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Butylphenyl-functionalized Pt nanoparticles (Pt-BP) with an average core diameter of 2.93 £+ 0.49 nm
were synthesized by the co-reduction of butylphenyl diazonium salt and H,PtCl,. Cyclic voltammetric

studies of the Pt-BP nanoparticles showed a much less pronounced hysteresis between the oxidation

currents of formic acid in the forward and reverse scans, as compared to that on naked Pt surfaces.
Electrochemical in situ FTIR studies confirmed that no adsorbed CO, a poisoning intermediate, was
generated on the Pt-BP nanoparticle surface. These results suggest that functionalization of the Pt
nanoparticles by butylphenyl fragments effectively blocked the CO poisoning pathway, most probably
through third-body effects, and hence led to an apparent improvement of the electrocatalytic activity

in formic acid oxidation.

1. Introduction

Direct formic acid fuel cell (DFAFC) is a promising power
source for portable electronic devices. In comparison with its
analogues (e.g., direct methanol fuel cell), DFAFC has the merits
such as fast kinetics of formic acid electrooxidation, low toxicity
of formic acid, as well as low crossover rates of formic acid
through Nafion membranes."? The crossover of fuels from
anode to cathode will result in the loss of fuels and the “mixed
potential” that decreases the efficiency of oxygen reduction. The
main challenge of DFAFC is that the anode electrocatalysts can
be easily poisoned by CO. It is well established that the electro-
oxidation of formic acid on Pt is via a dual-path mechanism that
involves reactive intermediates and poisoning intermediates.®
The chemical nature of the active intermediates is still under
dispute, and adsorbed formate ions have been proposed as
a possible form.>® The poisoning intermediates are mainly
adsorbed CO (CO,q) species, which are formed through sponta-
neously dissociative adsorption (i.e., dehydration) of HCOOH.?
CO,q is difficult to remove unless at a potential (e.g., +0.6 V vs.
RHE) far exceeding the working potential in DFAFC. There-
fore, Pt catalysts can be easily self-poisoned by CO,4 during
formic acid electrooxidation. Clearly, the suppression of the CO
pathway is key to the improvement of the catalytic performance
of Pt electrodes for formic acid oxidation.

Generally, increasing the CO resistance of Pt catalysts for
formic acid oxidation relies on chemical modification of the Pt
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surfaces with foreign metal atoms (such as Bi, Pb, and Sb).” °

These foreign atoms provide steric hindrance for formic acid
to form COy,y, i.e., the so-called third-body effects.' 12 In some
other studies, macrocycle molecules (e.g., iron—tetrasulfo-
phthalocyanine) have also been found to inhibit self-poisoning
of Pt in formic acid oxidation, as demonstrated by Xing and
coworkers. >4

Recently, surface functionalization of noble metal nano-
particles with aryl groups through diazonium salts has received
increasing attention.'>* This may yield new and promising
catalysts for fuel cell electrochemistry. For example, we have
synthesized butylphenyl-functionalized Pd nanoparticles (Pd-BP)
by virtue of the palladium—carbon covalent linkages.?! Because
of the small core size (2.24 nm) and very high specific electro-
chemical surface area (122 m> g~ 'pq), the Pd-BP nanoparticles
exhibited a mass activity ~4.5 times that of commercial Pd black
for HCOOH electrooxidation.

Herein, by using a similar method, we prepared butylphenyl-
stabilized platinum (Pt-BP) nanoparticles (core dia. 2.93 +
0.49 nm). Cyclic voltammetric and electrochemical in situ
FTIR spectroscopic measurements demonstrated that the
functionalization of the Pt nanoparticle surface by butylphenyl
fragments effectively blocked the CO poisoning pathway. As a
result, the Pt-BP nanoparticles exhibited much enhanced
electrocatalytic activity over commercial Pt/C catalysts towards
formic acid electrooxidation.

2. Experimental section
2.1 Synthesis of Pt-BP nanoparticles

The Pt-BP nanoparticles were synthesized by the co-reduction
of H,PtCly and butylphenyldiazonium. The procedure was
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Fig. 1 TEM images of Pt-BP nanoparticles (a, b) and commercial
Pt/C catalysts (c). Insets depict the corresponding core size histograms.
White lines in (b) highlight the Pt(111) lattice fringes.

similar to that used for the synthesis of butylphenyl-stabilized
palladium nanoparticles that we reported previously.>' Briefly,
the diazonium salt was synthesized from a stoichiometric
amount of 4-butylaniline (1 mmol) and sodium nitrite in ice-
cold 50 wt% fluoroboric acid. H,PtCly; was prepared by
dissolving PtCl, (0.1 mmol) into hydrochloric acid under
heating. Both the diazonium salt and H,PtCl, were then added
into a toluene-THF (1 : 1 v/v) mixed solvent, and co-reduced
by NaBH, to form a dark-brown solution containing Pt-BP
nanoparticles. Subsequently, the solution was washed with
0.1 M H,SOy, solution and water several times. After most of
the solvent was removed by a rotary evaporator, the Pt-BP
nanoparticles were precipitated by ethanol, which were then
collected by centrifugation and further washed four times with
dichloromethane—ethanol (v:v 1:8) to remove impurities
and excessive free ligands. Finally, the purified Pt nanoparticles
were dissolved in dichloromethane.

