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Compressed hydrogen gas-induced synthesis of
Au–Pt core–shell nanoparticle chains towards
high-performance catalysts for Li–O2 batteries†

Cheng Chao Li,‡a Wenyu Zhang,‡ac Huixiang Ang,a Hong Yu,ac Bao Yu Xia,b

Xin Wang,b Yan Hui Yang,b Yang Zhao,a Huey Hoon Hng*a and Qingyu Yan*acd

Herein we reported a green synthetic route for the preparation of Au–Pt core–shell nanoparticle chains in a

two-step route without the use of any surfactants. In the synthesis, compressed hydrogen was used as a

reducing reagent, which also promoted the assembly of particle chains. The as-prepared monodispersed

gold nanoparticles were manipulated by dipoles to form chain-like nanostructures under high pressure;

meanwhile, in situ epitaxial growth of Pt shell on gold nanochains occurred, leading to the formation of

Au–Pt core–shell nanoparticle chains. The resulting bimetallic Au–Pt core–shell chains showed

excellent catalytic activity as cathodes in lithium oxygen batteries with a low charge–discharge over

potential and outstanding cycle performance because of its clean catalytic surface, interconnected

nanostructure, which provided a good electron path and innate synergistic effect.
Introduction

As one of the important energy conversion technologies,
rechargeable Li–oxygen batteries have attracted signicant
interest because they have a much higher gravimetric energy
storage density compared with all other chemical batteries and
are compatible with gasoline.1–6 In addition, Li–oxygen batteries
are also eco-friendly electrochemical power sources because
they use oxygen from the environment as the cathode material.
However, the practical use of Li–O2 batteries is still limited by
several serious drawbacks such as high charge–discharge over-
potential, low rate capability, and poor cycling stability.7–10 It is
generally considered that the key factor for improving the
electrochemical performance of Li–O2 batteries is to nd
effective cathode catalysts to promote the oxygen reduction
(ORR) and oxygen evolution reactions (OER).11–14 To this end,
tremendous efforts have been devoted to explore various
cathode catalysts for addressing the abovementioned chal-
lenges.15–18 In particular, bifunctional catalysts such as Fe–N–
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C,19 transition bimetallic nitrides,20 a-MnO2/Pd,21 porous
carbon or two-dimensional (2D) graphene nanosheet (GNS)-
supported transition metal oxides22 have also received great
interest due to their favorable ORR and OER activities. Shao-
Horn and co-workers reported a new bifunctional Pt–Au alloy
catalyst for rechargeable Li–oxygen batteries using a carbonate
electrolyte.23 The new bifunctional Pt–Au electrocatalysts
signicantly decreased the overvoltage, especially for the charge
process. However, the Pt–Au electrocatalyst based cells suffer
from the severe degradation of carbonate electrolytes.24

Although ether solvents have been demonstrated as an effective
alternative for carbonate-based electrolytes and much progress
has been achieved, exploring novel bifunctional electrocatalysts
to upgrade the performance of Li–O2 cells still remains a
signicant challenge.

As we know, the size, morphology and composition of cata-
lyst particles on the nanometer scale profoundly affect their
reaction performance. Nanoscale catalyst particles with a large
specic surface area would lead to an abundance of active sites
involved in catalytic reactions.25–29 In particular, control over the
catalyst particle morphology allows for selective exposure of a
larger fraction of reactive facets on which the active sites can be
enriched and tuned. Recent theoretical calculation based on
rst principles have demonstrated that the activity of ORR/OER
catalysts is also greatly dependent on the electron transfer
efficiency.30 Sufficient electron participation can quickly reduce
the adsorbed oxygen molecules to OH� without any barrier
through an efficient 4e� pathway.30 Compared to separated
metal nanoparticle catalysts, the interconnected metal nano-
particles, e.g. chains, would have better electron transfer effi-
ciency. Therefore, it is highly desirable but challenging to
This journal is © The Royal Society of Chemistry 2014
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develop a synthetic route for precious metal-based bifunctional
catalysts with an interconnected structure and a clean catalytic
surface.

