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lloy integrating PdAu bimetallic
nanoplates on reduced graphene oxide for efficient
and stable hydrogen evolution catalysts†

Yi Jiang, Yucong Yan, Yu Han, Hui Zhang * and Deren Yang

PdAu bimetallic nanoplates are synthesized by titrating HAuCl4 into an aqueous solution containing in situ

generated Pd square nanoplates (PdSPs) on reduced graphene oxide (rGO) in the presence of ascorbic acid

(AA), serving as a reducing agent, at different injection rates. At a high injection rate (e.g., 45mLmin�1), PdAu

core–shell nanoplates on rGO are generated by strong galvanic replacement between PdSPs and the Au

precursor, followed by reduction of the Pd precursor. In contrast, PdAu nanoplates with a core–shell and

alloy integrating structure are obtained on rGO by co-reduction of the Au and Pd precursors by AA due

to the inhibition of the abovementioned galvanic replacement at a slow injection rate (e.g.,

0.5 mL min�1). The PdAu nanoplates with a core–shell and alloy integrating structure on rGO exhibit

a substantially enhanced catalytic activity towards the hydrogen evolution reaction (HER) relative to the

PdAu core–shell nanoplates and PdSPs on rGO, and is comparable to the commercial Pt/C. Significantly,

these core–shell and alloy integrating nanoplates on rGO have much superior durability over Pt/C for

catalyzing the HER under acidic conditions. The remarkable enhancement in activity and durability can

be attributed to the cooperative function of the PdAu alloy and electron coupling between nanoplates

and graphene.
Introduction

Searching for clean and sustainable energy sources has recently
been driven by the serious and various environment problems
arising from the extensive use of limited fossil fuels. Amongst
several attractive candidates, molecular hydrogen (H2) is
considered to be the most promising solution to replace fossil
fuels owing to its high-energy density, high utilization efficiency
and the fact that it does not release pollutants.1,2 Nowadays,
steam reforming of fossil fuels is the primary method for the
large-scale production of H2. However, this process not only
consumes a large amount of fossil fuel resources, but it also
contributes to the serious problem of global greenhouse gas
(e.g., CO2) emission.3 Therefore, clean production of H2 has
received abundant research interest over the last few decades.4

In this respect, water splitting (H2O / H2 + 1/2O2) provides an
efficient and clean way to meet the future energy demand
because water is easily available all over the world and no
greenhouse gas is emitted during the production.5 The
hydrogen evolution reaction (HER) is the reductive half reaction
(H+ + e� / 1/2H2) of water splitting. In order to minimize the
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overpotential and promote the faradaic efficiency, an electro-
catalyst is required for HER.6,7 Of them, Pt-based nanocrystals
have proven to be the most effective catalysts for HER owing to
their low reduction overpotential and fast reaction kinetics.8–10

Unfortunately, the scarce abundance and high cost associated
with Pt limit its extensive use as catalysts in HER. To overcome
these limitations, a rich variety of effective and low-cost non-Pt
catalysts for HER are widely studied.11–13 Specically, Pd is
considered as the most promising substitute for Pt because of
its excellent potentials for improvement in catalytic perfor-
mance as well as relatively ample reserves.14–16 However, palla-
dium hydride is usually formed during the catalytic reaction
owing to the appreciable solubility of hydrogen atoms in Pd
lattice, leading to the severe decrease in the catalytic perfor-
mance in terms of activity and stability.17 As such, it is highly
desirable to suppress the formation of hydride phase by modi-
cation of surface and electronic structures of Pd catalysts with
an aim to eventually improve the catalytic properties.

