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Bimetallic nanoparticles (NPs) have recently received much
attention as electrocatalysts.1-3 Pt is the most effective

catalyst for fuel cells: it facilitates oxygen reduction at a cathode4

and hydrogen (or small organic molecules) oxidation at an
anode.5 Au is one of only two transition metals more electro-
negative than Pt, so the incorporation of Au has unique effects on
Pt NPs.1 Therefore, bimetallic PtAu NPs are of fundamental
interest and importance as fuel cell electrocatalysts, especially for
formic acid oxidation.6,7 However, due to the miscibility gap
between Pt and Au, the synthesis of the PtAu alloy sample is an
open challenge.8-10 Thus, it is necessary to develop an effective
approach to synthesize PtAu alloy NPs.

To maximize the electrocatalytic activity of PtAu NPs, a
suitable carbon support is required to disperse these NPs.
Conventional carbon supports for electrocatalysts include XC-
72 carbon black (CB) and carbon nanotubes. Recently, gra-
phene, a single-atom-thick sheet of hexagonally arrayed sp2-
bonded carbon atoms, has been extensively studied in physics,
chemistry, and materials fields.11,12 Due to its huge surface area
(∼2600 m2 g-1), high electrical conductivity (105-106 S m-1),
and excellent catalytic activity,13,14 graphene has been considered
as a promising candidate as a new 2D support to load Pt, Pd, and
Au NPs for applications in fuel cells and catalysis.15-19 However,
it is difficult to uniformly load metal NPs on graphene due to its
hydrophobic properties.18

Here, we present a facile approach to synthesize PtAu alloy
NPs uniformly dispersed on graphene (PtAu/graphene).
The key is the introduction of poly(diallyldimethylammonium
chloride) (PDDA), which not only acts as “nanoreactors” for the
preparation of PtAu alloy NPs20 but also facilitates the uniform
loading of PtAu NPs on graphene. More importantly, PtAu/
graphene hybrids exhibit high electrocatalytic activity toward
formic acid oxidation. Graphene used here was produced
by a process described elsewhere and is intrinsically functiona-
lized with hydroxy, epoxy, carboxls, and lattice defect sites.21,22

The details for the synthesis of PtAu/graphene nanocomposites
(Pt:Au = 1:1) can be seen in Supporting Information. For
comparison, PtAu/CB was prepared with the same method.

Themorphological structure, the particle size, and the dispersion
of PtAu/graphene and PtAu/CB were examined by transmission
electron microscopy (TEM). Figure 1a displays the as-prepared

graphene as a crumpled nanosheet. Typical TEM images of
PtAu/graphene with different magnifications (Figure 1b,c)
show that PtAu NPs with a volume/area averaged diameter20

of 3.3 ( 0.2 nm (calculated from the histogram of particle size
distribution as shown in Supporting Information Figure S1) are
uniformly dispersed on graphene nanosheets. The particle size
(3.2 ( 0.2 nm) and the dispersion of PtAu NPs on CB
(Figure 1d) are similar to that of PtAu/graphene.

To analyze the average particle size and study the Pt-Au alloy
effect, PtAu/graphene and PtAu/CBwere characterized by X-ray
diffraction (Figure 2). The peaks at 38.86�, 45.03�, 65.95�, and
79.14� can be assigned to PtAu(111), -(200), -(220), and -(311),
clearly demonstrating that PtAu NPs have a face-centered cubic
(fcc) structure.6 The (111) peak of PtAu is shifted to a lower
angle by about 0.90�, compared with that of pure Pt (JCPDS 04-
0802),20 which indicates the higher d111 of PtAu (2.321 Å) than
that of pure Pt (2.267 Å).23 The lattice constant for the PtAu
phase is a = 4.0199 Å, which is larger than that of pure Pt (a =
3.9231 Å) but smaller than that of pure Au (a = 4.0786 Å). This
result confirms the PtAu alloy formation in the presence of
PDDA.6,9 In addition, the average particle size of PtAu alloy NPs
calculated using the Scherrer equation from the peak (220)24 is
3.1 nm, which is consistent with the TEM results.

PDDA is a cationic polyelectrolyte25 and usually used to
stabilize metal nanoparticles.20 To the best of our knowledge,
this is the first time that PDDA is employed to mediate the
synthesis of PtAu alloy NPs. Compared with conventional
methods (PtAu alloy nanoparticles prepared in the presence of
sodium citrate had ∼5 nm particle size and obvious aggregation
on carbon support),10,23 herein the PDDA-mediated PtAu alloy
NPs exhibit smaller particle size and more uniform distribution.
The reason is as follows. Once PDDA is added, Cl- ions in
PDDA rapidly exchange with PtCl6

2- and AuCl4
- ions,26 which

are confined within the “nanoreactors” formed by long chains of
PDDA due to the electrostatic interaction,20 and are rapidly
reduced by NaBH4 to form PtAu alloy. During the formation of
PtAu alloy NPs, the electrostatic replusion between positively
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charged functional groups in PDDA prevents PtAu NPs from
aggregating, and long chains of PDDA also provide steric
stabilization for theseNPs.25,27 Therefore, the presence of PDDA
makes the small-sized PtAu alloy NPs stable in the solution.

