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a  b  s  t  r  a  c  t

Pt–Au  nanoparticles  supported  on  high  area  carbon  were  prepared  by simultaneous  reduction  of  Au  and
Pt precursors  and  by  reduction  of Pt precursor  on  already  prepared  Au  nanoparticles.  The  first  method
produced  a  solid  solution  of Pt  in Au  containing  ∼5%  Pt with  the  remaining  Pt  on  the  nanoparticles’
surface.  For  the  Pt:Au  precursor  ratio of  1:4 and  1:9,  the  surface  ratio  was  found  to  be  0.70:0.30  and
0.55:0.45,  respectively.  By  the  second  method  with  the  Pt:Au  precursors  ratio  of 1:12,  the  surface  ratio
was  0.30:0.70.  The  voltammetric  peaks  of  Pt–oxide  reduction  and  COads oxidation  demonstrated  elec-
tronic  modification  of  Pt  by  Au  in  all  catalysts.  With  decreasing  Pt:Au  surface  ratio  the  activity  for  HCOOH
oxidation  increases  and  surface  coverage  by  COads decreases.  The  highest  activity  under  potentiodynamic
old
anoparticles
uel cell

and  quasi  steady-state  conditions  without  poisoning  by COads was  observed  for the  catalyst  with  the  low-
est  Pt:Au  surface  ratio.  Chronoamperometic  test  showed  that  its  high  catalytic  activity  is  associated  with
a high  deactivation  rate.  It was  postulated  that  too  strong  adsorption  of  a reactive  or  non-reactive  inter-
mediate  caused  by  electron  modification  of  Pt  by underlying  Au,  is  responsible  for  the  deactivation.  This
result  stresses  that  high  Pt  dispersion,  necessary  for  promotion  of  the  dehydrogenation  path  in  HCOOH
oxidation,  can  produce  too  strong  adsorption  of  intermediates  causing  deactivation  of  the  catalyst.
. Introduction

Polymer electrolyte membrane fuel cell (PEMFC) using formic
cid as a fuel, i.e. direct formic acid fuel cell (DFAFC), has been
ttracting significant attention since recognition of its advantages
ver direct methanol fuel cell (DMFC): crossover of HCOOH through
he polymer membrane is lower and the equilibrium and the onset
otential of the oxidation of HCOOH is less positive compared to
H3OH [1,2].

Pt is not suitable electrocatalyst for HCOOH oxidation because
t is prone to the poisoning by COads formed in dehydration path.
his makes most of the Pt surface unavailable for HCOOH oxida-
ion through dehydrogenation path [3].  The initial activity of Pd
s much higher comparing to Pt, but deactivation of Pd over time
s significant [4] and Pd is not stable in acid media [5].  A solution

f the problem of HCOOH oxidation catalysis is to use Pt-based
imetal catalysts. Although bifunctional mechanism and electronic
ffect can influence oxidative removal of COads from the Pt sites, the

∗ Corresponding author. Tel.: +381 11 3303 753; fax: +381 11 3370 387.
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better approach is to prevent COads formation by employing ensem-
ble effect, i.e. to increase selectivity of Pt toward dehydrogenation
path. This is based on the recent study of HCOOH oxidation on
Pt(1 1 1) modified by cyanide ions performed by Cuesta et al. [6]
in which they established that at least three contiguous Pt sites are
necessary for dehydration of HCOOH, while at most two Pt sites are
required for dehydrogenation of HCOOH.

After early work of Rach and Heitbaum [7],  many articles pub-
lished in the last several years confirmed that HCOOH on Pt–Au
surfaces exhibits high current densities at low potentials with much
less COads on the surface than single Pt catalyst [8–16]. Although
some other metals like Bi [17] and Pb [18] showed similar promo-
tion of the dehydrogenation path on Pt, Pt–Au catalysts are more
promising for practical application in DFAFC because of great chem-
ical stability of Au.

General feature of the HCOOH oxidation catalysis on Pt–Au
bimetal surfaces is that decreasing Pt content in the catalyst favors
dehydrogenation path. In our previous work [13] we  used bulk

Pt electrode modified by submonolayers of Au and Au electrodes
modified by submonolayers of Pt to demonstrate that increased
selectivity toward dehydrogenation path in HCOOH oxidation is
mainly caused by an ensemble effect. The electronic modification

dx.doi.org/10.1016/j.jpowsour.2011.09.043
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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f Pt by Au, which might increase interaction of HCOOH molecule
ith Pt, probably contributes to rather low onset potential of the

eaction [8,10].  Among several types of Pt–Au nanocatalysts, the
est performance (high current density without COads poison-

ng) was exhibited by Pt-decorated Au nanoparticles with Pt:Au
atio of 1:8 [10] and by Pt decorated nanoporous Au, previously
nnealed to enable surface alloying and good dispersion of Pt and
u [12].

