanorods consist of well-defined nanosheet arrays
aligned in parallel showing a 4-fold symmetry with respect to
the length axis. The elemental analysis by HAADF-STEM
demonstrates that the well-aligned nanosheet arrays are com-
posed of the PdAg alloy. The related EDS analysis suggests that
the Pd/Ag molar ratio in the PdAg alloy is ~2.1:1. The high-
magnification TEM image shown in Fig. 3e suggests that the
parallel nanosheets are about 9 nm in width and about 5 nm
in thickness; notably, the spacings between two neighboring
nanosheets are almost identical. The HRTEM image shows
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Au (200)
,, ‘?;.20 nm

Fig. 3 SEM (a and b) and TEM (c) images of Au/PdAg NRNSs. (d)
HAADF-STEM image of Au/PdAg NRNSs and corresponding elemental
mapping of Au, Pd and Ag. High-magnification TEM (e) and HRTEM (f)
images of Au/PdAg NRNSs. The HRTEM image corresponds to the
framed area in panel e. SEM (g) and TEM (h) images of dense Au/PdAg
NRNSs.

clear lattice fringes with an interplanar spacing of 0.20 nm
throughout the regions of Au nanorods and PdAg alloy
nanosheets (Fig. 3f), implying almost perfect lattice matching
between the Au (200) plane and the PdAg alloy (200) plane,
which is favorable for the epitaxial growth. Such a lattice
matching between the Au (200) plane and the PdAg alloy (200)
plane can be frequently observed for the Au/PdAg NRNSs even
though the boundary between the Au and PdAg alloy is hard to
discern (Fig. S57). This result strongly indicates that the PdAg
alloy nanosheets with exposed (100) facets were grown epitaxi-
ally on the four lateral {100} facets of the [100]-oriented Au
nanorods, leading to the formation of the unique hierarchical
Au/PdAg NRNSs showing a 4-fold symmetry. When the concen-
tration of the H,PdCl, was increased from 0.1 mM to 0.4 mM
while the Pd/Ag molar ratio in the solution was kept at 2:1,
dense Au/PdAg NRNSs consisting of GNRs almost fully covered
by densely packed PdAg nanosheets were obtained (Fig. 3g and
h), suggesting that the PdAg alloy nanosheets became thicker
and wider with increasing the feeding Pd and Ag amounts.
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To shed light on the formation mechanism of the unusual
heterostructured Au/PdAg NRNSs in the mixed DTAB/CTAB
surfactant system, we investigated the effects of the concen-
tration of DTAB relative to CTAB in the growth solution on the
morphology of the final Au/PdAg hybrid nanostructures
through the variation of the CTAB concentration at a fixed
DTAB concentration and the variation of DTAB concentration
at a fixed CTAB concentration. When the DTAB concentration
was kept at 3 mM, GNRs tipped by PdAg nanodendrites were
formed at a low CTAB concentration of 0.12 mM; some PdAg
nanosheets were grown on the side surfaces of the GNRs when
the CTAB concentration was increased to 0.17 mM; the typical
Au/PdAg NRNSs were produced at a medium CTAB concen-
tration of 1 mM; the PdAg nanosheets partially fused when the
CTAB concentration was increased to 5.0 mM; significant
coalescence of the PdAg nanosheets occurred upon further
increasing the CTAB concentration to 10 mM (Fig. S67).
Overall, the morphology of the Au/PdAg heterostructures varies
from preferential deposition of nanodendrites on both ends of
the GNRs through epitaxial growth of nanosheets on the
lateral facets of the GNRs to nearly conformal deposition of a
thin layer with irregular protrusions on the lateral surfaces
with increasing CTAB concentration. This result indicates that
a gradual transition from kinetic control to thermodynamic
control for the growth mode of PdAg occurred upon increasing
the CTAB concentration. On the other hand, the presence of a
suitable concentration of DTAB (e.g., 3 mM) is essential to the
formation of the well-defined Au/PdAg NRNSs. At a fixed CTAB
concentration of 1 mM, particle-tipped nanorods together with
irregular particles formed in the absence of DTAB, and the
GNRs were covered by partially fused nanosheets at a high
DTAB concentration of 10 mM (Fig. S7+).

It has been documented that the morphology of a hybrid
metal nanocrystal formed by seed-mediated growth can be
determined by the ratio between the deposition rate (Vgep) and
diffusion rate (Vgie) of the secondary metal on the surface of
the seed metal.’® In the current situation, the Vg, of PdAg
would be decreased with increasing CTAB concentration since
the CTAB molecule has a longer alkyl chain compared with
DTAB, which would lead to a stronger capping on the surface
of GNRs as well as a stronger bonding between the CTA" ions
and the PACL,>™ ions in the solution. At a low CTAB concen-
tration coupled with 3 mM DTAB, the Vg, is considerably
larger than the Vg and the “hit-and-stick” growth mode is
dominant, leading to the formation of nanodendrite-tipped
nanorods; at a medium CTAB concentration, the Vg, is com-
parable to the Vg, resulting in the epitaxial growth of PdAg
nanosheets on the GNRs; at a high CTAB concentration, the
Vaep is considerably lower than the Vg and the “hit-and-run”
growth mode is dominant, leading to the nearly conformal
deposition of a PdAg thin layer. On the other hand, in the
1 mM CTAB solution without DTAB, the preferential depo-
sition on the ends also occurred, which was accompanied by
the direct precipitation of PdAg particles in solution because
the CTAB-capped GNRs are not favorable for the hetero-
geneous deposition of PdAg; when a high concentration of
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DTAB was coupled with 1 mM CTAB, the V., of PdAg was also
considerably lowered, leading to the partial fusion of the PdAg
nanosheets. Therefore, a desirable combination of appropriate
DTAB and CTAB concentrations is crucial to the formation of
the unique Au/PdAg NRNSs.

