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Bimetallic AuRh nanodendrites consisting of
Au icosahedron cores and atomically ultrathin Rh
nanoplate shells: synthesis and light-enhanced
catalytic activity

Yongqiang Kang1, Qi Xue1, Ruili Peng, Pujun Jin, Jinghui Zeng, Jiaxing Jiang and Yu Chen

Precise control of the morphology, composition and structure of metal nanostructures not only effectively improves their catalytic

activity and durability but also enhances their range of applications. In this work, bimetallic Au@Rh core–shell nanodendrites

are synthesized by a facile one-pot hydrothermal method. Physical characterizations show that the dendritic Rh consists of

two-dimensional (2D) ultrathin Rh nanoplates with a thickness of approximately 1.2 nm. For the first time, Au@Rh core–shell

nanostructures are used as a catalyst for the hydrogen generation reaction from aqueous hydrazine solution (N2H4=N2+2H2,

HGR-N2H4). Bimetallic Au@Rh core–shell nanodendrites exhibit improved catalytic activity and durability for the HGR-N2H4

compared with commercial Rh nanocrystals, which can be attributed to the atomically ultrathin structure of 2D Rh nanoplates

and the interconnected structure of nanodendrites, respectively. Under light irradiation, bimetallic Au@Rh core–shell

nanodendrites show light-enhanced catalytic activity for the HGR-N2H4, originating from the distinctive localized surface

plasmon resonance of Au icosahedron cores.
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INTRODUCTION

Bimetallic noble metal nanostructures have been used in a variety of
important industrial applications, especially in heterogeneous
catalysis.1–6 The physical and chemical properties of bimetallic noble
metal nanostructures not only depend on their chemical compositions
but also are related to their morphologies.4–9 In general, bimetallic
nanostructures display remarkably improved catalytic activity and
selectivity compared with the corresponding monometallic nanocrys-
tals due to the strong ensemble and ligand effects between the different
components (that is, geometrical and electronic effects).4–7,9

Meanwhile, noble metal nanodendrites with branched arms are
attracting tremendous attention for the catalytic applications due to
their large surface area, unusual interconnected and porous structure
and abundance of low-coordination atoms at steps and corners.10,11

Consequently, bimetallic noble metal nanodendrites have a broad
variety of applications, ranging from organic synthesis to energy
conversion.12,13

Among various bimetallic nanostructures, Au-based core–shell-type
noble metal nanostructures have been widely employed in various
important heterogeneous catalytic reactions, especially in light-
enhanced catalytic reactions, originating from the high mass activity

of noble metal shells and the distinctive localized surface plasmon
resonance (LSPR) of Au nanocrystal cores.14–17 In most bimetallic
core–shell nanodendrites, the metal shells consist of spherical
nanocrystals.5,18,19 Recently, the atomically thick noble metal
nanoplates, an emerging star nanomaterial for the catalysis, have
attracted more attention compared with the traditional zero-
dimensional noble metal nanocrystals, owing to the extremely high
meal atom utilization and superior catalytic activity.20–26 Obviously,
bimetallic core–shell nanodendrites with atomically ultrathin
nanoplate shells are expected to possess greatly improved catalytic
activity. No such bimetallic core–shell nanodendrites have been
reported to date.
Rh nanostructures are widely applied in catalytic reactions such as

hydrogen generation,27 electrocatalytic oxidation,28 hydrogenation29

and hydroformylation.30 In particular, in the field of hydrogen
generation, Rh nanostructures have been proved to be highly efficient
catalysts for the catalytic hydrolysis of chemical hydrides (such as
N2H4·H2O

27 and NH3BH3
31). Previous studies have reported that

Au@Pt and Au@Pd core–shell nanostructures showed light-enhanced
catalytic activity for hydrogen generation from water–methanol32 and
formic acid,17 respectively. Encouraged by these impressive results, we

Key Laboratory of Macromolecular Science of Shaanxi Province, Key Laboratory of Applied Surface and Colloid Chemistry (MOE), Shaanxi Engineering Lab for Advanced Energy
Technology, School of Materials Science and Engineering, Shaanxi Normal University, Xi’an, People’s Republic of China

Correspondence: Associate Professor P Jin or Professor Y Chen, Key Laboratory of Macromolecular Science of Shaanxi Province, Key Laboratory of Applied Surface and Colloid
Chemistry (MOE), Shaanxi Engineering Lab for Advanced Energy Technology, School of Materials Science and Engineering, Shaanxi Normal University, No. 620, West Chang’an
Avenue, Chang’an District, Xi’an 710119, People’s Republic of China.
E-mail: jinpj@snnu.edu.cn or ndchenyu@gmail.com

1These authors contributed equally to this work.