This paper reports the synthesis of Pt–Au nanoparticles sup-
orted on high area carbon by simultaneous reduction of Au and
t precursors and by reduction of Pt precursor on already prepared
u nanoparticles; and compares their activity for HCOOH oxidation.
or the first time the reaction orders with respect to HCOOH and
+ ions were determined for the Pt surface unpoisoned by COads.

 problem of rapid deactivation of Pt–Au nanocatalyst with high
nitial activity is observed and discussed.

. Experimental

.1. Preparation of the catalysts

Au and bimetallic Pt–Au nanoparticles supported on high
rea carbon were prepared by microwave-assisted polyol method
19,20]. The advantage of microwave over conventional heating
uring nanoparticles synthesis is uniform heating of the substrate
y the electromagnetic waves leading to a more homogeneous
ucleation and shorter aggregation time. Another type of Pt–Au
anoparticles was prepared by decoration of Au nanoparticles with
t by using ascorbic acid (C6H8O6) as the reducing agent [8,21].  It
as found that ascorbic acid as a weak reducing agent with a slower

eduction rate in respect to NaBH4 or NH2OH, forms nanoparticles
ith better monodispersity and morphology [21].

In the first synthesis carbon black (Vulcan® XC-72R, produced
y Cabot Corp., BET specific surface area 246 m2 g−1) was  added in
thylene glycol and ultrasonicated over 1 h. Than HAuCl4 (10% solu-
ion, Alfa Aesar), or a mixture of H2PtCl6 (10% solution, Alfa Aesar)
nd HAuCl4 was added in the suspension of carbon black in ethy-
ene glycol. pH of the suspension was adjusted to ∼8. After heating
or 60 s in the microwave oven (Samsung, 2450 MHz, 600 W),  the
uspension was vacuum-filtered and the powder was  washed with
.02 M NH4OH, as it was  shown that chloride anions can be elim-

nated from the samples by washing with ammonia solution of
ow concentration [22]. All the prepared samples were dried in Ar
tmosphere at 80 ◦C over 8 h. The Pt–Au/C catalysts of two different
ompositions were prepared by mixing precursors in Pt:Au atomic
atio of 1:4 and 1:9. The corresponding catalysts are labeled accord-
ng to the preparation method (polyol – P) and overall ratio of Pt
nd Au atoms as P-1:4 and P-1:9.

Prepared Au/C was modified with Pt in accord to a typical prepa-
ation of core–shell Au–Pt colloid [4,8]. A suspension containing
.0 mg  cm−3 Au/C was mixed with 0.20 M H2PtCl6 solution in the
mount to get 1:1 ratio of surface Au atoms and Pt(IV) ions. The
urface of Au nanoparticles was estimated from the average Au
rain size determined in XRD measurements. This Pt:Au ratio corre-
pond to the overall composition ratio of 1:12. Next, 0.1 M solution
f ascorbic acid was added to the suspension. The molar ratio of
scorbic acid and Pt ions was 4:1. After stirring for 20 h, the sus-
ension was precipitated, washed, and dried in Ar atmosphere at
0 ◦C over 8 h. The prepared electrocatalyst is also labeled accord-

ng to the preparation method (ascorbic acid, AA) and overall Pt:Au
tomic ratio, as AA-1:12.
For a comparison of voltammetric features and electrocat-
lytic activity, a sample of Pt nanoparticles supported on XC-72R
arbon (Pt/C), manufactured by E-Tek, was used. According to
sparbé et al. [23], this catalyst consists of Pt nanoparticles with an
er Sources 197 (2012) 72– 79 73

average diameter of 2.5 nm and electrochemically active surface
area of 73 m2 g Pt−1.

2.2. Thermogravimetric analysis

Metal loading of the Au and Pt–Au/C samples was determined by
thermogravimetric analysis (TGA) [24] using a SDT Q600 TGA/DSC
instrument (TA Instruments). Several milligrams of the sample
were heated to 800 ◦C at the heating rate of 20 ◦C min−1 in the
air atmosphere (flow rate 100 cm3 min−1). Upon measuring of
metal mass in the residual ash, metal loading was  calculated to be
between 12 and 19 mass%, and these data were used for calculation
of specific surface area of the catalysts.

2.3. XRD and TEM characterization

The synthesized samples were examined by X-ray diffraction
(XRD) in order to determine phase composition and to estimate
particle size. The measurements were carried out with a SIEMENS
D500 diffractometer operated with a CuK� source at 35 kV and
20 mA  in the 2� range from 10◦ to 100◦ with 0.02◦ 2� s−1. High
resolution transmission electron microscopy (HRTEM) was used to
characterize morphology and size of the nanoparticles and their
distribution on the carbon support. The measurements were per-
formed at the National Center for Electron Microscopy using the
TEAM I TEM/STEM double-aberration-corrected electron micro-
scope at 80 kV equipped with the Gatan 2k × 2k CCD cameras.

