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ABSTRACT

PtAu systems are recognized as good catalysts for the oxidation of formic acid electrooxidation,
which is investigated as a possible anodic reaction in low-temperature fuel cells. In this research,
bimetallic PtAu nanoparticles, supported on high area carbon Vulcan XC-72R, were synthesized
by water in oil microemulsion method. The precursor reduction process took place in a single
microemulsion, simultaneously, in the presence of 35% of HCI in the water phase, as a capping
agent. Electrochemical behavior of the PtAu/C catalyst was investigated at as prepared electrodes
by cyclic voltammetry in 0.5M H,SO, as a supporting electrolyte, and also in the oxidation of
adsorbed CO. The results were compared to the Pt/C catalyst prepared by the same synthesis
procedure. PtAu/C catalyst powder was also characterized by X-Ray Diffraction (XRD), High
Resolution Transmission Electron Microscopy (HRTEM) and Energy Dispersive X-Ray
Spectroscopy (EDS). Average particle diameter, of 2nm, was calculated from XRD data, which is
close to the value of 2.82 nm obtained from TEM images. Compared to identically synthesized Pt
nanopatrticles, the bimetallic ones are significantly smaller. EDS maps of PtAu/C sample confirm
the presence of both elements, and indicate a very fine distribution of Au in the sample. Elemental
composition of about 20% Au and 80% Pt was also determined from these maps. Prepared
catalyst was tested for formic acid electro-oxidation in terms of its activity and stability over the
long term cycling. The voltammograms recorded indicate the change of reaction mechanism and
better utilization of the catalyst surface in comparison to Pt/C.

Keywords: PtAu nanoparticles, microemulsion method, formic acid electro-oxidation.

1. INTRODUCTION

Direct formic acid fuel cells (DFAFCs) have
attracted worldwide attention because they are
promising low-cost and efficient power sources for
portable electronic devices. Thanks to their high
energy density (2086 Wh/L), high theoretical open
circuit voltage (1.45 V), fast oxidation kinetics and
the non-toxic nature of formic acid, DFAFCs have a
lot of advantages over the direct methanol fuel cells
(DMFCs) and H,-PEM fuel cells [1]. It is well known
that the application of hydrogen fuel cells is limited
by the potential dangers in storing and distributing
hydrogen while DMFCs exhibit high methanol
crossover through
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Nafion® membrane (leading to cathode catalyst
poisoning and a drop in fuel cell efficiency), high
toxicity and slow methanol electro-oxidation
kinetics. Formic acid is less likely to undergo
crossover flux through Nafion (diffusion through
membrane without a reaction) than methanol due
to the repulsion forces between HCOO™ ion and
sulfuric group at the surface of the membrane,
which allows the use of highly concentrated formic
acid solutions and thinner membranes [2].

The oxidation of formic acid on Pt follows a
dual pathway [3]. Direct oxidation pathway involves
the dehydrogenation of the formic acid molecule
and CO, accumulation:

HCOOH — CO, + 2H" + 2¢ 1)

In the indirect pathway, through the formic acid
dehydration, strongly adsorbed carbon monoxide
(CO) is formed as a reaction intermediate:
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HCOOH — CO,¢s + H,O — CO, + 2H™ + 2e )

Although the direct pathway is desirable in
DFAFCs because the dehydrogenation of formic
acid leads to reduction of catalyst poisoning and
the enhancement of cell efficiency, the oxidation of
formic acid on Pt catalyst surface dominantly
proceeds through the indirect pathway. The
amount of CO,qys produced in the indirect pathway
blocks the reaction sites and therefore remarkably
reduces electrocatalytic activity. In order to
diminish surface poisoning caused by COgg,
bimetallic surfaces are synthesized in which the
second metal (oxophilic metal) provides oxygen
species at lower potentials and therefore facilitates
the oxidative removal of CO,q4s [4]. This effect is
known as the bi-functional effect. Beside this effect,
the addition of a second metal can lead to the
modification of the electronic structure of Pt and in
turn, the energy adsorption of CO,q4, wWhich can
increase the tendency of Pt to dehydrogenate the
formic acid molecule. This is recognized as the
electronic effect. Another very effective way to
enhance the electro-oxidation kinetics of formic
acid on Pt is the ensemble effect, which is based
on the fact that, in order for CO to form by
dissociative adsorption of formic acid, it is
necessary to have at least two ensemble
connected Pt sites, while for the direct FAO, this is
not the case. If the Pt sites are isolated by the
second metal (often named as surface modifier)
indirect pathway in the electro-oxidation reaction
can be suppressed and the direct pathway favored.