2.2 Characterization and electrocatalytic tests of Pt-BP
nanoparticles

The morphology of the Pt-BP nanoparticles was characterized
by high-resolution transmission electron microscopy (HRTEM,
Philips CM300 at 300 kV). The surface ligands were charac-
terized by infrared spectroscopy (Perkin-Elmer Spectrum One
FTIR Spectrometer). The IR samples were prepared by drop-
casting a concentrated solution of Pt-BP in dichloromethane
onto a NaCl disk under a dry N, atmosphere. After solvent
evaporation, a uniform thin film of nanoparticles was formed.
The surface coverage of the organic ligands was measured by
thermogravimetric analysis (TGA, Perkin-Elmer Pyris 1) under
high-purity N, at a heating rate of 10 °C min .

Electrochemical tests were carried out in a standard three-
electrode cell connected to a CHI 440 electrochemical work-
station, with a Pt foil counter electrode and a saturated calomel
electrode (SCE) at room temperature. To prepare the working
electrode, a calculated amount of Pt-BP nanoparticle solution
was dropcast onto a polished glassy carbon (GC, ¢ = 5 mm)
electrode. As soon as the nanoparticles were dried in air, the
electrode was washed with ethanol, and then dried in N». Finally,
a dilute Nafion solution (0.1 wt%, 2 pL) was added onto it. A
commercial Pt/C catalyst (E-TEK, 30 wt% Pt) was also loaded
onto the GC electrode in a similar fashion and employed as a
benchmark material to compare the electrocatalytic activity of
Pt-BP nanopatrticles for formic acid oxidation. The mass loading
of Pt on the GC electrode was 0.80 pg in both cases.

The electrocatalytic activity was tested in 0.1 M H,SO4 +
0.1 M HCOOH at room temperature by cyclic voltammetry.
The experimental details of electrochemical in situ FTIR
measurement have been described previously.”* A thin-layer
IR cell with a CaF, planar window was employed to reduce
the intensive IR absorption by water.

3. Results and discussion
3.1 TEM characterization

Fig. 1(a) shows a representative TEM image of the as-prepared
Pt-BP nanoparticles. The nanoparticles are well dispersed, suggest-
ing effective passivation by the butylphenyl fragments, thanks

This journal is © the Owner Societies 2012

Phys. Chem. Chem. Phys., 2012, 14,1412-1417 | 1413


http://dx.doi.org/10.1039/c1cp23183a

Downloaded by University of California- Santa Cruz on 02 January 2012
Published on 18 November 2011 on http://pubs.rsc.org | doi:10.1039/C1CP23183A

View Online

to the formation of Pt—C covalent bonds. Well-defined lattice
fringes with a spacing of 0.23 nm, corresponding to the (111)
lattice spacing of Pt, can be observed clearly in the HRTEM
measurements (Fig. 1(b)). The average core size of Pt-BP
nanoparticles was determined to be 2.93 £ 0.49 nm by statistical
analysis of over 400 nanoparticles (inset to panel (a)). This size
is slightly smaller than that of the commercial Pt/C catalysts
used in this study (panel (c)) which exhibited an average core
diameter of 3.10 + 0.70 nm.

3.2 Infrared spectroscopic and TGA characterizations of
Pt-BP nanoparticles

Fig. 2(a) depicts the transmission IR spectrum of Pt-BP nano-
particles. The band at 3029 cm ™' can be assigned to the stretch-
ing vibration of C-H on the phenyl ring, and the three bands at
2955, 2929, 2858 cm~! may be assigned to the saturated C-H
stretches of the butyl group. The aromatic ring skeleton vibration
can be identified by a very strong band at 1577 cm™". In addition,
the weak band at 827 cm™! is the characteristic peak of the
para-substituted aromatic ring (out-of-plane C-H deforma-
tion vibration). These infrared characteristics demonstrate
that butylphenyl fragments have indeed been linked to the
Pt surface successfully.