It should be pointed out that the absorption of hydrogen on
the catalyst surface is an important intermediate process of
HER.18 According to the well-known volcano plot,19 the
adsorption energy of hydrogen on the surface of catalysts
should be well tuned to achieve the best catalytic activity. For
this purpose, massive efforts have been focused on the
enhancement in HER performance of Pd-based catalysts by
alloying with secondary metal, designing special nano-
structures, and compositing with some particular support
RSC Adv., 2017, 7, 43373–43379 | 43373
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materials in the last few years.20–24 For example, Li and co-
workers demonstrated the synthesis of the core–shell struc-
tured PdCu@Pd nanocubes by selectively etching Cu on the
surface of highly monodispersed PdCu nanocubes, which
exhibited a fascinating HER performance close to commercial
Pt/C.25 In another study, Liu and co-workers reported the
synthesis of concave Pd@PdPt octahedra serving as a bifunc-
tional catalyst for both HER and oxygen reduction reaction
(ORR) with excellent catalytic activity and stability.26 It is clear
that the incorporation of Au can tune the adsorption strength
of hydrogen on Pd through ligand and geometry effects,27,28

making PdAu alloy nanocrystals the attractive HER cata-
lysts.29–31 To this end, Darabdhara synthesized PdAu bimetallic
nanoparticles on reduced graphene oxide (rGO), showing the
enhanced catalytic properties towards HER compared to Au
nanoparticles/rGO and Pd nanoparticles/rGO.32 In spite of
these great progresses in PdAu-based HER catalysts, precise
control over their structure and shape achieves only limited
success.

Two-dimensional (2D) metal nanocrystals have received
great attention in catalysis in recent years due to their unique
physicochemical properties.33–37 However, the close-packed
structure in three-dimension (3D) associated with noble-
metals such as Pd makes it very difficult to spontaneously
generate 2D nanostructures. Most recently, we have reported
the synthesis of single-crystalline Pd square nanoplates (PdSPs)
enclosed by {100} facets with GO containing carbonyl groups as
the template.38 Interestingly, the previous report experimentally
and theoretically indicated that Pd {100} facets are more active
than the {111} facets towards HER since the {100} facets possess
higher electron density.39 In addition, electrons resulting from
rGO incline to accumulate on the surface of Pd in Pd/rGO
nanocomposites due to the smaller redox potential of rGO
relative to Pd (rGO: 0.38 V, PdCl4

2�/Pd: 0.62 V, Pd2+/Pd: 0.95 V
vs. RHE), leading to an enhanced HER properties.16 As such, the
nanocomposites made of rGO and PdSPs enclosed by {100}
facets provide a promising platform to exploit excellent HER
catalysts.

Here we report the synthesis of {100} faceted PdAu nano-
plates with different structures (i.e., core–shell and integrating
structure consisting of core–shell and alloy) by using in situ
generated PdSP/rGO as the template. The structures of the PdAu
nanoplates are easily controlled by varying the injection rate of
the Au precursor. The PdAu nanoplates with a core–shell and
alloy integrating structure exhibit a Pt-like catalytic activity and
substantially enhanced durability towards HER relative to
commercial Pt/C.
Experimental
Chemicals and materials

Graphite oxide powder was purchased from XFNANO at Nanj-
ing. Na2PdCl4 ($99.99%), HAuCl4 ($99.9%), ascorbic acid (AA,
99%), poly(vinyl pyrrolidone) (PVP, MWz 55 000), KBr ($99%)
and Naon 117 were purchased from Sigma-Aldrich. All the
chemicals and materials were used as received.
43374 | RSC Adv., 2017, 7, 43373–43379
Synthesis of graphene oxide aqueous suspension

Graphene oxide (GO) aqueous suspension was fabricated by
sonicating graphite oxide powder in de-ionized (DI) water
(Millipore, 18.2 MU) for 2 h. Aer centrifugation, the superna-
tant solution was freezing dried and the GO powder was
collected. Subsequently, the obtained GO was annealed at 60 �C
for 1 h in Ar atmosphere. The annealed GO was re-dispersed in
DI water for further use.
Synthesis of PdAu@rGO-1