In an effort to replace Pt with a less precious
metal and, at the same time improve catalytic
activity, during the past decade several bimetallic
Pt-M (M =Bi, Ru, Sn, Pd, Pb, and Au) catalysts
have been extensively investigated [5-10] with
PtAu catalysts being one of the most promising
systems in terms of the catalytic activity and
stability [11-15]. Many forms of PtAu catalysts have
been synthetized for the formic acid electro-
oxidation reaction with the goal of tuning the
composition, morphology and structure in order to
acquire enhanced electrocatalytic activity and in
turn good performance of fuel cells. In order for
these catalysts to be considered as high
performing, certain property criteria must be met:
high density active sites, high corrosion and
chemical resistances, high electrical conductivity
and optimal surface adsorption [16]. Therefore, the
search for correlations between catalyst reactivity
and corresponding surface properties has become
a scientific imperative.
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One of the promising synthesis methods for Pt
catalysts in the recent years has been the water-in-
oil microemulsion method in which shape-
controlled nanoparticles can be achieved by
incorporation of a capping agent into the water
phase of the microemulsion (which consists of a
precursor solution). It turned out that HCI is a
promising capping and stabilizing agent for
obtaining nanocatalysts with characteristics of
single crystals and preferential surface facet
orientation [17,18]. It is well known that formic acid
electro-oxidation at lower potentials is almost
inhibited on Pt(100) and Pt(110) surfaces of single
crystals. In the case of Pt(111), the least poisoned
single crystal surfaces, FAO goes through direct
path i.e. a bell shaped single peak.

The aim of the present work was to obtain PtAu
nanoparticles, synthesized analogous to previously
reported shape-controlled Pt nanoparticles [19],
with preferred crystallographic orientation of the
catalyst surface, as to further improve the catalytic
performance of Pt.

This paper is dedicated to the memory of Prof.
dr Nedeliko Krstajic, who made a significant
contribution to the field of electrocatalysis.

2. EXPERIMENTAL
2.1. Preparation of the catalyst

The PtAu catalyst was synthesized by the
water-in-oil microemulsion method, analogous to
our previously reported synthesis of shape
controlled PY/C catalyst [19]. PtAu nanoparticles
were obtained by simultaneous reduction from a
single microemulsion, where the water phase
consisted of 0.05M precursor solution (H,PtClg and
HAuCly,) in 35% HCI, used as a capping agent. The
solution was subsequently mixed with
polyethilenglycol-dodecilether (BRIJ®), used as a
surfactant as well as n-heptane, as the non-polar
phase, by a magnetic stirrer for 40 minutes. When
the microemulsion was formed, NaBH,; reducing
agent was added as a solid, in great excess, in
order to produce nanoparticles, very small in size.
The reduction reaction took place within a few
minutes, after which Vulcan XC-72R (carbon
support) was added in the microemulsion system
and the whole mixture was stirred for several
hours. Acetone was added in order to destabilize
the microemulsion and induce precipitation.
Subsequent to the phase separation, the
precipitate was washed with 0.02M of NH,;OH
solution in ultra-pure water (Millipore, 18 MQ) on a
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membrane filter, using a vacuum pump, and dried
in N, atmosphere at 160°C for 3 hours. The
synthesized catalyst was characterized by
electrochemical and physical methods, and the
results were compared to the ones obtained for a
Pt/C catalyst synthesized by the same method with
the same amount of capping agent (35%HCI).