The amount of organic ligands on the Pt-BP nanoparticles
was determined by thermogravimetric analysis (Fig. 2(b)) to
be about 27%. The rapid mass loss occurred at about 300 °C.
On the basis of the weight loss and the average core size (2.93 nm)
of the Pt nanoparticles, we can estimate that the average area
occupied by one butylphenyl ligand on the Pt nanoparticle
surface is about 5.8 A2 This value is consistent with that of
decylphenyl-stabilized Pt nanoparticles (~5.5 Az) reported
previously,!> but considerably lower than the typical value
(~20 Az) for long-chain alkanethiolates adsorbed on metal
nanoparticles.>> Such a small footprint suggests the formation
of some multilayer polyaryl structure on the Pt surfaces.?®?’

3.3 Electrocatalytic tests for HCOOH oxidation

Fig. 3(a) shows the cyclic voltammograms of Pt-BP nano-
particles (solid curve) and commercial Pt/C (dashed curve)
catalysts in 0.1 M H,SOy solution at a potential sweep rate of
100 mV s™'. The currents were normalized to the mass loading
of Pt on the electrode surfaces. On the Pt/C modified electrode,
two pairs of current peaks can be observed clearly within the
potential range of 0 to —0.2 V. These are ascribed to hydrogen
adsorption and desorption on Pt surfaces. In contrast, on the
Pt-BP modified electrode, the current peaks of hydrogen adsorp-
tion and desorption are very broad and not well-defined.
Furthermore, the current density is considerablly lower than
that of Pt/C, although the Pt-BP nanoparticles have smaller
core size (Fig. 1). This discrepancy may be attributable to
the blocking of some Pt surface sites by the butylphenyl frag-
ments on the Pt-BP nanoparticle surface. Based on the charge
of hydrogen adsorption/desorption, the specific electrochemical
surface areas (ECSA) of the Pt-BP and Pt/C electrodes are
determined to be 21 and 54 m?> g~ 'p,, respectively. The theore-
tical ECSA of Pt-BP nanoparticles (dia. 2.93 nm) was estimated
to be 95 m? g~ !, suggesting that only about 22% of the particle
surface was electrochemically accessible.
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Fig. 2 (a) Transmission FTIR spectrum of Pt-BP nanoparticles.

(b) TGA curve of Pt-BP nanoparticles measured under a N, atmosphere
at a heating rate of 10 °C min~".

The most interesting property of the Pt-BP nanoparticles is
that surface functionalization by the butylphenyl groups led to
drastic suppression of CO poisoning in formic acid electro-
oxidation. Fig. 3(b) compares the cyclic voltammograms of
Pt-BP (solid curve) and commercial Pt/C (dashed curve) catalysts
recorded in a 0. M HCOOH + 0.1 M H,SO, solution at a
potential sweep rate of 50 mV s~'. On the Pt/C electrode, along
with increasing electrode potential, a weak and broad oxidation
peak appears at around +0.30 V, followed by a sharp peak at
+0.60 V in the forward scan. The former is attributed to the
direct oxidation of formic acid to CO, on surface catalytic sites
that were not occupied by CO species, while the latter is assigned
to the oxidation of CO,4 that is generated from the spontaneous
dissociative adsorption of formic acid on Pt surfaces.”® After the
oxidative stripping of CO,q4 species, formic acid can be readily
oxidized on the clean Pt surface, as indicated by a very intensive
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Fig. 3 Cyclic voltammograms of Pt-BP nanoparticles and commercial
Pt/C catalyst in (a) 0.1 M H,SO,4 and (b) 0.1 M HCOOH + 0.1 M
H,SO,. The currents were all normalized by the mass loading of Pt.
Potential scan rate was 100 mV s™! in (a), and 50 mV s~ in (b).

current peak at ca. +0.3 V in the reverse scan. In contrast, on
the Pt-BP nanoparticles, the hysteresis between the oxidation
currents of formic acid in the forward and reverse scans is
much less pronounced, and only a small hump can be observed
in the same potential region (~ +0.60 V) for CO,4q oxidation
in the forward scan. This fact indicates that the CO poisoning
pathway has been greatly suppressed on the Pt-BP nano-
particle surface. As a result, the peak current density of formic
acid oxidation on the Pt-BP electrode (1.03 A mg™'p,) is about
4 times larger than that on the Pt/C electrode (0.25 A mg ™ 'p,)
in the forward scan at around +0.30 V. However, in the
reverse scan after CO stripping, Pt/C (1.92 A mg™'p,) shows a
larger current density than Pt-BP (1.22 A mg ™ 'p,), which is most
likely due to the occupation of part of the Pt surface sites by the
butylphenyl ligands, i.e., less free surface sites accessible for
formic acid oxidation, as compared to the “bare” Pt/C catalysts.