Based on these observations, a tentative growth mechanism
of the three different nano-heterostructures is proposed as
follows (Fig. 4): in the presence of 3 mM DTAB, preferential
deposition of Pd nanoblocks on both ends of the DTAB-
capped GNRs occurs because the molecular chains of CTAB at
the ends are less dense than those on the side surface and
thereby have smaller steric hindrance,’® leading to the for-
mation of Au nanorods tipped by Pd nanoblocks. In the pres-
ence of 3 mM DTAB and additional Ag" ions, preferential depo-
sition of PdAg nanodendrites on both ends of the DTAB-
capped GNRs leads to the formation of Au nanorods tipped by
PdAg nanodendrites, and the Au nanorods coated by dense
PdAg nanodendrites are formed upon increasing the feeding
Pd and Ag amounts. In the presence of 3 mM DTAB and 1 mM
CTAB together with additional Ag" ions, the preferential depo-
sition of PdAg on both ends still occurs owing to the looser
capping molecules, and an arrow-shaped growth of pyramidal
PdAg heads on both ends may result from a slower deposition
rate in the presence of CTAB. Meanwhile, epitaxial growth of
arrayed PdAg nanosheets on the four {100} lateral facets of the
DTAB/CTAB-capped GNRs takes place owing to an appropriate
relative ratio between the deposition rate Vg, and the
diffusion rate Vgis, and the Au nanorods coated by densely
packed PdAg nanosheets are formed upon increasing the con-
centrations of the feeding PdCl,>~ and Ag* ions. Currently, it
remains unclear why the parallel PdAg nanosheet arrays show
almost identical spacings between two neighboring
nanosheets. It is speculated that the mixed DTAB/CTAB bilayer
adsorbed on the side facets of GNRs could form separated
micro-areas, namely, the DTAB-enriched micro-area and the
CTAB-enriched micro-area. The initial deposition of PdAg
could occur preferentially on the less strongly capped, DTAB-
enriched micro-area, resulting in the formation of discrete
PdAg nanosheets with a regular spacing. Nevertheless, further
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Fig. 4 Schematic illustration of the formation of Au/Pd and Au/PdAg
heterostructured nanoparticles.
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investigation is needed to fully elucidate the inherent growth
mechanism.

The optical properties of the GNRs and the three GNR-
derived heterostructures were investigated by measuring the
vis-NIR absorption spectra of their dispersions in water, which
is shown in Fig. 5. As expected, the GNRs with a high aspect
ratio of ~7.3 exhibit a strong peak at 1097 nm corresponding
to the longitudinal SPR together with a relative weak absorp-
tion peak at 510 nm corresponding to the transverse SPR,
which is consistent with the reported result for the GNRs syn-
thesized by a similar procedure.’® For the gold nanorods
tipped by Pd nanoblocks, the LSPR peak significantly
diminishes and the spectrum shows a broad absorption over
the whole region of 400-1300 nm instead, which may be
ascribed to the plasmon damping caused by palladium
coating.®® Similarly, both the heterostructured Au/PdAg
NRNDs and NRNSs show completely diminished LSPR absorp-
tion, and exhibit broad absorption over the whole region of
400-1300 nm due to the deposition of PdAg. This wide-band
light absorption ability, especially for achieving full absorption
in the NIR region, may endow the nano-heterostructures with
great potential for efficient utilization of sunlight.*’
Particularly, the excellent absorption capacity in the visible
and NIR regions lays the foundation for plasmon-enhanced
catalytic activity of the heterostructured nanoparticles.

Currently, benchmark Pt-based electrocatalysts are predo-
minantly used for the hydrogen evolution reaction (HER), but
they are expensive and scarce. As an alternative, Pd-based elec-
trocatalysts are attracting increasing interest because of the
abundance, lower cost, and competitive catalytic activity of
Pd.*> Accordingly, the electrocatalytic performance of the three
nano-heterostructures toward the HER was investigated by the
linear sweep voltammetry test in a 0.5 M H,SO, solution.
Fig. 6a shows the polarization curves under dark conditions
(solid lines). At a current density of 10 mA cm™2, the overpo-
tentials of Au/Pd NRNBs, Au/PdAg NRNDs, and Au/PdAg
NRNSs are 0.11 V, 0.10 V and 0.08 V, respectively, indicating a
sequential increase in their electrocatalytic activity with the
Au/PdAg NRNSs showing the best performance. It has been
recognized that alloying Pd with Ag can promote the electro-
catalytic activity of Pd by modifying its electronic structure