2.2.Characterization of the catalyst

Microstructural characterization of the catalyst
was performed by X-ray diffraction (XRD) and
transmission electron microscopy (TEM) in tandem
with energy dispersive X-ray spectroscopy. XRD
characterization of the catalyst was performed on
an X-Pert powder diffractometer (PANalytical,
Netherlands) using CuKa radiation in Bragg-
Brentano geometry at 40kV and 30mA. The
measurements were conducted in a step scan
mode in 0.05° (26) intervals with a measuring time
of 30 s/step. The TOPAS V3 general profile and
structure analysis software for powder diffraction
data was used for the Rietveld refinement
procedure [20]. Electron microscopy analysis of the
PtAu/C catalyst was performed on a FEI Thermo
Scientific™ TITAN® Themis™ 60-300 double
aberration corrected TEM. For TEM investigations
samples were drop cast onto Holey carbon grids
and investigated at 200 kV operating voltage by
high resolution transmission electron microscopy
(HRTEM) and scanning transmission electron
microscopy (STEM).

All electrochemical experiments were perfor-
med at room temperature in a three-electrode-
compartment electrochemical cell with a Pt wire as
the counter electrode and a bridged saturated
calomel electrode (SCE) as the reference electro-
de. All potential values are given versus SCE. The
working electrode was a thin layer of Nafion-
impregnated PtAu/C catalyst applied on a freshly
polished glassy carbon electrode. The thin layer
was obtained from a suspension (2 mg of the cata-
lyst, 1 ml water and 50 pl of 5% aqueous Nafion
solution) prepared in an ultrasonic bath, placed on
the electrode and dried at room temperature.

The PtAu/C and Pt/C catalysts were
electrochemically characterized in a 0.5M H,SO,
solution as supporting electrolyte in the potential
range from -0.2V to 1.2V versus SCE for the
PtAu/C and from -0.2V to 0.55V versus SCE for the
Pt/C catalyst.

The electrocatalytic activity of the PtAu/C
catalyst was studied in a solution containing 0.5M
of H,SO, and 0.5M of HCOOH. The latter acid was

added to the supporting electrolyte solution while
holding the electrode potential at —-0.2V. The
potential was then cycled up to 0.9 V at a sweep
rate of 50 mV/s. Long-term stability of the catalyst
was tested for FAO during 100 cycles in the same
potential range.

CO stripping voltammograms were used for the
investigation of CO-poisoning resistance of the
catalyst. For the CO stripping measurements, CO
was adsorbed at the electrode surface from CO
saturated 0.5M H,SO, solution while keeping the
electrode potential at -0.2V  for 15min.
Subsequently, the electrode was transferred into
the cell containing only 0.5M H,SO, and the
adsorbed CO was electrochemically oxidized at a
sweep rate of 50 mV/s.

The real surface area of the catalyst was
determined from the Pt—oxide reduction peak using
a charge of 440 Clem? for a Pt—oxide monolayer
[21].

Thermogravimetric analysis (TGA) confirmed
lower content of metal than 10 wt %.

All solutions were prepared from Merck p.a.
grade reagents with high purity water (Millipore, 18
MQ cm resistivity). The electrolytes were purged
with purified nitrogen prior to each experiment.
AUTOLAB potentiostat/galvanostat PGStat 128N
(MetrohmAutolab B.V., The Netherlands) was used
in electrochemical experiments.