In a standard procedure, 120 mg of KBr, 12 mg of AA and 50 mg
of PVP were dissolved into 8mL of DI water containing 12.96 mg
of GO in a 25 mL ask. The mixed solution was preheated at
80 �C in the air with magnetic stirring for 10 min. Aer that,
1.5 mL Na2PdCl4 solution (8 mgmL�1) was quickly injected into
the mixed solution, followed by the injection of 1.5 mL HAuCl4
solution (2.78 mg mL�1) with a pipette aer 1 min (the inject
rate is ca. 45 mL min�1). The ask was tightly capped and kept
at 80 �C for 3 h before cooled down in an ice water. The product
was collected and washed by centrifugation with DI water and
ethanol for over 10 times. The catalysts (denoted as PdAu@rGO-
1) were re-dispersed in 5 mL of 10% ethanol solution and dried
by freeze-drying.
Synthesis of PdAu@rGO-2

The PdAu@rGO-2 nanoplates were generated by using the
standard procedure, except for the injection of HAuCl4 solution
at a slow rate (0.5 mL min�1) with a syringe pump.
Synthesis of PdSP@rGO

The synthesis of PdSP@rGO followed up the standard proce-
dure, except that no HAuCl4 was added into the solution.
Morphological, structural, and compositional
characterizations

Transmission electron microscopy (TEM) images were obtained
using a Hitachi HT-7700 microscope operated at 100 kV. High-
resolution transmission electron microscopy (HRTEM), high-
angle annular dark-eld scanning TEM (HAADF-STEM) and
X-ray energy dispersive spectroscopy (EDS) mapping were per-
formed using a FEI Tecnai G2 F20 microscope operated at
200 kV. The XRD patterns were recorded on a Bruker D8 focus
diffractometer in a scan range of 10–80� at a scan rate of
1.0� min�1. The X-ray photoelectron spectroscopy (XPS) data
were obtained using a scanning X-ray microprobe (Axis Supra,
Kratos Inc.) with Al Ka radiation. The corresponding binding
energies were calibrated with a C 1s peak of 284.6 eV.
Electrochemical measurement

To prepare catalyst ink, 5 mg of catalysts were ultrasonically
dispersed into 5 mL mixed solution containing 4 mL of DI
water, 1 mL of isopropanol, and 25 mL of Naon 117. For
preparation of working electrodes, 10 mL of this ink was pipet-
ted on the surface of glassy carbon (GC) electrode, and then
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (A) TEM image, (B) HAADF-STEM-EDX mapping image, (C)
HRTEM image and (D) XRD pattern of the PdAu@rGO-1. The white
dashed frame in HAADF-STEM image is the selected area for HRTEM
analysis. The red and blue dash lines in (D) correspond to the standard
data for Au (PDF: 65-8601) and Pd (PDF: 65-6174), respectively.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 7

/1
6/

20
25

 4
:5

6:
25

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
blow-dried under atmospheric conditions. The electrochemical
measurements were carried out in the three-electrode system at
room temperature using a rotating disk electrode (RDE, Pine
Research Instrumentation, United States) connected to an
electrochemical workstation (CHI 760E). A carbon electrode and
a Ag/AgCl electrode were used as the counter electrode and
reference electrode, respectively. The as-received data were
nally converted to reversible hydrogen electrode (RHE) as the
reference. Before electrochemical measurement, the working
electrode was cleaned in the Ar-saturated 0.5 M H2SO4 solution
with a steady-state cyclic voltammograms (CV) scan for
100 cycles in the range of 0–1 V vs. RHE at a rate of 50 mV s�1.
The electrochemical active surface area (ECSA) was determined
by integrating the carbon monoxide oxidation charge via CO
stripping measurements. The CO stripping measurements were
conducted in CO-saturated 0.5 M H2SO4 solution at a scan rate
of 50 mV s�1 in the range of 0–1.2 V vs. RHE. Linear sweep
voltammetry (LSV) was conducted at a scan rate of 10 mV s�1