2.4. Electrochemical characterization

For electrochemical characterization, the Pt/C, Au/C, and
Pt–Au/C powders were applied on a glassy carbon (GC) substrate
in the form of a thin-film [25]. The GC electrode (Tacussel rotating
disk electrode, 5 mm in diameter) was  polished with 1, 0.3, 0.05 �m
Al2O3 slurry and washed ultrasonically with high purity water (Mil-
lipore, 18 M � cm resistivity) before use. The catalyst inks were
made by mixing of 2.0 mg  of the powder with 1 cm3 of high purity
water and 50 �L of the Nafion® solution (5 wt.%, 1100 E.W., Aldrich).
After 1 h of agitation in an ultrasonic bath, 10 �L of the suspension
was  placed onto the GC electrode and left to dry overnight. This
procedure of film preparation gave 0.10 mg of powder per cm2 of
the GC surface.

A three-compartment electrochemical glass cell was  used with
a Pt wire as the counter electrode and a saturated calomel electrode
as the reference electrode. All the potentials reported in the paper
are expressed on the scale of the reversible hydrogen electrode
(RHE). The cyclic voltammetry was carried out in 0.05–1.0 M H2SO4
(Merck) prepared with high purity water. The electrolytes were
deaerated by the N2 bubbling. Upon immersion into the electrolyte,
a thin-film electrode was pre-conditioned by the potential cycling
between 0.05 and 1.46 V at 0.1 V s−1. After ten cycles the scan rate
was  reduced to 0.05 V s−1 and the second cycle was recorded and
used for the surface characterization.

The electrochemical active area of Au was determined from the
reduction of the monolayer of gold oxide formed under the poten-
tial cycling with the anodic limit just before the onset of oxygen
evolution, i.e. at the Burshtein’s minimum [26]. The charge of the
reduction of monolayer gold oxide was  taken to be 400 �C cm−2

[12,27].
The electrochemically active area of Pt in Pt/C catalyst was

calculated from the hydrogen desorption charge corrected for
the double-layer charging assuming 210 �C cm−2 for monolayer

hydrogen adsorption. However, for Pt–Au surfaces, especially those
with low Pt content, this method was found to be unreliable
because hydrogen adsorption/desorption features were barely seen
or even absent, although the peak for Pt–oxide reduction and a
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igh activity for HCOOH oxidation undoubtedly showed that Pt was
resent on the surface. The anodic stripping of adsorbed CO was
lso found unsuitable for the Pt surface area determination. On Pt/C
atalyst the COads stripping charge corresponded to a monolayer
n Pt surface area calculated from hydrogen desorption charge,
ut a problem was encountered on bimetallic Pt–Au surfaces. On
he surface of Au nanoparticles, as opposed to bulk Au surface, CO
dsorption cannot be neglected. Therefore, we determined Pt sur-
ace area on Pt–Au surfaces from the Pt–oxide reduction peak using

 charge of 440 �C cm−2 for a Pt–oxide monolayer [8].  This value
as confirmed in our experiments by comparing charges for hydro-

en desorption and Pt–oxide reduction on Pt nanoparticles in Pt/C
atalyst. Besides, in the previous study of Pt submonolayers on bulk
u [13], where hydrogen adsorption/desorption peaks were also

ll-defined, Pt surface area was determined by the same method.
hese experiments showed that the sum of the surface areas of Pt
nd Au, both determined form the oxide reduction charges, was
qual to the surface area of Au before modification by Pt, thus
erifying the reliability of the method. Recently Irissou et al. [28]
nvestigated surfaces of the thin films of Pt–Au alloys and concluded
hat the Pt and Au surface areas determined by X-ray photoelec-
ron spectroscopy and electrochemically by integrating metal oxide
eduction peaks yielded similar values (±4%).

Prior to CO stripping voltammetry pure CO was bubbled through
he electrolyte for 30 min  while keeping the electrode potential at
.10 V [8].  After purging the electrolyte by N2 for 30 min  to elimi-
ate dissolved CO, adsorbed CO was oxidized in an anodic scan at
0 mV  s−1. Two subsequent voltammograms were also recorded to
erify the completeness of the CO oxidation.

Electrochemical oxidation of HCOOH was investigated in deaer-
ted supporting electrolyte containing from 0.05 to 1.0 M HCOOH
Merck). In the positive going scan, the potential was held at 0.10 V
nd HCOOH was added into the electrolyte. After 2 min  the scan
as continued at the rate of 1 mV  s−1 (quasi steady-state measure-
ents) or at 50 mV  s−1 (potentiodynamic measurements).
The experiments were conducted at constant temperature of

98 ± 0.5 K. A Pine RDE4 potentiostat and Philips PM 8143 X–Y
ecorder were employed.