Received 3 February 2017; revised 12 April 2017; accepted 3 May 2017

NPG Asia Materials (2017) 9, e407; doi:10.1038/am.2017.114
www.nature.com/am

http://dx.doi.org/10.1038/am.2017.114
mailto:jinpj@snnu.edu.cn
mailto:ndchenyu@gmail.com
http://dx.doi.org/10.1038/am.2017.114
http://www.nature.com/am


try to synthesize bimetallic Au@Rh core–shell nanostructures and
explore their application in the field of hydrogen generation under
visible light irradiation conditions. So far, bimetallic Au@Rh
core–shell nanostructures are rarely synthesized,19,33,34 which may be
ascribed to the unfavorable thermodynamic equilibrium due to the
large lattice mismatch (7%, Au 0.408 nm versus Rh 0.380 nm)34,35

and large surface energy variance (43%, Au 1.6 J m− 2 versus
Rh 2.8 J m− 2).28,35,36 In this work, we demonstrated that bimetallic
Au@Rh core–shell nanodendrites with a well-defined octahedral Au
core and a dendritic Rh shell could be easily achieved by a facile
one-pot hydrothermal method, using polyallylamine hydrochloride
(Supplementary Scheme S1A) as a surfactant and diethylene glycol
(Supplementary Scheme S1B) as a reductant. The physical
characterization indicated that the dendritic Rh shells were composed
of the atomically thick two-dimensional (2D) ultrathin Rh nanoplates.
Owing to the ultrathin structure of 2D Rh nanoplates and the
LSPR effect of Au icosahedron cores, bimetallic Au@Rh core–shell
nanodendrites exhibited remarkably improved catalytic activity
for the hydrogen generation reaction from aqueous hydrazine
solution (N2H4=N2+2H2, HGR-N2H4) under visible light irradiation
conditions.

EXPERIMENTAL PROCEDURES

Reagents and chemicals
Polyallylamine hydrochloride with a weight-average molar mass of 20 000 was
supplied from Nitto Boseki Co., Ltd. (Tokyo, Japan). Diethylene glycol was
purchased from Sigma Aldrich (Milwaukee, WI, USA). Rhodium(III)
chloride hydrate (RhCl3·3H2O), hydrogen tetrachloroaurate(III) tetrahydrate
(HAuCl4·4H2O) and hydrazine monohydrate (N2H4·H2O, 85%) were obtained
from the Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). Other
chemicals used in this work were of analytical reagent grade.

Synthesis of bimetallic Au@Rh core–shell nanodendrites
In a typical synthesis, RhCl3 aqueous solution (6.0 ml, 0.01 M), polyallylamine
hydrochloride aqueous solution (1.6 ml, 0.5 M), diethylene glycol solution
(4.0 ml) and HAuCl4 solution (3 ml, 0.01 M) were mixed and stirred for
10 min. Then the homogeneous mixture solution was transferred into a
Teflon-lined high-pressure vessel and heated at 180 °C for 6 h. Finally, the
obtained bimetallic Au@Rh core–shell nanodendrites were separated by
centrifugation and washed with acetic acid for 10 h.37 For comparison,
monometallic Au nanocrystals were prepared in the absence of HAuCl4 and
monometallic Rh nanodendrites were synthesized in the absence of RhCl3.