with a ow of Ar gas maintained during the HER measurement
to eliminate dissolved oxygen. The working electrode was
rotated at 1600 rpm to remove hydrogen gas bubbles formed on
the catalyst surface. To investigate the cycling stability of the
catalysts, 10 000 cycles of CV were conducted in the range of
�0.3 to 0.1 V vs. RHE at a scan rate of 100 mV s�1. The chro-
noamperometry (I–t) curves were measured at the potential with
the current density being nearly 10 mA cm�2 for 10 000 s.
Electrochemical impedance spectroscopy (EIS) was performed
in a frequency range of 1–105 Hz with a 5mV amplitude at a bias
potential of 0 V vs. RHE.

Results and discussion

Fig. 1 shows morphological, structural, and compositional
characterizations of the PdAu@rGO-1 prepared using the stan-
dard procedure at a high injection rate of HAuCl4 solution.
From TEM images in Fig. 1A and S1A,† the square nanoplates
with edge length of about 100 nm are obtained on rGO. This
demonstration is supported by the HAADF-STEM-EDXmapping
image in Fig. 1B. Careful observation indicates a clear contrast
between the interior with a cross shape and the surface of the
nanoplate. EDX mapping analysis further shows that the inte-
rior is dominated by Au element and the surface is occupied by
Pd element. As such, this result conrms the formation of the
PdAu core–shell nanoplates on rGO. The HRTEM image
(Fig. 1C) of an individual nanoplate shows well-resolved,
ordered fringes in the same orientation, indicating that the
nanoplate is a single crystal. The fringes with a lattice spacing of
0.196 and 0.202 nm can be indexed to {200} facets of Pd and Au
with a face-centered cubic (fcc) structure, respectively. The dark
part in HRTEM image is considered as the interjunction
between Pd and Au. Moreover, the fcc structure of PdAu@rGO-1
is revealed by XRD pattern, as shown in Fig. 1D. The peaks at
38.25� and 44.46� are attributed to {111} and {200} facets of Au
while the peaks at 40.14� and 46.69� belong to {111} and {200}
facets of Pd. There is no shi of these peaks compared to the
corresponding standard pattern, suggesting the formation of
the separated phase of PdAu with a core–shell structure.
This journal is © The Royal Society of Chemistry 2017
By slowing down the injection rate of HAuCl4 solution
(0.5 mL min�1) with other conditions being the same as in the
standard procedure, PdAu nanoplates with a different structure
on rGO are obtained, which are marked as PdAu@rGO-2. From
TEM images in Fig. 2A and S1B,† concave square nanoplates
instead of regular square nanoplates are produced. HAADF-
STEM-EDX mapping images (Fig. 2B) indicate that Au prefers
to be deposited on the surface of the nanoplates with
a concentration at the corners, while Pd is distributed
throughout the nanoplates, implying a core–shell and alloy
integrating structure. HRTEM image in Fig. 2C shows that there
are two kinds of lattice fringes in PdAu@rGO-2. The fringe of
0.194 nm can be attributed to {200} facets of Pd while another
fringe of 0.199 nm is indexed to {200} facets of PdAu alloy. From
XRD pattern in Fig. 2D, one can observe that both of {200} and
{111} peaks of Au shi to higher degrees due to the alloying of
Pd with a smaller atom size while the peaks of Pd stay
unchanged. These results further suggest the formation of
a core–shell and alloy integrating structure in which the PdAu
alloy shell is generated around a pure Pd nanoplate.