In this study, we report a green synthetic process for the
preparation of Au–Pt core–shell nanoparticle chains by the
integration of electrical dipole-induced self-assembly and the
simultaneous epitaxial growth of the Pt shell. Compressed
hydrogen acted as a clean reducing reagent in the synthesis,
which also helped in the assembly of the nanoparticles. As
expected, the obtained bimetallic Au–Pt core–shell nanoparticle
chains showed excellent catalytic activity and stability as cath-
odes in non-aqueous lithium oxygen batteries due to their clean
catalytic surface and interconnected nanostructure. At a current
density of 200 mA g�1, the fabricated Li–O2 cell operating with
an ether-based electrolyte exhibited a discharging voltage of
�2.7 V and a charging voltage of 4.0 V for 20 cycles.
Results and discussion

The schematic for the compressed hydrogen gas-induced
self-assembly and growth method for the preparation of Au–Pt
core–shell nanoparticle chains is shown in Fig. 1. The advan-
tage of this method for preparing core–shell nanomaterials is
that the shell thickness/coverage can be easily controlled
by simply adjusting the dosage of second metal ions (Pt) to
Au seeds in solution. At a lower concentration of H2PtCl4, Pt

0

can be only deposited on the Au core to form monodispersed
Au–Pt core–shell nanoparticles by heterogeneous nucleation
growth. Further increase in the concentration of H2PtCl4 will
allow more Pt0 to deposit on the Au core and connect the
neighbouring Au nanoparticles to form chains. Recently,
various routes, involving surfactant-based templates,32

molecular recognition,33 specic functionalization,34 surface-
or solvent-induced phase separation35 and magnetic dipoles,36

have been developed to assemble pre-synthesized metallic
nanoparticles into one-dimensional chains and networks
that have potential applications in sub-wavelength optical
and thermal devices. In this work, compressed hydrogen is
used as the driving force for producing such elegant assem-
bled nanochain networks by unbalancing the attractive van
der Waals potentials and residual electrostatic repulsions
and increasing the chance of Brownian collisions. The
calculated energy for dipole attraction between nanoparticles
can be as high as 10 kJ mol�1 based on the classical formula
Fig. 1 The schematic model diagram for Au–Pt core–shell nano-
particle chains; the arrows denote the electrical dipoles. The Pt shell is
thin and highly porous.

This journal is © The Royal Society of Chemistry 2014
�
E ¼ � m2

2p30rðr2 � dNp
2Þ; 30 ¼ 8:85� 10�12 C2 J�1 m�1

�
.37

Without the use of pressure, the gold nanoparticles system is
relatively stable because of the surface charge induced elec-
trostatic repulsions, which counteract the attractive van der
Waals and hydrogen bonding potentials. However, when a
high pressure (�250–500 psi) is introduced into the reactor,
the hydrogen-expanded aqueous solution reduces the
solvating ability of sodium citrate. Partial loss of the surface-
adsorbed charged citrate ions reduces the electrostatic repul-
sions between the particles. The nanoparticles under the
inuence of serendipitous Brownian collisions and attractive
van der Waals force may start to form close contacts. Then, the
dipole–dipole interactions then trigger the formation of linear
chains of single nanoparticles to minimize the enthalpy of the
system by promoting dipole alignment and reducing the inter-
dipole distance. Simultaneously, Pt precursor PtCl4

2� could be
reduced by compressed hydrogen gas and slowly deposit on
the interconnected gold nanoparticles, resulting in the nal
Au–Pt core–shell nanoparticle chains.

Fig. 2 shows the X-ray diffraction (XRD) pattern of the as-
prepared samples. Two sets of diffraction peaks are clearly
observed, which can be indexed to the (111), (200), and (220)
reections of the face-centered cubic Pt (JCPDS #04-0802) and
Au (JCPDS #04-0784), respectively. All diffraction peaks are
broadened, indicating nanoscale crystal domain size. The peak
splitting of the Au and Pt phase suggests that the product is a
heterogeneous phase but a solid solution, which is in agree-
ment with the previously reported powder diffraction
results.23,38

Transmission electronmicroscopy (TEM) was further used to
characterize the morphology and the detailed structure of the
products. Fig. 3a is the TEM image of gold nanoparticles
prepared by the sodium citrate reduction. It can be seen that the
gold nanoparticles are monodispersed with an average particle
size of 15 nm. Following the hydrogen induced reduction
process in the presence of H2PtCl4 precursor, chain-like prod-
ucts were obtained (Fig. 3b and c). As can be seen in the TEM
image, the nanoparticles are connected to one another and
form a linear assembly with observable sub branches. It should
Fig. 2 XRD pattern of Au–Pt core–shell nanoparticle chains.
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Fig. 3 Representative TEM images of (a) gold nanoparticles, (b and c)
Au–Pt core–shell nanoparticle chains, (d) a single Au–Pt nanochain. (e
and f) HRTEM images of the Au–Pt core–shell nanochain. (g) EDX
spectrum of Au–Pt core–shell nanoparticle chains.