Materials characterizations
UV–visible (UV–vis) absorption spectroscopy was performed using a Shimadzu
UV-3600U spectrophotometer (Shimadzu Corporation, Kyoto, Japan). Trans-
mission electron microscopy (TEM) images, high-resolution TEM images,
high-angle annular dark field scanning TEM images and energy-dispersive
X-ray (EDX) spectra were obtained using a TECNAI G2 F20 transmission
electron microscope (FEI Company, Hillsboro, OR, USA). Scanning electron
microscopic images were obtained using a Hitachi SU-8020 emission scanning
electron microscope (Hitachi High-Technologies Corporation, Tokyo, Japan).
X-ray diffraction (XRD) measurements were carried out using a DX-2700
diffractometer (Dandong Haoyuan Instrument Co. Ltd, Dandong, China) with
Cu-Kα radiation. X-ray photoelectron spectroscopic (XPS) measurements were
performed using an AXIS ULTRA spectrometer (Shimadzu/Kratos Analytical,
Hadano, Kanagawa, Japan) with Al Kα radiation as the excitation source, and
the binding energy scale was calibrated with respect to adventitious carbon
(C1s, 284.6 eV). Atomic force microscopic analysis was performed in the
tapping mode in air using a Dimension Icon system (Bruker Corporation,
Santa Barbara, CA, USA). The inductively coupled plasma atomic emission
spectrometric measurements were performed using an ICP-Prodigy7 analyzer
(Teledyne Leeman Labs, Hudson, NH, USA).

Hydrogen generation reaction from aqueous hydrazine solution
(N2H4=N2+2H2, HGR-N2H4)
The experimental setup for the HGR-N2H4 was similar to that described in a
previous report.38 The solution temperature was set to 30 °C using cycling
water. Typically, the NaOH solution (4 ml, 0.5 M) containing an amount of
catalyst was placed in a three-necked round-bottom flask. Then the N2H4·H2O
solution (0.02 ml) was injected into the sealed flask under vigorous stirring.
The catalyst/N2H4·H2O molar ratio was fixed at 1:10 for the catalytic reaction.
The released gas was collected by a gas burette filled with water connected
to the reaction flask. Before the volume was measured, the gas released from the
flask was passed through a trap containing an H2SO4 solution (1.0 M).
To determine the reaction activation energy (Ea), cycling water was used to
modulate the temperature of the reaction system. For the light-enhanced
catalytic experiment, the reaction solution was exposed to light irradiation from
a Xenon lamp (power density of 0.33 W cm2) under vigorous stirring.
The turnover frequency (TOF) value was calculated as39:

TOFinitial ¼ PatmVH2þN2=RT

3nmetalt
ð1Þ

where TOFinitial is the initial turnover frequency, Patm is the atmospheric
pressure, VH2+N2 is the volume of the generated gas (H2+N2) when the
conversion reached 50%, R is the universal gas constant, T is the temperature
(298 K), nmetal is the mole number of metal catalyst and t is the reaction time
when the conversion reached 50%.
The reaction Ea was calculated by the Arrhenius equation as40:

lnTOF ¼ ln A2Ea=RT ð2Þ
where A is the reaction constant.
For the durability test, the catalytic reaction was repeated seven times by

adding another equivalent of N2H4·H2O into the reaction vessel after the
completion of the previous cycle.

RESULTS AND DISCUSSION

Characterization of bimetallic Au@Rh core–shell nanodendrites
Bimetallic Au@Rh core–shell nanodendrites were easily achieved by
heating the mixture solution of RhCl3, HAuCl4, polyallylamine
hydrochloride and diethylene glycol (see Experimental procedures
for details). The morphology, size and chemical composition of the
products were first investigated by scanning electron microscopy and
EDX. The scanning electron microscopic image clearly reveals that the
products are uniform spherical nanocrystals with a rough surface
(Figure 1a). Their mean particle diameter is approximately 90 nm
(Supplementary Figure S1). EDX measurements indicate that the
products mainly contain Au and Rh elements (Figure 1b). The Au/Rh
atomic ratio is quantitatively determined by inductively coupled
plasma atomic emission spectrometric analysis to be approximately
63:37, which is close to the theoretical stoichiometric ratio. The
chemical states of Au and Rh species were identified by XPS. The Au
4f and Rh 3d XPS spectra show that the metallic Au0 and Rh0 are the
predominant species (Figure 1c), indicating that both RhCl3 and
HAuCl4 precursors are reduced successfully. However, XPS analysis
shows that the Au/Rh atomic ratio is 8.4:91.6 (Supplementary
Figure S2), which is much lower than the value obtained by EDX
analysis (Au/Rh= 66:34). It is well known that XPS is a highly
sensitive surface analysis technique with an analysis depth of approxi-
mately 1–5 nm, whereas EDX is a bulk analysis technique with an
analysis depth of approximately 1000–2000 nm. The discrepancy
between the XPS and EDX results suggests that the products are not
a uniform AuRh alloy. Indeed, the XRD pattern shows two distinct
sets of diffraction peaks, which can be assigned to the diffraction
patterns of Au and Rh crystals, respectively (Figure 1d). Thus the XRD
pattern further confirms that no alloy phase exists in the products.
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The morphology and structure of the products were further
investigated by high-resolution TEM. The products show obvious
dendritic morphology (Figure 1e), and the average particle size is ca.
87 nm (Supplementary Figure S3), in agreement with the scanning
electron microscopic result. The strong luminance contrast between
the center and the edge indicates that the products have a core–shell
structure (Figure 1e). EDX mapping and line scanning patterns reveal
that the nanodendrites are composed of an Au core and an Rh shell
(Figure 1f). Here the size of the Au core is approximately 55 nm,
whereas the thickness of the Rh shell is approximately 16 nm. The
magnified high-resolution TEM image shows that the dendritic Rh
shells are composed of Rh nanoplates (Figure 1g). The lattice spacing
between the two lattice fringes is approximately 0.223 nm (top inset in
Figure 1g), corresponding to Rh(111) facets. The fast-Fourier
transform pattern clearly shows one diffraction pattern with six-fold
rotational symmetry (bottom inset in Figure 1g), confirming Rh(111)

