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Electrostatic Self-Assembly of a Pt-around-Au Nanocomposite with
High Activity towards Formic Acid Oxidation**
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Direct formic acid fuel cells (DFAFCs) have attracted
growing attention as a promising power source because of
their high energy density, facile power-system integration, and
convenient storage and transport of liquid formic acid.'™!
Platinum and palladium are the best-known catalysts for the
oxidation of small organic molecules.”'? For HCOOH
oxidation, Pd shows superior initial performance compared
to Pt.>! However, the high performance cannot be sus-
tained, as Pd dissolves in acidic solutions™ and is vulnerable
towards intermediate species.'! For pure Pt, the activity
towards HCOOH oxidation is hindered by CO poisoning.”
Modification of Pt with foreign metal has been considered as
an effective method to enhance the activity and durability
towards HCOOH oxidation.1%17

Heterogeneous bimetallic nanocrystals have demon-
strated excellent electrocatalytic activity and durability in
fuel cells. Xia and co-workers deposited Pt branches on a Pd
core, and the resulting Pd/Pt bimetallic nanodendrites exhib-
ited high activity for oxygen reduction.” Adzic and co-
workers modified Pt nanoparticles (NPs) with Au clusters,
which significantly enhanced the stability of Pt.”!! Yang et al.
localized overgrowth of Pd on cubic Pt seeds, and these binary
Pt/Pd nanoparticles showed improved activity towards formic
acid oxidation versus pure Pt.??l These bimetallic NPs were all
prepared by depositing one nanocluster on the other one,
meaning that the active sites are partly shielded at the
interface of the two kinds of metal NPs. Herein, we report a
novel Pt-around-Au nanocomposite based on the electrostatic
self-assembly of oppositely charged NPs. This composite is
demonstrated as an excellent electrocatalyst for formic acid
oxidation.
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Self-assembly of NPs by electrostatic interaction has been
investigated in recent years, and it can facilitate the produc-
tion of many new macroscopic structures.”>?’! The interplay
of repulsive interactions between NPs with the same charge
and attractive interactions between those with opposite
charges results in the self-assembly of these NPs into highly
ordered structure. In contrast to atomic systems, electrostatic
self-assemblies are not limited by charge neutrality, which
allows us to obtain a great diversity of new binary struc-
tures.””! To our knowledge, this is the first time that the
electrostatic self-assembly method has been employed to
synthesize Pt/Au binary nanocrystals. The whole process is
shown in Scheme 1 (see the Supporting Information for
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Scheme 1. Synthesis of Pt-around-Au nanocomposite by electrostatic
self-assembly. Positively charged Pt NPs are prepared in PDDA
solution and negatively charged Au NPs are synthesized in sodium
citrate solution.

details). The positively charged Pt NPs are prepared in
poly(diallyldimethylammonium chloride) (PDDA) solu-
tion,”®! while negatively charged Au NPs are synthesized in
sodium citrate solution.!'® Both types of NPs are stable when
kept in separate solutions owing to the presence of stabilizing
agents.””) Once these two solutions are mixed, the positively
charged Pt NPs interact with the negatively charged Au NPs,
and Pt-around-Au nanocomposite particles are obtained.
X-ray diffraction (XRD) patterns (Figure 1) show that
both Pt and Au NPs have face-centered cubic (fcc) crystal
structure, and particle sizes are calculated (using the Scherer
equation®”) to be about 2.8 and 6.1 nm, respectively. Figure 2
shows the TEM image for highly dispersed Pt-around-Au
nanocomposite particles on carbon black (more TEM images
are shown in Figure S1 in the Supporting Information). The
particle size distributions (Figure S2 in the Supporting
Information) combined with energy dispersive X-ray spec-
troscopy (EDS) analysis (Figure S3 in the Supporting Infor-
mation) confirm that the larger particles in the TEM images
are Au NPs. These Au NPs are surrounded by smaller Pt NPs
to form a complex-like structure (similar to the central ion
and ligands in coordination chemistry®®!) arising from the
electrostatic interaction between negatively charged Au NPs
and positively charged Pt NPs.”*?] This structure is consistent
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Figure 1. X-ray diffraction (XRD) patterns of Pt/C, Au/C, and Pt-
around-Au/C.