. Results and discussion

.1. XRD characterization of the nanocatalysts

XRD patterns of the prepared Au/C and bimetallic P-1:4 and
-1:9 catalysts are presented in Fig. 1 along with the reference spec-
rum of Au and Pt taken from JCPD cards. The peak positions of P-1:4
nd P-1:9 catalysts are almost the same, but slightly shifted toward
igher angles with respect to those of Au/C. From the Au(2 2 0)
eflections of P-1:4 (64.99◦), P-1:9 (65.01◦), Au/C (64.85◦), and Pt/C
67.70◦, not shown), and assuming Vegard’s law, it was  calculated
hat Pt contents in P-1:4 and P-1:9 catalysts are 5.3 at.% and 5.9 at%,
espectively. The alloying degree of Pt in the catalysts, calculated
ccording to equation [29]:

talloy = xPt

(1 − xPt) · (nPt/nAu)nominal
as found to be 22% for P-1:4 and 55% for P-1:9. This means that
t is distributed between Au–Pt solid solution and an amorphous
hase undetectable by XRD that is probably pure Pt. Barely visi-
le broadening of (1 1 1) and (2 0 0) peaks of Au in P-1:4 and P-1:9
amples toward higher angles i.e. toward the peak of pure Pt con-
urs this assumption. As expected, the AA-1:12 sample showed the
ame XRD pattern as Au/C (not shown) due to very low Pt content.
Fig. 1. XRD patterns of P-1:4, P-1:9, and Au/C samples. The 2� positions for bulk Au
and  Pt are shown on the plot for the reference.

3.2. TEM imaging of the nanocatalysts

The Au/C and P-1:9 samples were characterized using TEM. The
image of Au/C (Fig. 2a) shows Au nanoparticles of approximately
spherical shape those are well-dispersed on carbon support. Fig. 2b
presents image of P-1:9 catalyst with many nanoparticles of irregu-
lar shape. Although XRD analysis indicated two-phase structure of
the catalyst (solid solution of Pt in Au and pure amorphous Pt) and
cyclic voltammetry showed that about 55% of the catalyst surface
is Pt (see below), this cannot be confirmed by TEM because of the
small difference between Au and Pt lattice constant.

3.3. Cyclic voltammetry of the nanocatalysts

Cyclic voltammograms of all the examined nanocatalysts are
presented in Fig. 3. The current densities are given per total
electrochemically active surface area of Pt and Au for the single
metal catalysts and per total Pt + Au surface area for the bimetal
catalysts. The voltammogram for Pt/C reveals well-established
characteristics of a clean polycrystalline Pt surface. Hydrogen
adsorption/desorption processes take place at the potentials
between 0.03 and 0.30 V, followed by a so-called Pt double layer
region, which is broaden due to the double layer capacitance of
high area carbon. At the potentials over 0.8 V Pt–oxide is formed and
reduced in the negative-going sweep yielding the peak at ∼0.72 V.
The voltammograms of P-1:4 and P-1:9 catalysts show the same
features as Pt/C, but suppressed and with the significant negative
shift in the peak potential of Pt–oxide reduction. This negative shift
is an indication of the electronic modification of Pt atoms by the
neighboring Au atoms. The presence of Au on the surface is iden-
tified by the peak of the Au–oxide reduction at ∼1.15 V, which
corresponds to the voltammogram of Au/C given in the inset of
Fig. 3.

The voltammograms of Au/C and AA-1:12, given in the inset in
Fig. 3, show the current of Au oxidation and the Au–oxide reduction
peak. In the case of AA-1:12 the charge for the Au–oxide reduction
is lower, indicating partial coverage of Au by Pt. The presence of Pt

is confirmed by the peak of Pt–oxide reduction at ∼0.62 V, although
hydrogen adsorption/desorption features are not resolved. Ill-
developed or even absent hydrogen adsorption/desorption features
on monolayer Pt deposited on Au has been reported [15,30].
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Table  1
Particle size and surface area determined by XRD and electrochemically active surface areas of Pt and Au (per total mass of metals) determined by cyclic voltammetry for
Pt/C,  Au/C, and Pt–Au/C catalysts of different Pt:Au ratio of the precursors.

Sample Pt/C P-1-4 P-1-9 AA-1-12 Au/C

Pt: Au precursor ratio – 1:4 1:9 1:12 –
d(XRD)/nm 2.5a ∼8.1 ∼11.2 18.3 18.3
S(XRD)/m2 g−1 112 37 27 16 17
SPt/m2 g−1 68 17 12 4.1 –
SAu/m2 g−1 – 8 10 8.1 13
SPt+Au/m2 g−1 – 25 22 12 13
Pt:Au  surface ratio 0.7:0.3 0.55:0.45 0.3:0.7

a Taken from Ref. [23].

Fig. 2. TEM images of (a) Au/C and (b) P-1:9 nanocatalysts.

s
i
a
t
s
a
e
t
s
c
l
[

Fig. 3. Cyclic voltammograms of Pt/C, P-1:4 and P-1:9 and in insert Au/C and AA-
1:12, recorded in 0.5 M H2SO4 at the sweep rate of 50 mV s−1. The current densities

and Pt:Au surface ratio estimated by cyclic voltammetry, structure
The electrochemically active surface area of Pt and Au for all the
amples, determined from the cyclic voltammograms by integrat-
ng the Pt–oxide and Au–oxide reduction peaks, is given in Table 1
long with the particle size determined in XRD measurements and
he resulting surface area. The particle sizes for the P-1:4 and P-1:9
amples are only approximate, because Scherrer equation is strictly
pplicable to the single phase particles [8].  As one can see, the total
lectrochemically active surface area of Pt and Au is lower than
he surface area calculated from the XRD, which could be a con-
equence of incomplete wetting of the catalyst, imperfect electric
ontact between catalyst particles and partial blocking of the cata-

yst particles due to the adsorption on the high area carbon support
31].
were calculated per electrochemically active surface area of Pt and Au for single
metal catalysts and per total Pt + Au surface area for bimetal catalysts.