Another important role of PDDA is to facilitate the uniform
loading of PtAu NPs on graphene nanosheets. It is well-under-
stood that hydrophobic graphene tends to form agglomerates
due to van der Waals interaction, which makes the dispersion of
nanoparticles on graphene difficult.17 In this study, PDDA
adsorbs on the surface of graphene nanosheets via π-π inter-
actions and prevents graphene nanosheets from aggregating
together (shown in Supporting Information Figure S2), which
can be attributed to the thermodynamic preference of graphene-
PDDA interactions with respect to graphene-water interac-
tions.28 Further, as mentioned above, PtAu alloy NPs are
confined within the long chains of PDDA, which spontaneously
adsorbs on the surface of graphene. Therefore, PtAu alloy NPs
exhibit high dispersion on the surface of graphene nanosheets.

The electrocatalytic capability of PtAu/graphene was evalu-
ated in the solution of 0.5 M H2SO4 þ 0.5 M HCOOH.
Commercial Etek-Pt/C (Pt mass loading: 20%) and PtAu/CB
were tested for comparison. The PtAu mass loadings evaluated
by thermogravimetry analysis shown in Supporting Information
Figure S3 are 18.2% and 18.7% for PtAu/graphene and PtAu/

CB, respectively. As displayed in Figure 3a, PtAu/graphene
and PtAu/CB exhibit much lower onset potential of formic
acid oxidation than commercial Etek-Pt/C catalyst: 170 mV vs
300 mV. Moreover, the PI peak current density on PtAu/
graphene (2.310 A mg-1 Pt) and PtAu/CB (1.682 A mg-1 Pt)
is much higher than that on Etek-Pt/C (0.182 A mg-1 Pt),
although Etek-Pt/C catalyst has smaller Pt particle size (2.9
( 0.2 nm, shown in Supporting Information Figure S1).
These results indicate that PtAu/graphene and PtAu/CB
have higher electrocatalytic activity toward HCOOH oxida-
tion than Etek-Pt/C,3,6 which can be assigned to the “en-
semble effect” of Pt sites: the noncontinuous Pt sites formed
in PtAu alloy NPs favor the direct oxidation process of formic
acid.4,6,7

It is worth noticing that PtAu/graphene exhibits 37% higher
activity than PtAu/CB. Since PtAu NPs were prepared with the
same method which have similar particle size/distribution and
crystallinity in these two catalysts, the only difference lies in the
carbon supports. In Figure 3a, the PI peak is related to dehy-
drogenation reaction (HCOOH f CO2 þ 2Hþ þ 2e-), while
the PII peak is ascribed to the dehydration reaction (HCOOHf
COads þ H2O f CO2 þ 2Hþ þ 2e-).10,29 As shown in
Figure 3a, the intensity of peak PII on PtAu/graphene is lower
than that on PtAu/CB, which indicates that less CO is generated
on PtAu/graphene. So the presence of graphene in PtAu/
graphene suppresses the formation of poisoning intermediate
COads during the formic acid oxidation. Sutter et al. have
confirmed that the strong electronic interaction exists between
graphene and metal NPs, which can affect chemical reaction
parameters on the surface of metal NPs, such as adsorption
energies.30 Yoo et al. have reported that the CO adsorption rate
on Pt NPs depends on carbon support: Pt/graphene has a much
smaller CO adsorption rate than Pt/XC-72.15 Therefore, the
higher electrocatalytic activity of PtAu/graphene can be attrib-
uted to the strong electronic interaction between graphene and
PtAu alloy NPs, which suppresses the poisoning COads forma-
tion and facilitates the direct oxidation process of formic acid on
the PtAu surface.

The catalytic stability of PtAu/graphene, PtAu/CB, and
Etek-Pt/C was examined by an amperometric method. Figure 3b
shows the amperometric i-t curves of these three samples in
N2-saturated 0.5 M H2SO4 þ 0.5 M HCOOH at 0.3 V, which is
close to the anodic working potential in direct formic acid fuel cells
(DFAFC).31 The current density at 3600 s on PtAu/graphene is
0.120Amg-1,muchhigher than that onPtAu/CB (0.091Amg-1)
and Etek-Pt/C (0.004 A mg-1), which indicates that PtAu/
graphene has the highest catalytic stability toward formic acid

Figure 1. TEM images of graphene nanosheets (a), PtAu/graphene
(b, c), and PtAu/CB (d).

Figure 2. XRD patterns of PtAu/graphene and PtAu/CB.

Figure 3. Formic acid oxidation (a) at the scan rate of 50 mV s-1 and
amperometric i-t curves (b) at a fixed potential of 0.3 V on PtAu/
graphene, PtAu/XC-72, and commercial Etek-Pt/C in N2-saturated 0.5
M H2SO4 þ 0.5 M HCOOH.
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oxidation.32,33 This result, combinedwith cyclic voltammetry (CV)
measurements above, further confirms the superior catalytic activ-
ity and stability of PtAu/graphene toward HCOOH oxidation.

In summary, PtAu alloy NPs on graphene were prepared with
a uniform dispersion via a polyelectrolyte-assisted process. PtAu/
graphene exhibited highly electrocatalytic activity and stability
for formic acid oxidation. The finding is of significance for the
application of graphene because polyelectrolyte can faciliate the
uniform disperson of metal NPs on graphene, which has been
demonstrated as a promising anode electrocatalyst of direct
formic acid fuel cells. Moreover, this facile preparation method
can be readily extended to the synthesis of other alloy NPs.
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