Figure 2. TEM image of Pt-around-Au/C. Au NPs (larger particles) are
surrounded with Pt NPs (smaller ones) by electrostatic self-assembly.

with the XRD patterns of the Pt-around-Au nanocomposite,
which show the coexistence of Pt diffraction peaks and Au
diffraction peaks. EDS analysis confirms that the atomic ratio
between Au and Pt in the nanocomposite is approximately
1:9. Generally, mixing solutions containing differently
charged NPs leads to different results depending on the
ratio of the positively and negatively charged particles.*! If
comparable amounts of positively and negatively charged
NPs are mixed, a 3D ordered solid consisting of NPs will form
and aggregate rapidly, because there are not enough net
charges to form discrete particles.” As demonstrated herein,
the negatively charged Au NPs and a large excess of positively
charged Pt NPs self-assemble into the complex-like structure.
The excess positively charged Pt NPs surrounding Au
generate electrostatic repulsive interaction.”*! This repul-
sion stabilizes the nanocomposite and prevents the formation
of precipitate in solution. Therefore, the Pt-around-Au nano-
composite has a uniform distribution on the carbon support.

The electrochemical performance of the Pt-around-Au
nanocomposite was evaluated. Typical hydrogen and oxygen
adsorption and desorption behavior (Figure 3A) can be
clearly detected on Pt-around-Au/C and Pt/C.*? The reduc-
tion peak at 1.2 V in the cyclic voltammogram of Pt-around-
Au/C confirms the presence of Au.”®! The electrochemical
surface areas (ESAs)P are calculated to be 85.5 m*g ™" metal
(85.5 m*g™" Pt) for Pt/C and 74.8 m*g~' metal (83.2 m?g™" Pt)
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Figure 3. A) Cyclic voltammograms in N,-saturated 0.5m H,SO, and
B) polarization curves in N,-saturated 0.5M HCOOH +0.5m H,SO, on
Pt/C, Au/C, and Pt-around-Au/C. Scan rate: 50 mVs™' (room temper-
ature).

for Pt-around-Au/C. Since Au does not adsorb hydrogen (as
shown in Figure 3A),” the nearly identical ESA values
(based on Pt weight) of the two samples indicate that Au NPs
have a negligible effect on the electrochemical active sites of
Pt NPs in Pt-around-Au nanocomposite, which is different
from conventional PtAu NPs."*?!I The electrochemical meas-
urements (Figure 3B) in 0.5M HCOOH + 0.5m H,SO, show
that the activity towards formic acid oxidation on Pt-around-
Au/C is about 3.0 times that on Pt/C in terms of the peak
current density ip (shown in Table S1 in the Supporting
Information).

HCOOH oxidation on Pt usually follows the so-called
dual pathway."”:*!

I: Direct dehydrogenation producing CO,.

HCOOH—HCOO,4+H"+e”

HCOO—CO,+H"+e”

II: Dehydration generating CO (poisoning intermediate).

HCOOH—CO +H,0—CO,+2H"+2e"

The peak P; at 0.58 V (Figure 3B) is related to the direct
oxidation of HCOOH to CO,; the peak P at 0.95 V is due to
the oxidation of the CO,4 generated from the dissociative
adsorption step, the intensity of which indicates the amount of
CO adsorbed on Pt.'! The higher ip/ip, ratio (2.0 vs. 0.6)
combined with the lower onset potential (0.15 vs. 0.29 V) for
Pt-around-Au/C versus Pt/C indicates that the Pt-around-Au/
C prefers the direct dehydrogenation branch during formic
acid oxidation.”) In addition, the amperometric i~ curves
(Figure S4 in the Supporting Information) at a fixed potential
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of 0.3V (the anodic working potential in DFAFCs)" show
that the current density at 3600s on the Pt-around-Au/C
catalyst is 0.094 Amg ' metal (5.7 times that on the Pt/C
catalyst), which demonstrates that Pt-around-Au/C has much
higher electrochemical stability towards formic acid oxida-
tion. ¢!