3. RESULTS AND DISCUSSION

3.1. Physicochemical characterization of the
PtAu/C catalyst

The XRD patterns of the carbon-supported
PtAu and Pt samples (Fig. 1) show main
characteristic peaks for an fcc structure, as
expected. The diffraction peak at ~25° originates
from hexagonal, graphite like structure of Vulcan
support. The diffraction peaks, of PtAu/C catalyst ,
noted in Fig. 1, can be attributed to the presence of
three phases: Pt metallic, Au metallic, and PtAus
alloy. Due to the very small difference in lattice
parameter, it is not possible to distinguish between
the peaks of Pt and Au in the XRD spectra. Lattice
parameter and average particle size for the Pt
nanoparticles were calculated, in our previous
work, to be 3.928 A and ~2 nm, respectively [19].
From the Gaussian distribution of the PtAu/C 26
angle for 311 peak in the XRD spectra along with
AMCuKa)=0.15418 nm and Bragg's law A=2dsinf
and, the lattice parameter of PtAu nanoparticles
was calculated to be 3.91956 A.
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Figure 1. XRD patterns of PtAu/C and Pt/C
catalysts

Slika 1. XRD dijagrami za PtAu/C i Pt/C
katalizatore

From energy dispersive X-ray spectroscopy
(EDS) elemental maps, obtained from scanning
transmission electron micrographs (STEM) in high
angle annular dark field (HAADF) mode, as the one
seen in Fig. 2, the mean value of the elemental
composition of Pt and Au was calculated to be
78.51 at% for Pt and 21.49 at% for Au. It should be
noted that these results are mean values of
calculated at% of Pt and Au from numerous EDS

maps and present only a rough estimate of the
structure composition. However, the effect of
possible non-uniform distribution of Pt and Au can
affect the mean composition value.

Figure 2. STEM HAADF image of a PtAu
nanoparticle on carbon support and corresponding
EDS maps noting the elemental distribution of Pt
and Au

Slika 2. STEM HAADF slika PtAu nanocestice na
ugljeni¢noj podlozi i pripadajuce EDS mape koje
ukazuju na raspodelu elemenata Pt i Au

14>b d =282+

mean

1.5 2 25 3 35 - 45

d/nm

Figure 3. a) High resolution transmission electron micrograph (HRTEM) along with FFT (in inset) with
noted 111 and 200 reflections and b) particle size distribution of PtAu/C catalyst with the calculated mean
particle size of 2.82+0.39 nm

Slika 3. a) Visokorezoluciona transmisiona elektronska mikrofotografija (HRTEM) zajedno sa Brzom
Furijeovom Transformacijom, FFT, (predstavljena u umetku slike) gde se vide 111 i 200 refleksije,
b) histogram raspodele veli¢ine Cestica PtAu/c katalizatora sa izracunatom srednjom vrednoScu od

2.82+0.39 nm

From the HRTEM image (Fig. 3a) it can be
clearly seen that the PtAu nanoparticles have a
face-centered cubic (fcc) type structure, with an
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orientation close to {110}. Fast Fourier Transforms
(FFT) of particles (inset in Fig. 3a) reveal the
presence of {111} and {200} type planes. Mean
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particle size, by analysis of TEM images, was
calculated to be 2.82+1.4 nm (Fig.3b). This value is
significantly smaller than 3.7+1.8 nm, the particle
size of Pt/C catalyst synthesized in the same
manner [19].
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Figure 4. Cyclic voltammograms of as-prepared
PtAu/C and Pt/C (given in inset) catalysts in 0.5 M
H,SO, (v = 50 mV/s)

Slika 4. Cikli¢ni voltamogrami za pripremljene

PtAu/C i Pt/C (dat u umetku) katalizatore, u
polaznom stanju, u 0.5 M H,SO, (v = 50 mV/s)

3.2. Electrochemical characterization of the PtAu/C
catalyst

The initial scan of as-prepared PtAu/C, obta-
ined without any electrochemical treatment is
shown in Fig. 4. The characteristic peaks for
hydrogen adsorbtion/desorbtion are not registered
for PtAu/C, while the typical hydrogen
adsorbtion/desorbtion region, with characteristic
peaks for {110} planes, (100) steps and terraces
as well as a well-defined double-layer region are
clearly visible for the Pt/C catalyst (Fig. 4 inset)
[19]. Furthermore, the onset of oxide formation and
potential of oxide reduction at PtAu/C (Fig. 4) are
shifted for ~100 mV to more positive potentials and
for ~70 mV to lower values, respectively, in compa-
rison to Pt/C catalyst prepared under the same
conditions [19] which this is in good agreement
with the data from literature [23]. The characteristic
peaks for Au are not clearly defined which should
indicate that Au is present on the surface in very
small quantities [24,25]. This is can be confirmed
with some results obtained by STEM/EDS analysis,
which show occasional Au presence on the surface
Pt particles and/or clusters.