Fig. 4 Cyclic voltammetric curves of Au–Pt core–shell nanoparticle
chains recorded in 0.5 M H2SO4 solution at different scan rates.

Fig. 5 (a) Linear sweep voltammetry curves of ORR at various rotation
rates for Au–Pt core–shell nanoparticle chains modified electrode. (b)
Koutecky–Levich plots of Au–Pt core–shell nanoparticle chains
electrode derived from RDE voltammograms in (a) at different elec-
trode potentials.
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be noted that there are no gaps between the adjacent nano-
particles (Fig. 3d and e), which is quite different from previ-
ously reported metal nanoparticle chains governed by
electrostatic force, surfactants and magnetic forces.39–41 The
high-resolution TEM image (Fig. 3f) indicates that the gold
nanoparticles were linked and coated by thin Pt shells to form
a bean pod-like structure. The observed lattice spacing of 2.30
Å corresponds to the (111) facet of face-centered cubic (fcc) Pt.
The core–shell structure was conrmed by electron energy-loss
spectrum (EELS) mapping analysis. Fig. S1† shows the EELS
mapped images of Au–Pt nanoparticles, in which Au and Pt are
color-coded as green and red, respectively. Au is present only
in the core region of each nanoparticle, and Pt is present only
on the shell.

The line-scanned EELS data of a single nanoparticle
(Fig. S1†) further conrmed the core–shell structure showing Au
on the inside and Pt on the outside. The energy dispersive X-ray
spectrometry (EDX) was performed on a random selected area of
the sample, which showed that the Au and Pt core–shell
network-like products are composed only of gold and platinum
(Fig. 3g). The contents of Au and Pt are 56.14 at% and 43.86 at%,
respectively, which is close to that of the precursor solution.

Fig. 4 shows the cyclic voltammetry (CV) proles of the as-
prepared Au–Pt core–shell in 0.5 M H2SO4 electrolyte. As shown
in Fig. 4, there are well-dened hydrogen desorption/adsorption
peaks between �0.24 V and 0.2 V, and Pt oxidation/reduction
peaks are in the range of 0.2–1.0 V. The electrochemically active
surface areas (ECSA) were calculated by measuring the
Coulombic charge of hydrogen adsorption and assuming a
value of 210 mC cm�2 for the adsorption of a hydrogen mono-
layer. The ECSA was calculated to be 25.8 m2 g�1. The lower
ECSA for the Au–Pt core–shell nanoparticle chain catalyst
compared with the Pt nanoparticles in commercial catalysts
(ECSA, 51.0 m2 g�1), is most likely due to its larger size. The
oxygen reduction reaction (ORR) activity of the Au–Pt core–shell
10678 | J. Mater. Chem. A, 2014, 2, 10676–10681
nanoparticle chains was investigated using the rotating-disk
electrode (RDE) technique at a scan rate of 10 mV s�1 (Fig. 5a).
From the RDE curves, the ORR current densities exhibited an
increase with increasing rotation speed, indicating that it is a
diffusion controlled process. The current densities at 0.40 V are
4.6 mA cm�2 and the half-wave potential of the Au–Pt core–shell
nanoparticle chains is 0.825 V at a rotation speed of 1600 rpm.
Obviously, the activity is much better than that of a commercial
Pt/C catalyst (0.818 V). The RDE polarization curves of oxygen
This journal is © The Royal Society of Chemistry 2014
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Fig. 6 (a) Charging and discharging voltage profiles of the cell at
various current densities. (b) Charging and discharging voltage profiles
of the cell at 200mA g�1. (c) Specific discharge capacity of the cell over
20 cycles at 200 mA g�1 (black) and cell voltage upon completion of
each discharge (red) and charge (blue) segment over 20 cycles.
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reduction recorded at different rotation speeds (400 to 2500
rpm) were also analyzed using the Koutecky–Levich (K–L)
equation (Fig. 5b).42