3.4. Evaluation of the structure of the catalysts

The structure of bimetallic nanocatalysts can be recognized by
the contrasting results of XRD and cyclic voltammetry measure-
ments. Here one should be aware that XRD is essentially a bulk
method for nanoparticles because of penetration depth of X-ray,
while cyclic voltammetry reflects only the surface characteristics.

XRD measurements indicated that bulk composition of both P-
1:4 and P-1:9 nanoparticles is solid solution of Pt in Au with ∼5%
of Pt. As alloying degree of Pt is 22% for P-1:4 catalyst and 55%
for P-1:9 catalyst, the remaining Pt must be in a separate phase.
Results in Table 1 show that the electrochemically active surface
area of Pt in those catalysts is larger than that of Au although the
amount of Au is four or nine times larger. Two  different catalyst
structures could rationalize these findings. The first is that unal-
loyed Pt is in the form of nanoparticles that are deposited directly
on carbon support. The diameter of those Pt nanoparticles should
be very small because XRD did not show peaks of pure Pt. How-
ever, cyclic voltammetry demonstrated negative shift of Pt–oxide
reduction that is attributed to electronic modification of Pt by Au,
for which an intimate contact of Pt and Au is necessary. Therefore,
existence of separate Pt–Au alloy and Pt nanoparticles does not look
probable. The second possibility is that unalloyed Pt is concentrated
on the surface of the Pt–Au alloy nanoparticles. Taking into account
the total amount of Pt and Au, degree of Pt alloying and nanoparti-
cles size estimated from XRD, it can be calculated that the ratio of
unalloyed Pt atoms and atoms on the nanoparticle surface is 1.1 for
P-1:4 catalyst and 0.45 for P-1:9 catalyst. Based on this calculation
of P-1:4 P-1:9 catalysts can be described as Pt–Au alloy decorated
by near-monolayer Pt islands.
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Fig. 4. COads stripping voltammograms on Pt/C, P-1:4, P-1:9, AA-1:12, and Au/C,
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ecorded in 0.5 M H2SO4 at the sweep rate of 20 mV  s . The current densities were
alculated per electrochemically active surface area of Pt and Au for single metal
atalysts and per total Pt + Au surface area for bimetal catalysts.

The data for AA-1:12 show that, despite the 1:1 molar ratio of Pt
recursor and the surface Au atoms in Au/C powder, a complete Pt
hell was not produced. As total surface area of the AA-1:12 catalyst
s approximately the same as the surface area of Au nanoparticles
n Au/C on which Pt was deposited (Table 1), it seems that Pt is in
he form of near-monolayer islands rather than in the form of small
anoparticles adsorbed on larger Au nanoparticles.

One more effect could possibly influence the structure of the sur-
ace of all three bimetallic catalysts. Although Pt and Au have high

elting points, Ge et al. [12] demonstrated that thermal anneal-
ng at temperatures as low as 100 ◦C induces surface alloying of Pt

ith Au substrate. Since our samples were dried at 80 ◦C for 8 h, it
s quite possible that certain degree of a surface alloy is produced.

.5. COads stripping voltammetry

COads stripping voltammetry was performed to further probe
he surface structure and electronic modification of Pt by Au. As
hown in Fig. 4, COads oxidation on Pt/C catalyst starts at ∼0.69 V
nd exhibits a sharp peak with the maximum at 0.81 V, while
he oxidation of COads on bimetallic nanoparticles is delayed with
espect to Pt/C and the peak potential is as more positive as
he Pt:Au surface ratio decreases. As cyclic voltammograms in
ig. 3 shows, on Pt–Au bimetallic surfaces Pt–oxide formation com-
ences at more positive potentials than on Pt/C, which can explain

indered COads oxidation. Also, stronger adsorption of CO and OH
pecies on Pt in contact with Au has already been reported for Pt
odified Au substrate [28,32] and ascribed to the ligand effect aris-

ng from the heterometallic bonding between Pt and Au and the
ensile strain experienced by Pt deposited on Au because of dif-
erent lattice constants. Both effects cause the increase in d-band
nergy of Pt and consequent stronger bond with the adsorbates
33,34]. With decreasing Pt fraction on the surface more Pt atoms
re in direct contact with Au and the electronic modification is more
rominent thus causing the potential of COads oxidation shifts to
ore positive values.
Although COads oxidation peak on AA-1:12 catalyst is the most

ositive compared to the others, the onset potential on this cata-
ysts is rather low, which can be attributed to the adsorption of CO
n uncovered Au surface. As the COads stripping voltammogram

or Au/C shows, CO is adsorbed on Au nanoparticles and oxidized
n two potential regions, between 0.4 and 0.6 V and over 0.75 V,
ut the charge under the peaks corresponds to an amount of COads
uch lower than monolayer. The similar result was  reported by
Fig. 5. Potentiodynamic polarization curves for the oxidation of HCOOH on Pt/C,
P-1:4, P-1:9, AA-1:12, and Au/C recorded in (a) positive going scan and (b) negative
going scan at the scan rate of 50 mV s−1. Electrolyte is 0.5 M H2SO4 + 0.5 M HCOOH.