facets. After strong ultrasonic treatment, few Rh nanoplates are
observed (Figure 1h), further confirming that the dendritic Rh shells
are composed of Rh nanoplates. Atomic force microscopic measure-
ment show that the Rh nanoplates are only approximately 1.2 nm
thick (Figure 1i), corresponding to approximately four atomic layers.

Formation mechanism of bimetallic Au@Rh core–shell
nanodendrites
To understand the formation mechanism of bimetallic Au@Rh
core–shell nanodendrites, the reaction process was first monitored
by UV–vis spectroscopy (Figure 2a). The reduction potential of AuIII

(φHAuCl4/Au, +0.99 V versus the standard hydrogen electrode)41 is
higher than that of RhIII (φRhCl3/Rh, +0.76 V versus the standard
hydrogen electrode).42 Thus the HAuCl4 precursor may be reduced
preferentially to generate Au nanocrystals during the synthesis that
will subsequently act as the cores for the growth of the Rh shells.

Figure 1 (a) Scanning electron microscopic (SEM) image, inset: magnified SEM image, (b) EDX spectrum, (c) Au 4f and Rh 3d XPS spectra, (d) XRD pattern
and (e) High-resolution TEM (HRTEM) image of bimetallic Au@Rh core–shell nanodendrites. (f) high-angle annular dark field scanning TEM image, EDX
mapping pattern and line scanning pattern of bimetallic Au@Rh core–shell nanodendrites. (g) Magnified HRTEM image of the dendritic Rh shells. Top inset:
further magnified HRTEM image; bottom inset: corresponding Fast-Fourier transform (FFT) pattern. (h) HRTEM and (i) atomic force microscopic images of Rh
nanoplates obtained by the strong ultrasonic treatment.
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As expected, no characteristic absorption peak of Au nanocrystals is
observed at the initial reaction time (that is, 0 h). At 0.5 h, the UV–vis
spectrum exhibits a strong visible light absorption at 520 nm,
indicating the formation of Au nanocrystals.43 When the reaction
time increased to 1 h, the absorption peak at 520 nm increased
accordingly, indicating the growth of Au nanocrystals. At 2 h, the
absorption peak of Au became weaker as a result of the deposition of
Rh on the surfaces of the Au nanocrystals.19,44 At 6 h, the absorption
peak of the Au nanocrystals weakened further, which is ascribed to the
continuous growth of Rh shells on the Au nanocrystals. Upon further
increasing the reaction time to 8 h, UV–vis curve remains almost
constant, indicating the complete reduction of the RhCl3 precursor
within 6 h. However, the absorption peak of Au still appeared in the
enlarged spectrum (inset in Figure 2a). The photographs of the actual
system show color change from yellow to red to black (Figure 2b),
confirming the generation of Au nanocrystal cores and the
subsequently continuous deposition of Rh on the preformed Au
nanocrystals, in agreement with UV–vis measurements. To visualize
the growth process of bimetallic Au@Rh core–shell nanodendrites, the
intermediates at different reaction times were collected and