——AuNR
07] —— AuwPd NRNB
—— Au/PdAg NRND
—— Au/PdAg NRNS

Absorbance
o
IS

400 600 800 1000 1200
Wavelength (nm)

Fig. 5 Vis-NIR spectra of Au NRs, Au/Pd NRNBs, Au/PdAg NRNDs, and
Au/PdAg NRNSs.
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Fig. 6 HER polarization curves (a) and Tafel plots (b) of Au/Pd NRNBs,

Au/PdAg NRNDs, and Au/PdAg NRNSs under dark (solid lines) and light

irradiation (dashed lines) with a scan rate of 5 mV s™*.

(e.g., downshift of the d-band center) and forming favorable
nanostructures.”’ > Compared with the PdAg nanodendrite-
tipped GNRs, the PdAg nanosheet-attached GNRs have more
exposed active sites, leading to improved electrocatalytic
activity. The related Tafel plots shown in Fig. 6b (solid lines)
suggest that the Au/Pd NRNBs, Au/PdAg NRNDs, and Au/PdAg
NRNSs exhibit Tafel slopes of 63.0, 60.9, and 59.7 mV dec™,
respectively, indicating a sequential increase in both the HER
kinetics and the electrocatalytic activity.

Under light illumination conditions, at a current density of
10 mA cm 2, the overpotentials of the Au/Pd NRNBs, Au/PdAg
NRNDs, and Au/PdAg NRNSs are considerably reduced to 0.09
V, 0.06 V, and 0.05 V respectively (Fig. 6a, dashed lines), indi-
cating the existence of pronounced plasmon-enhanced electro-
catalysis for all three nano-heterostructures. Meanwhile, the
Tafel slopes of the Au/Pd NRNBs, Au/PdAg NRNDs, and
Au/PdAg NRNSs are considerably decreased to 62.2, 54.6, and
40.5 mV dec™', respectively (Fig. 6b, dashed lines). These
results suggest that all three hybrid nanostructures show
obvious plasmon-enhanced electrocatalytic activity toward the
HER with the Au/PdAg NRNDs showing the most pronounced
enhancement in terms of the overpotential at 10 mA cm™2,
and the Au/PdAg NRNSs still exhibit the best electrocatalytic
performance under light illumination. The plasmon-enhanced
electrocatalytic activity may be ascribed to the hot electron
transfer and the photothermal effect.'®'®** While the hot elec-
tron transfer can be enhanced by the local electromagnetic
field enhancement, the photothermal effect can be promoted
by the strong absorption in the NIR region. Therefore, the hier-
archical Au/PdAg NRNSs adopt advantageous structural fea-
tures for both electrocatalysis and plasmon-enhanced electro-
catalysis, thus showing the best electrocatalytic and photo-
assisted electrocatalytic activity.

Conclusions

Unique hierarchical Au/PdAg heterostructures consisting of
regularly aligned PdAg nanosheets grown perpendicularly on
Au nanorods (Au/PdAg NRNSs) were successfully synthesized
in a mixed DTAB/CTAB surfactant system. The epitaxial growth
of arrayed PdAg nanosheets on the four lateral {100} facets of
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the [100]-oriented GNRs was achieved with the assistance of
the DTAB/CTAB mixture in aqueous solution. In contrast,
without addition of CTAB, PdAg nanodendrite-tipped Au nano-
rods were produced whereas Pd nanoblock-tipped Au nano-
rods were obtained in the absence of Ag" ions. A desirable
combination of appropriate DTAB and CTAB concentrations is
crucial to the formation of the unusual Au/PdAg NRNSs. At a
fixed DTAB concentration, the morphology of the Au/PdAg
heterostructures varies from preferential deposition of nano-
dendrites on both ends of the GNRs through epitaxial growth
of nanosheets on the lateral facets of the GNRs to nearly con-
formal deposition of a thin layer with irregular protrusion on
the lateral surfaces with increasing CTAB concentration. This
phenomenon has been tentatively explained by considering
the ratio between the deposition and diffusion rates of the
PdAg alloy on the surface of gold nanorods, which are closely
related to both the DTAB and CTAB concentrations. All three
nano-heterostructures exhibit broad absorption over the region
of 400-1300 nm, indicating potential applications in efficient
utilization of solar energy. When the three nano-hetero-
structures were used as catalysts for the electrocatalytic hydro-
gen evolution reaction, the Au-PdAg NRNSs exhibited the best
catalytic performance. Furthermore, all of the three hetero-
structures showed pronounced plasmon-enhanced catalytic
activity with the Au/PdAg NRNSs exhibiting the best photo-
assisted electrocatalytic activity. The hierarchical Au/PdAg
NRNSs represent the first example of epitaxial 2D-1D hybrid
noble metal nanostructures, and this work may open new
avenues toward rational design and controllable synthesis of
well-defined heterostructured nanoparticles with novel archi-
tectures and promising applications.
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