Park et al. [8].  It should be noted that, regarding CO adsorption,
bulk and nano-sized Au behave differently, since CO adsorption on
bulk Au was found to be negligible [13].

The sharpness and the symmetry of the COads stripping peak
generally reflects the uniformity of Pt surface [35]. As the frac-
tion of Pt on the nanoparticle surface decreases, the stripping peak
becomes broader and asymmetrical, indicating finer distribution
of Pt atoms on the nanoparticle surfaces. It can also be concluded
that there is no Pt nanoparticles attached directly to carbon, since
in this case a pre-peak at ∼0.8 V characteristic for unmodified Pt
would appear.

3.6. Formic acid oxidation: potentiodynamic and quasi
steady-state polarization measurements

Potentiodynamic polarization curves of the HCOOH oxidation
recorded on Pt/C and three bimetallic Pt–Au nanocatalysts are pre-
sented in Fig. 5. The currents recorded on Au/C electrode were much
lower, so this curve is omitted from the diagram. As our investiga-
tions were focused on the activity of Pt sites on the Pt–Au surfaces,
the current densities for bimetallic surfaces were calculated per
Pt surface. Potentiodynamic profile of Pt/C shows well-established
feature of the formic acid oxidation on Pt [3,36,37]. In the forward
sweep (Fig. 5a) the current densities reach a plateau at about 0.55 V
followed by the ascending current starting at 0.7 V and a high max-
imum at 0.93 V. The current densities below 0.7 V are attributed to
HCOOH oxidation through the dehydrogenation path on the sur-
face partially covered by COads formed by HCOOH dehydration. As
formation of oxygen containing species on Pt starts, COads is oxi-
dized, more Pt sites are being released and the HCOOH oxidation
current increases until Pt–oxide, inactive for HCOOH oxidation, is
formed. This results in the current peak.

As Fig. 5a shows, at bimetallic Pt–Au nanocatalysts the oxida-
tion of HCOOH commences at lower potentials than on single Pt
nanoparticles and the shape of the polarization curves are changed.
As Pt:Au surface ratio decreases, the plateau corresponding to
HCOOH dehydrogenation increases and transforms to peak. Also
the peak corresponding to the reaction on the Pt sites released
after COads oxidation decreases and even vanishes on the curve
for AA-1:12 catalyst. These results show that the COads coverage
of Pt sites on bimetallic surfaces is reduced in comparison to sin-

gle Pt surface with COads being completely absent on the catalyst
with the lowest Pt:Au surface ratio. The anodic stripping of COads
(Fig. 4) showed that Pt on bimetallic Pt–Au surfaces binds COads
stronger than pure Pt. This implies that lower coverage by COads
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ig. 6. Quasi steady-state polarization curves for the oxidation of HCOOH in 0.5 M
2SO4 + 0.5 M HCOOH electrolyte recorded on Au/C, Pt/C, P-1:4, P-1:9, and AA-1:12
t  the scan rate of 1 mV  s−1.

uring HCOOH oxidation on bimetallic surfaces is caused by sup-
ression of the dehydration path in HCOOH oxidation mechanism
ather than by facilitated COads oxidation.

In a recent work of Grozovski et al. [38] the polarization curves
f HCOOH oxidation on different Pt nanoparticles were determined
y the pulsed voltammetry transients. In that way, they measured
he activity of the electrode through the dehydrogenation path in
he absence of poison. The maximum current densities for the Pt
anoparticles with preferential (1 0 0), (1 0 0–1 1 1) and (1 1 1) ori-
ntation were 7, 5.5 and 3 mA  cm−2, respectively. The maximum
urrents observed on the potentiodynamic polarization curves for
-1:9 and AA-1:12 catalysts were 4 and 6.5 mA  cm−2, respectively,
hich confirms that there is no significant poisoning of these two

atalysts.
The backward sweeps of HCOOH oxidation are presented in

ig. 5b. On the Pt/C catalyst the current density rises at ∼1 V, which
s the potential where Pt–oxide reduction commences (Fig. 3). At
.67 V the current density starts to decrease again because COads,
hich is inevitably formed at a single Pt catalyst, cannot be oxi-
ized any more (Fig. 4). Lower current densities on the ascending
art of the curve for P-1:4 can be explained by the stronger adsorp-
ion of CO that makes more difficult to oxidize COads and release
t sites for further reaction. For the P-1:9 and AA-1:12 catalysts on
hich dehydration path is minor, the current densities in the back-
ard sweep are high and reflect intrinsic activity of clean Pt surface

oward HCOOH oxidation. If the forward and backward potentio-
ynamic curves for AA-1:12 are compared, one can see that they
re almost the same, which confirms that poisoning COads is not
ormed, i.e. dehydration path is completely suppressed.