characterized by TEM and XRD. At 0.5 h, the ultrafine Au
nanocrystals are generated (Figure 2c(a)), and these Au nanocrystals
have a spherical morphology (Supplementary Figure S4). For a
reaction time of 1 h, the ultrafine Au nanocrystals have grown into
Au icosahedra (Figure 2c(b) and Supplementary Figure S5). At 2 h,
some Rh nanocrystals aggregate around the preformed Au icosahedra
(Figure 2c(c)). At 6 h, the complete bimetallic Au@Rh core–shell
nanodendrites are observed (Figure 2c(d)). A series of corresponding
XRD patterns shows that the Au diffraction peak intensity of the
intermediates first increases and then decreases with reaction time, and
the Rh diffraction peak intensity of the intermediates increases with
reaction time (Figure 2d). Thus TEM and XRD results clearly
indicate that the formation process of bimetallic Au@Rh core–shell
nanodendrites can be easily divided into four steps, from the
appearance of Au seeds to the appearance of well-defined Au@Rh
core–shell structures (Figure 2e).

Effects of experimental parameters
To understand the function of diethylene glycol and polyallylamine
hydrochloride during the synthesis, a set of control experiments were

Figure 2 (a) UV–vis spectra, inset: enlarged UV spectrum and (b) photographs of the actual reaction system at different times. (c) TEM images and (d)
corresponding XRD patterns of the reaction intermediates at (a) 0.5, (b) 1, (c) 2 and (d) 6 h, respectively. (e) Schematic illustration of the formation process
of bimetallic Au@Rh core–shell nanodendrites.
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performed. In the absence of diethylene glycol, only irregular Au
nanocrystals are obtained at 1 h (Supplementary Figure S6), indicating
that diethylene glycol is critical for the formation of Au icosahedra. In
the absence of polyallylamine hydrochloride, the obvious phase
separation is observed and nanocrystals exhibit self-aggregation
(Supplementary Figures S7A and B), indicating that polyallylamine
hydrochloride effectively acts as a capping agent and a linker agent
for the deposition of Rh on the preformed Au nanocrystals during
the synthesis of bimetallic Au@Rh core–shell nanodendrites.
Meanwhile, in the absence of polyallylamine hydrochloride, spherical
Rh nanocrystals anchor on Au nanocrystals surface instead of Rh
nanoplates (Supplementary Figure S7C), indicating that polyallylamine
hydrochloride has an important role for the formation of Rh
nanoplates due to its strong adsorption on Rh(111) facets.31,45 In
fact, the monometallic Rh nanodendrites with ultrathin Rh nanoplate
branches can easily be achieved in the absence of HAuCl4
(Supplementary Figure S8), confirming that the presence of
polyallylamine hydrochloride facilitates the formation of 2D ultrathin
Rh nanoplates. It is worth noting that the Rh shell thickness can be
easily adjusted from 7 to 32 nm by changing the amount of RhCl3
(Figure 3), demonstrating a size-adjustable synthesis. When the
amount of HAuCl4 is decreased, the TEM image shows the presence
of many monometallic Rh nanodendrites (see circle in Supplementary
Figure S9), indicating that the size of Au cores also has a vital role for
the formation of bimetallic Au@Rh core–shell nanodendrites.

Light-enhanced catalytic activity for the HGR-N2H4

Hydrogen, a clean and green energy source, has been considered as a
highly promising future energy source that can effectively eliminate
the environmental pollution and the greenhouse effect.40,46 Recently,
the HGR-N2H4 has attracted tremendous attention due to the facile
storage and transportation, low cost and high hydrogen density
(8 wt.%) of N2H4·H2O.