1

J
¼ 1

JK
þ 1

JL
¼ 1

0:62nFC0D2=3v�=6u1=2
þ 1

nFkC0

where J is the measured current density, and JK and JL are the
kinetic and diffusion limited current densities, respectively; n is
the overall number of electrons transferred per oxygenmolecule
during ORR; F is Faraday's constant; C0 is the concentration of
dissolved oxygen (1.2 � 10�6 mol cm�3); D is the diffusion
coefficient of oxygen (1.9 � 10�5 cm2 s�1); n is the kinetic
viscosity of the solution and k is the apparent electron transfer
rate constant. The t lines of the K–L plots at various electrode
potentials (0.3–0.6 V) show good linearity and parallelism,
indicating that the ORR process over the Au–Pt core–shell
nanoparticle chains catalyst follows rst-order kinetics with
respect to the concentration of oxygen. The electron transfer
number (n) per O2 molecule is determined to be 3.8 for the Au–
Pt core–shell nanoparticle chain modied-electrode. These
results suggest an apparent quasi-four electron oxygen reduc-
tion process. In other words, O2 can be dominantly reduced to
hydroxide ions at these potentials, which is desirable for
achieving highly efficient electrocatalytic ORR.

To investigate the electrochemical performance, Li–oxygen
batteries with a non-aqueous electrolyte were fabricated. Our
Li–O2 cell was assembled with modied Swagelok congura-
tions,43 in which Li foils are used as the reference and counter
electrodes and a stainless steel net supported Au–Pt/C as the
working electrodes. The specic discharge–charge capacities
are limited to 1000 mA h g�1. Typical charge and discharge
voltage proles of the Li–O2 cell are shown in Fig. 6a. At a
current density of 50 mA g�1 based on the total mass of the Au–
Pt core–shell network-carbon hybrid material, the average dis-
charging voltage was about 2.82 V, close to the thermodynamic
potential of the reaction 2Li+ + 2e� + O2 / Li2O2, while the
average charging voltage was about 3.77 V, which is 0.82 V
higher than the discharging voltage. This overpotential was
much lower than those of other reported catalysts such as gra-
phene,44 transition metal oxides,45 perovskite oxides,16 MoN–
graphene8 and mesoporous pyrochlore.46 The overpotential
slightly increased with increasing current densities (Fig. 6a) but
the charging potential at 100 and 200 mA g�1 was still <4.0 V.
The round-trip efficiencies (the discharging specic energies–
charging specic energies) of the as-prepared Au–Pt core–shell
nanoparticle chain electrode (Fig. 6a) at current densities of 50,
100 and 200 mA g�1 are calculated to be 78.3%, 67.0%, and
57.1%, respectively. These values are also much improved in
comparison to pure carbon cathode and previously reported
graphene materials.42 To demonstrate the merits of the core–
shell chain, the lithium oxygen performances based on other Au
and Pt nanostructures was also evaluated. Clearly, the Au–Pt
core–shell chains electrodes exhibit lower charge and discharge
potential in comparison with monodispersed Au–Pt core–shell
nanoparticles and a mixture of Au Pt nanoparticles (Fig. S3 and
S4†). Furthermore, the Au–Pt core–shell network electrodes also
exhibit good cycling stability. The cycle life of the Li–O2 cell was
This journal is © The Royal Society of Chemistry 2014
tested with a capacity cut-off of 1000mAh g�1 at a current density
of 200 mA g�1. The cell showed good cycling ability for over 20
cycles in dry oxygen (Fig. 6c). During cycling, the nal voltage of
each discharging segment was stabilized at 2.6–2.7 V, and the
nal voltage of each charging segment was in the range of 4.0 to
4.1 V (Fig. 6b and c). The good cycling performance of the Au–Pt
core–shell network electrode can be attributed to the inter-
connected bimetal nanostructures, which greatly increase the
electron transport in the electrocatalysts compared to the sepa-
rated precious metal nanoparticles (Fig. S5†). In particular, the
bimetallic catalysts not only inherit the catalytic properties of
each component, but also have higher catalytic efficiencies than
their monometallic counterparts because of a strong synergy
between the metals. The origin of this synergy between two
metals is generally ascribed to electronic (ligand) and geometric
(ensemble) effects. In the gold bimetallic catalysts, because gold
has the highest electronegativity (2.54), the electron transfer from
the secondmetal to goldmay occur, which will affect the catalytic
performance of gold by electronic modication. In addition,
the synthesis route eliminates the use of strong coordinated
surfactants, which results in a clean catalytic surface.
J. Mater. Chem. A, 2014, 2, 10676–10681 | 10679
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Conclusions