Kinetics of formic acid oxidation under the quasi steady-state
onditions is presented in Fig. 6 in the form of Tafel plots. The
ogarithmic scale of the current axis enables presenting HCOOH
xidation currents on Au/C that are for more than an order of mag-
itude lower than on Pt/C. The order of activity for Pt single metal
nd bimetal catalysts is the same as under the potentiodynamic
onditions. Nanoparticles with lower Pt surface area, i.e. better
istribution of Pt on Au surface are more active than single Pt
anoparticles. The most active AA-1:12 exhibits up to forty time

arger current densities than Pt/C (at 0.25 V). Although linear Tafel

egions are not well defined, it can be estimated that the Tafel slope
ecreases with the decrease in Pt:Au ratio, which was  found to be
elated to reducing COads coverage [37,39].
Fig. 7. Current densities of the HCOOH oxidation at 0.3 V recorded under the quasi
steady-state conditions on P-1:9 as function (a) HCOOH concentration and (b) pH.

3.7. Formic acid oxidation: reaction order determination

Reaction orders with respect to HCOOH and H+ ions were deter-
mined on P-1:9 catalyst. Two sets of quasi steady-state polarization
curves were recorded. Firstly, HCOOH concentration was varied
between 0.05 M and 1 M in 0.5 M H2SO4 and the current densities
at the constant potential of 0.3 V are plotted as a function of HCOOH
concentration. As Fig. 7a presents, a straight line with a slope of 0.5
is obtained, which is equal to the reaction order with respect to
HCOOH. Then the concentration of H2SO4 was varied while keep-
ing HCOOH concentration of 0.5 M.  The dependence of the current
densities on the H+ ion concentration plotted in Fig. 7b shows that
the reaction order with respect to H+ ions is −0.5 at the concentra-
tions over ∼0.2 M.  At lower concentrations, the reaction rate seems
to be independent of the H+ ion concentration.

The reaction orders for HCOOH oxidation were previously deter-
mined on Pt/C [37] and mesoporous Pt [40], on which the reaction
proceeds through dehydrogenation path on the surface partially
blocked by COads produced in dehydration path occurring in paral-
lel. It was  found that HCOOH oxidation follows a half order reaction
kinetics with respect to HCOOH up to 0.5 M HCOOH, but in more
concentrated electrolytes the reaction rate became independent of
the HCOOH concentration [37,40]. The dependence of the reaction
rate on the H+ ion concentration [37] exhibited the reaction order
of −0.8 in the range of 0.1–1 M HClO4 solution and zero reaction
order in more diluted acid.

According to the potentiodynamic polarization curves in Fig. 5,
the HCOOH oxidation on P-1:9 occurs on the Pt surface with very
low coverage by COads, but the reaction order values are basically
the same as those on Pt with high COads coverage. Half-order kinet-
ics with respect to HCOOH indicates relatively high Pt coverage by
the reactive intermediate in dehydrogenation path on both poi-
soned and unpoisoned surface.

3.8. Formic acid oxidation: chronoamperometric measurements

The chronoamperometric test of Pt/C and Pt–Au/C nanocata-
lysts toward HCOOH oxidation was  carried out at 0.30 V for 20 min
and the results are presented in Fig. 8. The activity of all the cata-
lysts gradually decreased over time with the best long-term activity
exhibited by P-1-9. However, the behavior of AA-1:12 catalyst,
which was found to be the most active catalyst under the potentio-

dynamic and quasi steady-state conditions, deserves attention.

At the very beginning of the transient the AA-1:12 catalyst is the
most active one, but its activity steeply decreases and after ∼7 min
drops to zero. The first assumption was  that instability of Pt islands
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Fig. 8. Chronoamperometric measurement of HCOOH oxidation rate on Pt/C, P-
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:4,  P-1:9, and AA-1:12 catalysts at 0.3 V in 0.5 M H2SO4 + 0.5 M HCOOH electrolyte.
nset: potentiodynamic polarization curve recorded on AA-1:12 after its complete
eactivation. Scan rate 50 mV  s−1.

n the Au surface is responsible for the activity loss. To test this
ypothesis, the potentiodynamic curve was recorded for this cat-
lyst after it had been deactivated. As the inset in Fig. 8 shows,

 bell-shaped profile characteristic for dehydrogenation path of
COOH with no poisoning by COads was recovered, meaning that
omposition of the catalyst was not changed. Another possible rea-
on for the deactivation of the AA-1:12 catalyst might be a blockage
f the surface by the CO2 bubbles, since CO2 evolution on this cat-
lyst is more severe than on the other two due to its high activity.
owever, starting the rotation of the electrode after the current
ad dropped to zero did not produce any increase of the current.
his also proved that the near-electrode layer was not depleted
f HCOOH, although this effect was not expected because of high
COOH concentration in the electrolyte. Besides the mechanical
locking of the surface, CO2 can cause the deactivation of Pt sites if

t is reduced by the adsorbed hydrogen atoms since product of this
eaction is COads [41,42].  According to the voltammograms in Fig. 3,
t the potential of 0.3 V at which chronoamperometric experiment
as performed, hydrogen atoms are already desorbed from Pt/C, P-