The synthesis of such PdAu nanoplates involves subsequent
addition of Na2PdCl4 and HAuCl4 into an aqueous solution
containing AA and KBr. In this synthesis, PdSPs are initially
produced before adding HAuCl4 solution, as shown in Fig. S2,†
which was demonstrated in our previous report.38 To decipher
the growthmechanism of the PdAu nanoplates, TEM images are
taken from a series of samples for the synthesis of PdAu@rGO-1
at different reaction times aer the injection of HAuCl4 solution
at a high rate. In the initial stage (Fig. S3A,† t ¼ 1 min), the in
situ generated PdSPs evolve into the cross-shaped nanoplates
RSC Adv., 2017, 7, 43373–43379 | 43375
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Fig. 3 Schematic illustration for the formation of (a) PdAu core–shell
nanoplates and (b) core–shell and alloy integrating PdAu nanoplates.

Fig. 2 (A) TEM image, (B) HAADF-STEM-EDX mapping image, (C)
HRTEM image and (D) XRD pattern of the PdAu@rGO-2. The white
dashed frame in STEM image was the selected area for HRTEM anal-
ysis. The red and blue dash lines in (D) correspond to the standard data
for Au (PDF: 65-8601) and Pd (PDF: 65-6174), respectively.
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mainly made of Au. With increasing the reaction time to 5 min
(Fig. S3B†), the concave nanoplates with a clear difference in
contrast are generated through the deposition of Pd on the side
of the cross-shaped Au nanoplates. By prolonging the reaction
time to 10 min, the PdAu core–shell nanoplates on rGO are
obtained, as shown in Fig. S3C.† Fig. 3a summarizes the main
steps for the formation of the PdAu core–shell nanoplates on
rGO. In the presence of excess Br� ions, the complexes of
AuBr4

� and PdBr4
2� ions are formed through replacement of

Cl� in the precursors by Br� owing to the stronger binding
between Br� and metal ions.40,41 Arising from the difference in
their redox potential (0.49 eV for Pd/PdBr4

2� versus 0.85 eV for
Au/AuBr4

�), the galvanic replacement between Pd nanoplates
and AuBr4

� is spontaneously conducted as soon as the Au
precursor is added at a high injection rate. On the account of
selective absorption of Br� ions on Pd {100} facets, the
concentration of AuBr4

� is much higher neighboring the {100}
facets according to our previous report.42 As such, the galvanic
replacement preferentially takes place from the four {100} side
faces of the Pd nanoplates (Fig. 3a, step 1). Pd atoms on the
{100} facets are gradually oxidized and dissolved into the solu-
tion along four h100i directions. In the meantime, the newly
formed Au atoms by the reduction of AuBr4

� preferentially
deposit at the corner of the nanoplates since {100} facets are
strongly capped by Br� ions, leading to the cross-shaped Au
nanoplates (Fig. 3a, step 2). Due to the excess amount of the Pd
precursor than Au precursor with a molar ratio of 4 : 1, the Au
precursor is used up during the galvanic replacement. Aer
that, the remnant Pd precursor and oxidized Pd ions are
reduced by AA, leading to the subsequent deposition of Pd
43376 | RSC Adv., 2017, 7, 43373–43379
atoms on the side faces of the cross-shaped Au nanoplates due
to the selective adsorption of Br� ions on {100} facets and
eventually the formation of the PdAu core–shell nanoplates
(Fig. 3a, step 3).