The catalyst tolerance for CO of the as-
prepared electrodes was evaluated from CO-
stripping measurements (Fig. 5). Observing the
curve presented in Fig. 5 it is evident that the

ZASTITA MATERIJALA 59 (2018) broj 2

oxidation of CO on PtAu/C surface commences
some 150 mV earlier than on Pt/C (inset in Fig. 5)
[19] and proceeds through a sharp peak with a
maximum at ~0.65 V. The shift of this maximum
peak potential of PtAu/C compared to Pt/C can
lead to the conclusion that CO molecules are more
strongly adsorbed on PtAu/C catalyst. Similar
behavior was reported literature and was based on
the hypothesis that CO,qs oOxidation potential is
more positive when the Au is present at the Pt
surface and increases as more Pt atoms are in
direct contact with Au [14,23,26]. It is very
important to point out that the oxidation of
adsorbed CO is controlled by the amount of defects
i.e. surfaces with fewer defects show a CO-
stripping peak at higher potentials [22].
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Figure 5. CO,4q¢s Stripping curves for as-prepared
PtAu/C and Pt/C (given in inset) catalysts in 0.5 M
H,SO4 (v =50 mV/s)

Slika 5. Oksidacija adsorbovanog CO,qs za PtAu/C
i Pt/C katalizatore u polaznom stanju (data u
umetku) katalizatore u 0.5 M H,SO,4 (v = 50 mV/s)

The results presented clearly show that the
CO,4s oxidation on PtAu/C catalyst at more positive
potential than Pt/C catalyst is due to highly
dispersed Au, occasionally on the surface of PtAu
particles and fewer defects on Pt domains.

3.2.1. Electrocatalytic activity of the catalyst

Formic acid oxidation (FAO) was examined for
as-prepared PtAu/C catalyst and compared to the
results obtained for the previously synthesized Pt/C
catalyst [19]. The initial forward scans are
presented in Fig. 6 and according to the shape of
the polarization curve for the Pt/C, the reaction
proceeds through a characteristic well-defined
shape for FAO on Pt with two peaks in forward
direction. Such a shape of the polarization curve
reveals a dual-path mechanism, with a larger
contribution of the indirect pathway (peak present
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at higher potential) [19]. The potentiodynamic
curve for FAO on PtAu/C is completely different,
indicating a change in the reaction mechanism.
The reaction starts ~0.1 V earlier and even though
it proceeds through a dual-path mechanism as
well, the contribution of the dehydrogenation step
(direct path) is much larger than the contribution of
the dehydration step (indirect path) in the reaction
(Fig. 6). The dominant of dehydrogenation step in
FAO mechanism indicates a lower poisoning rate
of PtAu/C catalyst, compared to Pt/C, which is
expected for a bimetallic surface [27].

1.2

FAQ in 0.5M H,S04 + 0.5M HCOOH
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Figure 6. Potentiodynamic curves for the oxidation
of 0.5M HCOOH on as-prepared PtAu/C and Pt/C
catalysts (v =50 mV/s)

Slika 6. Potenciodinamicke krive za oksidaciju
0.5M HCOOH na PtAu/C i Pt/C katalizatorima u
polaznom stanju (v = 50 mV/s)
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Figure 7. Long-term stability of as-prepared PtAu/C
and Pt/C catalysts versus the number of scans
during FAO (current values taken at 0.2 V;

v =50 mV/s)