27,47,48 The catalytic performance of
bimetallic Au@Rh core–shell nanodendrites for the HGR-N2H4 was
first examined and compared with those of commercial Rh black
and monometallic Rh nanodendrites under the same experimental
conditions in the absence of light irradiation. Hydrogen generation
profiles show that the hydrogen generation rate at bimetallic Au@Rh
core–shell nanodendrites is much higher than that at the commercial
Rh black (Figure 4a). The HGR-N2H4 TOF value (8.9 h− 1) at
bimetallic Au@Rh core–shell nanodendrites is 11.1 times larger
than that (0.8 h− 1) of commercial Rh black (inset in Figure 4a).
Meanwhile, the TOF value is also higher than the values for the

recently reported Rh-based alloy catalysts, such as Rh10Ni90 nanopar-
ticles (3.3 h− 1),49 Rh4Ni nanoparticles (4.8 h

− 1),48 RhCu nanoframes
(5.6 h− 1)50 and Rh2Ni nanocubes/C (7.1 h− 1).51 To understand the
excellent catalytic performance of bimetallic Au@Rh core–shell
nanodendrites, the catalytic performance of monometallic Rh
nanodendrites for the HGR-N2H4 was also investigated. As observed,
the hydrogen generation rate and TOF of HGR-N2H4 at monometallic
Rh nanodendrites are much larger than those at commercial Rh black
(Figure 4a and inset), indicating that the ultrathin structure of Rh
nanoplates contributes to the drastic activity enhancement.
According to thermodynamics theory, the catalytic activity is closely

related to the reaction activation energy (Ea). A smaller Ea value
generally results in a higher catalytic activity. To obtain the Ea
of the HGR-N2H4 at bimetallic Au@Rh core–shell nanodendrites,
the catalytic reactions were performed at different temperatures. As
observed, the hydrogen generation rate increases gradually with
temperature (Figure 4b). According to the Arrhenius plot
(inset in Figure 4b), the Ea value of the HGR-N2H4 at bimetallic
Au@Rh core–shell nanodendrites is determined to be 42.5 kJ mol− 1,
smaller than that at commercial Rh black (59.2 kJ mol− 1,
Supplementary Figure S10). The previous excellent studies have
demonstrated that the atoms at defect sites with low-coordination
numbers are super active for the various catalytic reactions.22,23,25

Compared with bulk metal nanoparticles, the atomically thick
ultrathin nanoplates maximize the number of coordinately unsatu-
rated active sites in the edges and exposed faces (Supplementary
Scheme S2) that have an essential role in catalytic reactions.22,25,52,53

The atomic force microscopic image indicates that the thickness of the
2D Rh nanoplate is only approximately 1.2 nm (Figure 1i), and the
nanoplate contains only approximately four atomic layers. As an
intrinsic property of ultrathin nanoplates, Au@Rh core–shell
nanodendrites contain numerous Rh atoms at defect sites with
low-coordination numbers because nearly half of the Rh atoms are
present on the surface of the Rh nanoplates with four atomic layers.
Obviously, the abundant defective Rh atoms in bimetallic Au@Rh
core–shell nanodendrites contribute to the low Ea value, resulting in
high reactivity for the HGR-N2H4.
The most striking feature of bimetallic Au@Rh core–shell

nanodendrites is the LSPR property of the Au nanocrystal cores.
Previous studies have demonstrated that the LSPR property of
bimetallic core–shell nanostructures can significantly facilitate their
catalytic activity for many important reactions, such as hydrogen
production from water splitting,14,15,54 dehydrogenation of formic

Figure 3 TEM images of bimetallic Au@Rh core–shell nanodendrites obtained by changing the molar ratio of HAuCl4/RhCl3 to (a) 10:1 and (b) 1:1.
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acid17 and a Suzuki coupling reaction.55 The unique heterostructure
and LSPR optical property of bimetallic Au@Rh core–shell nanoden-
drites offer the possibility of light-enhanced catalytic applications.
Thus the catalytic activity of bimetallic Au@Rh core–shell nanoden-
drites for the HGR-N2H4 was investigated under dark and light
irradiation conditions. Under light irradiation, the hydrogen evolution
rate at bimetallic Au@Rh core–shell nanodendrites is obviously higher
than that under the dark conditions (Figure 4c). It must be
emphasized that monometallic Au nanocrystals show no catalytic
activity for the HGR-N2H4 under light irradiation conditions
(Supplementary Figure S11). Meanwhile, it is observed that light
irradiation does not affect the catalytic performance of the
monometallic Rh nanodendrites for the HGR-N2H4 (Supplementary
Figure S12). This indicates that the Au nanocrystal cores in bimetallic
Au@Rh core–shell nanodendrites have an important role for the light-
enhanced catalytic activity. When Au based core–shell nanostructures
are exposed to light, the electron transfer of the Au core to the metal
shell generally results in the charge enrichment on the metal shell.15–17