As well-known, injection rate of precursors has a great
inuence on reaction kinetics, which is usually employed to
control shape and structure of metal nanocrystals.43–45 In this
work, slowing down the injection rate of the Au precursor
makes the PdAu nanoplates transit from Au core@Pd shell to Pd
core@PdAu alloy shell. This transition can be attributed to the
inhibition of the galvanic replacement between Pd nanoplates
and the Au precursor. It is clear that there is a competition
between galvanic replacement and reduction reaction in the
presence of AA.46 The driving force for galvanic replacement is
expected to be remarkably weakened due to the low concen-
tration of the Au precursor in the reaction at a slow injection
rate. In this case, the galvanic replacement is severely blocked
and the synthesis is dominated by the parallel reduction arising
from AA. As such, the Au precursor as well as the remnant Pd
precursor are co-reduced by AA, and the PdAu alloy is prefer-
entially deposited at the corners of the Pd nanoplates, leading to
a core–shell and alloy integrating structure (Fig. 3b). This
demonstration is further conrmed by the control experiments
with different injection rates of the Au precursor, as shown in
Fig. S4.† At a fast injection rate of 1 mL min�1, the square PdAu
core–shell nanoplates on rGO similar to PdAu@rGO-1 are
generated (Fig. S4A†). Nevertheless, the PdAu nanoplates with
a core–shell and alloy integrating structure on rGO similar to
PdAu@rGO-2 are produced when the injection rate is decreased
to 0.25 (Fig. S4B†) and 0.125 (Fig. S4C†) mL min�1. The XRD
patterns (Fig. S4D†) conrm the formation of PdAu alloy in the
latter two samples. The atomic ratio between Pd and Au of
PdAu@rGO-1 and -2 was 4.1 : 1 and 3.95 : 1, which were closed
to the feed ratio, determined by inductively coupled plasma
mass spectrometry (ICP-MS). In other controlled experiments in
which the molar ratio of Pd and Au precursors are decreasing,
the synthesized PdAu bimetallic nanoplates are much less
uniform than those prepared using the standard procedure as
shown in Fig. S5†

X-ray photoelectron spectroscopy (XPS) was used to charac-
terize the chemical and electronic states of C, Pd and Au.
Fig. S6† depicts the XPS spectra of C 1s from the PdSP@rGO,
PdAu@rGO-1 and PdAu@rGO-2. In the C 1s spectrum, there are
This journal is © The Royal Society of Chemistry 2017
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double peaks with binding energies at 284.4 and 286.3 eV,
which can be attributed to C–C and C–O, respectively. In the Pd
3d spectrum of the PdSP@rGO (Fig. 4A), the two peaks associ-
ated with Pd 3d5/2 and Pd 3d3/2 are located at 334.61 and
339.87 eV, respectively, which have a clear negative shi relative
to the standard ones (dash lines in Fig. 4A). The shi of the
binding energies provides the strong evidence of the electrons
transfer from rGO to nanoplates arising from the difference in
their redox potentials (0.38 V of rGO, 0.95 V of Pd2+/Pd, and
1.52 V of Au3+/Au vs. RHE). Compared to the PdSP@rGO, there
are more negative shi of Pd 3d5/2 and Pd 3d3/2 for both the
PdAu-based samples with an order of PdAu@rGO-1 <
PdAu@rGO-2 possibly owing to the enhanced interaction
between Pd and Au in the alloyed shell. The same trend is also
observed in the Au 4f spectrum of such two samples (Fig. 4B).
These XPS results indicate more electrons assembled on the
surface of the PdAu@rGO-2, which may be benecial to the
enhancement in activity towards HER.

The PdSP@rGO, PdAu@rGO-1 and PdAu@rGO-2 are evalu-
ated as electrocatalysts towards HER on a three-electrode set-up
with commercial Pt/C as a reference. The mass loading of
Fig. 4 XPS spectra of (A) Pd 3d and (B) Au 4f orbitals of the PdSP@rGO,
PdAu@rGO-1, and PdAu@rGO-2.

This journal is © The Royal Society of Chemistry 2017
catalysts was determined by inductively coupled plasma mass
spectrometry (ICP-MS), which were 25.15%, 30.65% and 31.04%,
respectively. The measurements were conducted in a 0.5 MH2SO4