As shown in Figure 3B, the intensity of peak P;; on Pt-
around-Au/C is slightly lower than that on Pt/C, thus
indicating slightly lower CO adsorption on Pt-around-Au/C,
which corresponds to the relative values of Pt ESA in the two
samples (CO does not adsorb on the surface of Au”"). So CO
formation is not affected by Au NPs in Pt-around-Au/C. This
situation is quite different from PtAu alloys and Pd, on which
CO formation is almost completely suppressed.™'s! Mean-
while, a slightly higher CO stripping potential on Pt-around-
Au/C compared to Pt/C (Figure S5 in the Supporting Infor-
mation) confirms that Au NPs in Pt-around-Au/C do not
facilitate the oxidation of CO. Therefore, the presence of Au
has no effect on the dehydration process (pathway II, CO as
poisoning intermediate) of HCOOH oxidation on Pt.

On a pure Pt electrode, the rate-determining step for the
direct dehydrogenation in formic acid oxidation is the first
electron transfer (HCOOH —HCOO,4 4+ H* +¢e7).”¥ Auis
not an effective electrocatalyst towards HCOOH oxidation to
CO, (Figure S6 in the Supporting Information); instead, it
facilitates the first electron transfer during the direct dehy-
drogenation process of formic acid oxidation.®**"! Therefore,
one possible reason for the unexpectedly high activity for
HCOOH oxidation on the Pt-around-Au nanocomposite is
the efficient spillover of HCOO from Au to the surrounding
Pt NPs, where HCOO is further oxidized to CO,. The detailed
mechanism for enhanced HCOOH oxidation on the Pt-
around-Au nanocomposite is currently under investigation.

In conclusion, we have synthesized a novel Pt-around-Au
nanocomposite by electrostatic self-assembly. It exhibits
significantly enhanced activity and high stability towards
formic acid oxidation, which shows a promising application in
DFAFCs. The findings in this report are important for the
understanding of HCOOH oxidation on a decorated Pt
surface, the development of advanced DFAFC anode cata-
lysts, and the synthesis of novel nanocomposites. Considering
the important role of binary metal NPs in catalytic systems,
this work may also find applications beyond fuel cells.

Experimental Section

Poly(diallyldimethylammonium chloride) (PDDA, average MW <
100000), sodium citrate, hexachloroplatinic acid (H,PtCls6H,0),
chloroauric acid (HAuCl,-3H,0), and a 5 wt. % Nafion solution were
obtained from Sigma-Aldrich.

The preparation of positively charged Pt NPs and negatively
charged Au NPs is described in the Supporting Information. Pt-
around-Au nanocomposite was synthesized as follows. A solution
containing Pt NPs (10 mg) and another one containing Au NPs
(1.2 mg) were mixed under vigorous stirring for 10 min. Then Vulcan
XC-72R carbon black (44.8 mg, ultrasonicated for 20 min in 2-
propanol/H,0) was added and the mixture was stirred for 48 h. After
that, NaOH (500 mg) was added to increase the ionic strength of the
solution and to promote adsorption of the nanocomposite on the
carbon support. The resulting catalyst was filtered and washed with
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DI water until no Cl~ was detected and then dried at 90°C for 3 h in
vacuum. A material with 20 wt. % Pt-around-Au/C is obtained. For
comparison, 20 wt. % Pt/C (in PDDA solution) and 2 wt. % Au/C (in
sodium citrate solution) were prepared by the same method.

The transmission electron microscopy (TEM) images of the
catalysts were taken on a JEOL TEM 2010 microscope. X-ray
diffraction (XRD) patterns were obtained using a Philips Xpert X-ray
diffractometer using Cug, radiation at 1 =1.5418 A.

The electrochemical tests were carried out in a standard three-
electrode system controlled with a CHI660C station (CH Instruments,
Inc., USA) with Pt wire and Hg/Hg,SO, as the counter electrode and
reference electrode, respectively. The related details are provided in
the Supporting Information. All the tests were conducted at room
temperature. All potentials were reported versus the reversible
hydrogen electrode (RHE).
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