A green synthetic process was developed to prepare bifunctional
Au–Pt core–shell nanoparticle chain electrocatalysts using high
pressure hydrogen gas as the self-assembly inducing reagent
and reducing reagent. In the synthesis, surfactants were not
used and the electrical dipoles are believed to be the driving
force for producing such elegant assembled nanochain
networks. Due to its clean catalytic surface and improved elec-
tron transfer efficiency, the obtained bimetallic Au–Pt core–
shell nanoparticle chains showed excellent catalytic activity as
cathodes in lithium oxygen batteries with a low charge–
discharge over potential and outstanding cycle performance of
the interconnected nanostructure.
Experimental
Synthesis of gold nanoparticles

The gold nanoparticles were synthesized according to the route
reported previously with minor modications.31 Typically,
1.67 mL of 30 mM HAuCl4 aqueous solution was added rapidly
to a solution of 4 mM sodium citrate (50 mL) that was heated
under reux. Heating under reux was continued for an addi-
tional 15 min during which the colour changed to deep red. The
obtained gold nanoparticles suspension was automatically
cooled down to room temperature and stored for further use.
Synthesis of Au–Pt core–shell nanoparticle chains

0.5 mL of 30 mM H2PtCl4 was added into 20 mL gold nano-
particles suspension under vigorous stirring. The mixture was
then transferred into a Parr reactor with a volume of 30 mL. The
reactor was rst purged with hydrogen gas for three times to
remove air. Compressed hydrogen gas was then introduced into
the reactor (the pressure can be controlled by regulator). The
reaction system was maintained at room temperature for 24 h.
Aer that, the hydrogen was released and the black product was
collected by centrifugation and washed with deionized water
and absolute ethanol several times, which was followed by
freeze drying.
Electrocatalytic activity measurement

The electrocatalytic activities of the samples were measured
using a conventional three-electrode cell with an Autolab
potentiostat/galvanostat (Model PGSTAT-72637, Brinkman
Instruments). The three-electrode cell consisted of a Pt wire
serving as the counter electrode, a saturated calomel electrode
(SCE) serving as the reference electrode, and a glassy
carbon (GC) disk (5 mm in diameter) coated with catalysts,
serving as the working electrode. To fabricate a working elec-
trode, 5 mg of catalyst powder was dispersed in a diluted
Naon solution, which was then ultrasonicated for 30 min to
form a homogeneous black suspension. Then, 10 mL of the
resulting suspension was carefully pipetted onto the surface
of the GC electrode, and the coating was dried at room
temperature for 12 h.
10680 | J. Mater. Chem. A, 2014, 2, 10676–10681
Electrochemical testing of Li–O2 cells

The oxygen electrodes were prepared as follows: a catalyst slurry
was prepared bymixing the as-prepared Au–Pt catalyst (40 wt%),
super P (40%) and polyvinylidene uoride (PVDF) (20 wt%) in N-
methyl-2-pyrrolidone (NMP). The mixture was then coated on a
glass ber separator, which was punched into discs with a
diameter of 14mm and dried at 80 �C in a vacuum oven for 12 h.
The typical loading of the air electrode is about 1 mg cm�2. The
Li–O2 cells were assembled in an Ar lled glove box with water
and oxygen levels of less than 0.1 ppm. A lithium foil was used
as the anode and was separated by a glass microbre lter
soaked in 1 M LiCF3SO3 with tetra(ethylene) glycol dimethyl
ether (TEGDME) as the electrolyte. Li–O2 cells were assembled
in the following order:23 (1) placing a lithium foil onto the
bottom of a stainless steel cell, which is used as the current
collector, (2) adding 0.2 mL electrolyte, (3) placing a piece of the
separator onto the lithium foil, (4) adding more electrolyte, (5)
placing the cathode-coated separator onto the separator, (6)
adding on top a cathode current collector and (7) purging the
cell with pure oxygen for 2minutes. The cell was gas-tight except
for the stainless steel mesh window, which exposed the porous
cathode lm to the oxygen atmosphere. All the measurements
were conducted in 1 atm dry oxygen atmosphere to avoid any
negative effects of humidity and CO2. Galvanostatic discharge–
charge measurements were conducted using a Neware battery
testing system. The specic capacity was calculated based on
the mass of Super-P carbon black in the cathode electrodes.

Characterization

The crystallographic phases of the prepared products were
investigated by X-ray power diffraction method (XRD) using a
Shimadzu XRD-6000 with Cu Ka radiation. Themorphologies of
the as-prepared sample were characterized by eld-emission
scanning electron microscopy (FESEM; JSM-6700F), trans-
mission electron microscopy (TEM; JEM-2010, 200 kV), selected
area electron diffraction (SAED), and high-resolution trans-
mission electron microscopy (HRTEM; JEM-2010F, 200 kV).
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