solution aer 100 cycles of cyclic voltammetry (CV) for surface
cleaning. Fig. 5A shows the polarization curves of these four
samples. All current densities are normalized by the correspond-
ing electrochemically active surface areas (ECSAs), which were
obtained by measuring the charge of CO oxidation in the CO-
stripping curves (Fig. S7A†). Clearly, the steeper slope of the
current density against the potential indicates an increased
kinetics and higher cathodic currents, namely better catalytic
activity for HER. Therefore, the HER activities of these four cata-
lysts are following the sequence: PdSP@rGO < PdAu@rGO-1 <
PdAu@rGO-2 < commercial Pt/C. A key estimate of an excellent
catalyst for HER is low onset potential in electrolysis. As shown in
Table S1,† the onset potential of PdAu@rGO-2 is 13.06 mV, which
is next below to commercial Pt/C (6.68 mV). To further decipher
their HER kinetics, the Tafel plots are derived from the corre-
sponding polarization curves. The linear regions of the Tafel plots
are tted according to the Tafel equation (h¼ a + b log j), in which
the Tafel slope (b ¼ 2.3RT/anF) represents the rate determining
step and the possible HER reaction pathway. As can be seen from
Fig. 5B and Table S1,† the PdAu@rGO-2 processes a smaller Tafel
slope (44.35mV dec�1) compared to PdSP@rGO (86.97mV dec�1),
PdAu@rGO-1 (55.77 mV dec�1), indicating the superior HER
performance. The smaller Tafel slope suggests that the Volmer
step is quicker on PdAu@rGO-2 relative to other two samples,
which is determined by the electrochemical desorption reaction.

The HER catalytic properties of these samples are further
evaluated by exchange current density (j0), which is dened as
the current density when overpotential is zero and describes the
kinetics of the electrochemical charge transfer reaction at the
Fig. 5 HER performance of several catalysts as shown. (A) Polarization
curves after i–R correction recorded in a Ar-saturated 0.5 M H2SO4

solution at a sweep rate of 10 mV s�1. (B) Tafel plots corresponding to
the tested catalysts derived from (A). (C) Polarization curves of
PdAu@rGO-2 recorded after 1000, 5000, and 10 000 CV cycles in
a range of �0.3 to 0.1 V vs. RHE including the initial one. (D) Chro-
noamperometry measurements of commercial Pt/C and PdAu@rGO-
2 at an overpotential with the current density being 10 mA cm�2 for
10 000 s.
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metal–solution interface. From Table S1,† the PdAu@rGO-2
shows a larger j0 of 0.52 mA cm�2 than PdAu@rGO-1
(0.38 mA cm�2), and PdSP@rGO (0.24 mA cm�2). The large
value of j0 in combination with a low Tafel slope and a small
onset potential highlight the excellent HER performance of the
PdAu@rGO-2, which is close to those of commercial Pt/C. The
same conclusion is drawn when comparing their overpotentials
at an apparent cathodic current density of 1.0 mA cm�2 (h1.0,
Table S1†). The enhanced catalytic activity of PdAu@rGO-2
towards HER is probably owing to the concentration of elec-
trons through the incorporation of Au into the Pd nanoplates,
which is supported by the XPS data (Fig. 4). In addition, the
alloying of Au with Pd on the surface of the Pd nanoplates can
modulate the adsorption of atomic hydrogen to a suitable
strength according to the volcano plot, and thus improve the
enhancement in the HER activity.19,32