:4 and P-1:9 bimetal catalyst. However, because of characterless
oltammogram of AA-1:12 in the hydrogen adsorption/desorption
egion, it is difficult to estimate whether adsorbed hydrogen is
resent on the surface, thus deactivation by COads produced by the
O2 reduction cannot be excluded.

The influence of the processes on Au surface in HCOOH solution
hould also be considered, because of a high Au:Pt surface ratio in
A-1:12 catalyst. The activity of Au for HCOOH oxidation is low, as
hown in Fig. 6. According to Koper and co-workers [43], COads was
ot detected and the reason for this is slow oxidation of HCOOads

ntermediate. Thus, surface diffusion of COads from Au to Pt sites
oes not seem as a probable cause of deactivation of AA-1:12.

Surface of an electrocatalyst can be poisoned by non-reactive
ntermediate formed in a parallel path, but too strong adsorp-
ion of the reactive intermediate or even reaction product could
lso decrease number of active sites available for the reaction.
athematical modeling of HCOOH oxidation current decay on

olycrystalline Pt performed by Wieckowski and co-workers [44]
lso indicated that an adsorbate other than COads has to be present
n the surface in order to account for the total current decay. They
peculated that intermediate forms of HCOOH, e.g. HCOOads, can be
esponsible for the current decay. Osawa and co-workers [45,46]

howed that in the dual path mechanism HCOOads is the reactive
ntermediate, although Behm and co-workers [47] consider it as
on-reactive intermediate in a triple-path mechanism with direct
er Sources 197 (2012) 72– 79

oxidation of HCOOH to CO2 via still undetectable active intermedi-
ate.

The reason why AA-1:12 is more susceptible to the poisoning
than the other two  Pt–Au nanocatalyst could be in the strongest
electronic modification of Pt by neighboring Au atoms because in
this catalyst the Pt:Au surface ratio is the lowest and consequently
the number of Pt atoms in close contact with Au is the highest. It was
theoretically predicted [33,34] that electronic modification of Pt by
Au leads to stronger bonding of any adsorbate and our experiments
indicated that OHads and COads removal from Pt sites is the slowest
on AA-1:12 catalyst.

4. Conclusions

Two  methods of synthesis were applied to prepare Pt–Au
nanocatalysts supported on high area carbon. The first was  simul-
taneous reduction of Au and Pt precursors in the atomic ratio of 1:4
and 1:9. As the Pt alloying was  incomplete, nanoparticles were com-
posed of solid solution of Pt in Au with ∼5% Pt in both cases, while
the remaining Pt was  on the nanoparticles’ surfaces. Surface ratio
of Pt:Au was found to be 0.70:0.30 and 0.55:0.45 for the precur-
sors ratio 1:4 and 1:9, respectively. The second method of synthesis
was  reduction of Pt precursor on already prepared Au nanoparti-
cles. With the Pt:Au precursors ratio of 1:12, which corresponded
to complete monolayer Pt shell, the achieved surface ratio of Pt:Au
was  0.30:0.70.

The voltammetric peaks of Pt–oxide reduction and COads oxida-
tion demonstrated electronic modification of Pt by Au, a degree of
which increased with the decreasing Pt:Au surface ratio.

The activity for HCOOH oxidation, determined under poten-
tiodynamic and quasi steady-state conditions, increases with
decreasing Pt:Au surface ratio, i.e. with reaching finer distribution
of Pt atoms on the nanoparticle surfaces. Increasing reaction rate
was  associated with reducing surface coverage by COads. No sign of
poisoning by COads was  observed for the catalyst with the lowest
Pt:Au surface ratio.

Chronoamperometic test showed that high activity of the cat-
alyst with the lowest Pt:Au surface ratio is also associated with a
high poisoning rate. It was  postulated that too strong adsorption of
a reactive or non-reactive intermediate other than COads, or COads
formed as a product of CO2 reduction by adsorbed hydrogen, are
responsible for the deactivation of that catalyst.

The present study points out that high Pt dispersion on Pt–Au
nanocatalyst, which is necessary for promotion of the dehy-
drogenation path in HCOOH oxidation, can produce too strong
adsorption of poisoning species, because of high degree of elec-
tronic modification of Pt by Au. Therefore, in designing a Pt–Au
nanocatalyst for HCOOH oxidation the Pt:Au ratio and the structure
of the nanoparticles should be optimized with respect to a high
selectivity toward dehydrogenation path and a low deactivation
rate.
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