Previous investigations have demonstrated that the electronic
properties of the metal surface have a crucial role for the HGR-
N2H4 because N-N and N-H bond cleavage is closely related to the
electronic structure of metal atoms.27,56 For the Au@Rh core–shell
nanodendrites under light irradiation conditions, the charge-enriched
Rh shells effectively weaken the N-H bond and reduce the activation
barrier energy,57,58 resulting in light-enhanced catalytic activity. The
corresponding TOF value (16.8 h− 1) under the light irradiation
condition is 1.9 times larger than that (8.9 h− 1) under the dark
conditions (inset in Figure 4c). According to the TOF values of

the HGR-N2H4 at Au@Rh core–shell nanodendrites with and
without light irradiation, we calculate that the contribution of light
irradiation at identical reaction temperatures is approximately 47%
((16.8–8.9)/16.8= 0.47). To explore the effect of the structure on the
catalytic activity, a mixture of Au nanoparticles and Rh nanodendrites
was synthesized (Supplementary Figure S13). Experimental results
show that light irradiation does not affect the catalytic performance of
the mixture for the HGR-N2H4 (Supplementary Figure S14), which in
turn indicates that the close contact between the Au cores and
Rh shells is critical for the electron transfer from the Au atoms
to Rh atoms under light irradiation conditions.
In addition to the activity, the durability of catalyst is also a crucial

factor for practical applications. The catalytic performance of
bimetallic Au@Rh core–shell nanodendrites for the HGR-N2H4 is still
maintained even after seven cycles (Figure 4d). TEM images show that
the morphology of bimetallic Au@Rh core–shell nanodendrites is
maintained without changes after seven cycles (Supplementary
Figure S15). The particular branched structure of metal nanodendrites
effectively inhibits the Ostwald ripening/aggregation phenomenon,59

which is responsible for the excellent durability of bimetallic Au@Rh
core–shell nanodendrites.

CONCLUSIONS

In summary, we have developed a facile one-pot strategy for the
synthesis of bimetallic Au@Rh core–shell nanodendrites with LSPR
property and controllable shell thickness. The preferential reduction of
HAuCl4 resulted in the formation of Au nanocrystals in the initial
stage that then acted as the cores for the growth of Rh shells.

Figure 4 (a) Volume of the generated gas (H2+N2) versus time for the HGR-N2H4 at bimetallic Au@Rh core–shell nanodendrites, commercial Rh black and
monometallic Rh nanodendrites under dark conditions. Inset: TOF values of the HGR-N2H4 at bimetallic Au@Rh core–shell nanodendrites, commercial Rh
black and monometallic Rh nanodendrites. (b) Volume of the generated gas (H2+N2) versus time for the HGR-N2H4 at bimetallic Au@Rh core–shell
nanodendrites at 30, 40 and 50 °C under dark conditions. Inset: Plot of ln TOF versus 1/T at different temperatures. (c) Volume of the generated gas
(H2+N2) versus time for the HGR-N2H4 at bimetallic Au@Rh core–shell nanodendrites at 30 °C with and without light irradiation. (d) Durability test of
bimetallic Au@Rh core–shell nanodendrites for the HGR-N2H4 with light irradiation at 30 °C.

Bimetallic AuRh nanodendrites
Y Kang et al

6

NPG Asia Materials



During the synthesis, polyallylamine hydrochloride not only effectively
served as a capping agent to inhibit the aggregation of nanocrystals but
also acted as a linker agent to promote the deposition of Rh on the Au
cores. The as-prepared bimetallic Au@Rh core–shell nanodendrites
exhibited significantly improved catalytic activity for the HGR-N2H4

compared with commercial Rh nanocrystals due to the atomically
ultrathin structure of the 2D Rh nanoplates. Meanwhile, the
as-prepared bimetallic Au@Rh core–shell nanodendrites displayed
unusual light-enhanced catalytic activity for the HGR-N2H4 due to
the LSPR property of the Au cores. Unfortunately, the as-prepared
bimetallic Au@Rh core–shell nanodendrites exhibited low H2

selectivity for the HGR-N2H4 (Supplementary Figure S16); this may
be solved in our future work by the synthesis of RhNi alloy shells.
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