Besides catalytic activity, durability is also an important
criterion for an excellent catalyst. The electrochemical stability
is measured by continuous CVs between �0.3 and 0.1 V vs. RHE
at a sweep rate of 100 mV s�1 in 0.5 M H2SO4 solution for 10 000
cycles. As can be seen from Fig. S7B,† the catalytic performance
towards HER of commercial Pt/C is gradually decreasing during
CV cycles. The same trend is also observed in CV cycles of the
PdAu@rGO-1 (Fig. S7C†). On the contrary, there is a signicant
improvement in HER performance aer several thousand CV
cycles for the PdAu@rGO-2 (Fig. 5C), indicating an activation
process. Even aer 10 000 cycles of CV, a catalytic performance
similar to the origin one is obtained. This result indicates that
the PdAu@rGO-2 has an excellent long-term stability.
Compared to the PdAu@rGO-1 with monometallic Pd shell
being prone to form hydride phase, alloying with Au of the
PdAu@rGO-2 brings some changes to lattice and electronic
structures of Pd, which is conrmed experimentally and theo-
retically.29–32 As such, these changes suppress the formation of
palladium hydride and improve the cycling stability. The
enhanced stability of Au@Pt core–shell catalysts towards ORR
by incorporation of Au was also demonstrated in our previous
report.47 The superior stability of the PdAu@rGO-2 towards HER
is further conrmed by chronoamperometry measurements.
The I–t plots are carried out at a constant potential with the
initial current density being nearly 10 mA cm�2 for 10 000
seconds, as shown in Fig. 5D. As observed, the current density of
commercial Pt/C keeps decreasing with time, while the
PdAu@rGO-2 has an increase in current density at the rst 1000
seconds and there is no obvious decline over the next hours,
which is consistent with the CV stability results. Specically, in
comparison with nearly 71% activity loss of commercial Pt/C,
the PdAu@rGO-2 is more resistive to degrading in the long
term with only 30% activity loss aer 10 000 seconds. TEM
images of the PdAu@rGO-2 aer 1000 (Fig. S8A†) and 5000
cycles (Fig. S8B†) of CV show the well-preserved plate-like
nanostructures, which may be responsible for the enhanced
catalytic stability.

It is important to highlight that the PdAu@rGO-2 exhibits
a comparable catalytic performance to Pt/C aer the activation
process (Fig. S7D†). Their onset potential, h1.0, and Tafel slope
are signicantly decreased to 5.02 mV, 22.07 mV and
43378 | RSC Adv., 2017, 7, 43373–43379
32.27mV dec�1 from the initial value of 13.06 mV, 31.87mV and
44.35 mV dec�1, respectively. In order to gure out the reasons
for the enhanced properties, CV plots of the PdAu@rGO-2 are
recorded in a range of 0–1 V vs. RHE aer 1000 and 5000 cycles
(Fig. S8C†). As observed, the electric double layer is broadening
during thousands of CV cycles. The reason for this result is
probably the expansion of the stacking graphene nanosheets by
constantly evolving hydrogen, leading to increase in active sites
and thus catalytic properties. Moreover, the resistance of the
sample decreases aer continuous CV cycles between �0.3 to
0.1 V vs. RHE, which is characterized by electrochemical
impedance spectroscopy (EIS, Fig. S8D†). Although GO can be
reduced by AA during the synthesis, a lot of carbonyl and
hydroxyl groups still remain on the surface of rGO, causing
a poor conductivity. During the electrochemical measurement,
rGO is more thoroughly reduced by the current at a negative
bias voltage and the conductivity is signicantly improved,
which is benecial to electron transfer during the hydrogen
generation. Since the carbon electrode is used as the counter
electrode, the factor of deposition of Pt for the enhanced cata-
lytic performance can be eliminated. Taken together, the acti-
vation in catalytic performance of the PdAu@rGO-2 can be
attributed to the enriched active sites and enhanced conduc-
tivity in combination with the superior stability of the PdAu
alloyed nanoplates during the electrochemical test.

Conclusion

We have developed a facile method to synthesize PdAu nano-
plates on rGO with different core–shell structures. The key to
the success of this synthesis is to control the injection rate of
HAuCl4 solution with an aim to tune the galvanic replacement
and co-reduction in the presence of Br� ions and AA. Core–shell
and alloy integrating PdAu@rGO-2 exhibits a substantially
enhanced catalytic activity towards HER relative to PdSP@rGO
and PdAu@rGO-1, which is close to that of commercial Pt/C. In
addition, such PdAu@rGO-2 shows a much superior stability
compared to other three catalysts including commercial Pt/C.
Such enhancement in activity and stability can be attributed
to the synergistic effect between PdAu alloy and graphene as
well as the unique 2D nanostructures. This work may shed
a new light to the development of advanced materials serving as
efficient catalysts towards other catalytic reactions.
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