Slika 7. Test dugorocne stabilnosti za PtAu/C i Pt/C
katalizatore, u polaznom stanju, izrazene u odnosu
na broj ciklusa tokom oksidacije mravlje kiseline
(vrednosti struje su ocitane na potencijalu od 0.2 V;
v =50 mV/s)
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Catalyst stability was tested over 100 cycles in
the potential range from -0.2V to 0.9V vs. SCE, and
compared to the results obtained for the Pt/C
catalyst (Fig. 7). The current density values at the
potential of 0.2V are presented as a percentage of
the highest value which was recorded for PtAu/C in
the first cycle, so the decline in the catalyst activity
would be notable. It is evident that the bimetallic
catalyst shows, not only higher initial activity, but
also remains more active even after long term
cycling, indicating superior stability compared to
Pt/C catalyst.

4. CONCLUSION

A carbon  supported PtAu (PtAu/C)
nanocatalyst was successfully synthesized by a
water-in-oil microemulsion method, with NaBH, and
HCI as reducing and capping agents, respectively.
Microstructural characterization including XRD and
TEM in tandem with EDS revealed that synthetized
particles are small in size (~2.8 nm in diameter),
composed of 78.51 at% Pt and 21.49 at% Au and
uniformly distributed on carbon support, an
advantage inherent from this type of synthesis. The
electrocatalytic activity and stability were tested for
FAO and improved activity of PtAu/C catalyst in
comparison to Pt/C catalyst is manifested through
the favoring of the direct path. The domination of
dehydrogenation in FAO mechanism indicates a
lower poisoning rate of PtAu/C catalyst as a
consequence of the presence of small Pt
ensembles, which are in direct contact with Au.
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IZvOD

PtAu KATALIZATOR SA POBOLJSANOM AKTIVNOSCU
ZA REAKCIJU OKSIDACIJE MRAVLJE KISELINE

PtAu sistemi se smatraju veoma dobrim katalizatorima za elektrooksidaciju mravlje kiseline, kao
moguce anodne reakcije u niskotemperaturnim gorivnim galvanskim spregovima. U ovom radu
bimetalne P{Au nanocestice sintetizovane su mikromulzionim postupkom, i u toku sinteze nanete
na ugljeni¢ni nosa¢ Vulcan XC-72R. Procesi redukcije prekursora odigravaju se simultano, unutar
vodene faze iste mikroemulzije, u prisustvu 35%HCI. Elektrohemijske karakteristike katalizatora
ispitivane su ciklicnom voltametrijomv na “as prepared” elektrodama u 0.5M H,SO, kao osnovnom
elektrolitu, kao i prilikom oksidacije adsorbovanog CO. Rezultati su uporedeni sa Pt/C
katalizatorom sintetizovanim istim postupkom i pod istovetnim uslovima. Pripremljeni PtAu/C prah
okarakterisan je takode difrakcijom X-zraka, transmisionom elektronskom mikroskopijom i
energetski disperzionom spektroskoijom. Veli¢ina Cestice odredena analizom difraktograma X-
zraka iznosi 2nm, S$to je blisko vrednosti dobijenoj analizom TEM snimaka od 2.82 nm. U
poredenju sa Pt nanolesticama sintetizovanim na isti nacin, bimetalne nanocestice su znatno
manjeg precnika. Mape uzorka PtAu/C dobijene energetski disperzionom spektroskopijom
potvrduju prisustvo oba elementa i pokazuju veoma finu distribuciju Au u uzorku. Analizo mapa
utvrdeno je i da je katalizator sastava 20% Au i 80% Pt. Konacno, ispitane su aktivnost i stabilnost
bimetalnog katalizatora za oksidaciju mravlje kiseline. Snimljeni voltamogrami ukazuju na
promenu reakcionog mehanizma i bolje iskoriS¢enje povrSine katalizatora u poredenju ra Pt/C
katalizatorom sintetizovanim istim postupkom.

Kljuéne reci: PtAu nanocestice, mikroemulziona metoda, oksidacija mravije kiseline.
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