When the current of formic acid oxidation was normalized
to free Pt surfaces (i.e., ECSA), the enhancement factor of
the catalytic activity for Pt-BP over Pt/C is 10.6 and 1.6 in the
forward and reverse scans, respectively. The latter is similar to
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0 100 200 300 400 500 600
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Fig. 4 Current-time curves recorded at 0.10 V of HCOOH oxidation
on Pt-BP (solid line) and commercial Pt/C (dashed line) catalysts in
0.1 M HCOOH + 0.1 M H,SO,.

that (1.3) observed with Pd-BP for formic acid oxidation that
was reported previously,?' indicating that the enhancement by
butylphenyl modification for Pt and Pd catalysts is comparable.
Therefore, the improved activity of the Pt-BP nanoparticles is
most likely attributed to ‘anti-CO’ poisoning, and less likely to
other factors such as electronic effects.

We also acquired the current—time curves of formic acid
oxidation at +0.10 V (close to the working potential of direct
formic acid fuel cells) to evaluate the stability of the catalysts.
As shown in Fig. 4, Pt-BP (solid curve) showed a very high
initial activity, but it degraded quickly, and reached a steady
state after 100 s. Nevertheless, at 600 s, the steade-state current
density of Pt-BP (0.154 A mg~') was still about 4 times that of
Pt/C (0.039 A mg~!, dashed curve). This result indicates that
although Pt-BP nanoparticles show a relatively high degradation
rate, they can still provide much higher stead-state currents than
commerical Pt/C.

3.4 In situ FTIR studies of formic acid electrooxidation

The suppression of CO poisoning for formic acid oxidation on
the Pt-BP nanoparticles was further confirmed by electrochemical
in situ FTIR spectroscopic measurements. Fig. 5 shows the
FTIR spectra of formic acid electrooxidation on the (a) Pt-BP
and (b) commercial Pt/C catalysts at potentials ranging from
—0.20 to +0.10 V at an interval of 0.05 V. The reference
spectra were acquired at —0.25 V, where the oxidation of formic
acid and dissociative adsorption of formic acid to form CO,q4
were negligible. In Fig. 5, the downward bands at 2343 cm™!
were assigned to CO,, the oxidation product of formic acid; the
band at around 2050 cm ™! in the spectra of the Pt/C electrode
(panel (b)) is attributed to linearly bonded CO (COy), a
poisoning intermediate species of formic acid oxidation. In
sharp contrast, the production of adsorbed CO is negligible
on the Pt-BP surface (panel (a)), confirming that the function-
alization of Pt nanoparticles by the butylphenyl fragments has
effectively blocked the poisoning pathway of formic acid oxidation.
As a result, more CO, was produced on Pt-BP than on Pt/C at the
same potentials.

It has been known that there are at least two factors that are
responsible for the improved performance of electrocatalysts
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Fig. 5 Electrochemical in situ FTIR spectra of formic acid oxidation
on the (a) Pt-BP nanoparticles and (b) commercial Pt/C catalyst in
0.1 M HCOOH + 0.1 M H,S0y, at different potentials (Es), which was
varied from —0.20 to +0.10 V, with the reference spectra acquired at
Er = —025V.

for formic acid oxidation: third-body effects (or geometric effects)
and electronic structure effects.'>? As for third-body effects, it is
generally accepted that the dehydration of formic acid to form
COQO,q is a site demanding reaction, where several neighboring
Pt sites are required.'” This pathway may be blocked if the Pt
surfaces are covered by some foreign atoms (e.g., Pb and Bi
atoms) or organic surface ligands. Therefore, within the present
experimental context, the high catalytic activity of the Pt-BP
nanoparticles observed above (Fig. 3) may be, at least in part,
attributed to this third-body effect. That is, the surface-bound
butylphenyl fragments result in steric hindrance for the formation
of CO,q from formic acid. Certainly, the contributions of the
electronic effects cannot be excluded at this point. Further studies
are desired to unravel the fundamental mechanism of surface
chemical functionalization in the manipulation and improvement
of nanoparticle electrocatalytic activity.

4. Conclusions

In summary, we have synthesized stable butylphenyl-functionalized
platinum (Pt-BP) nanoparticles. Both cyclic voltammetric and

electrochemical in situ FTIR spectroscopic results demon-
strated that the CO poisoning pathway of formic acid electro-
oxidation had been greatly suppressed on the Pt-BP surface,
most probably because of the unique surface-functionalization
that sterically hindered the formation of adsorbed CO from
formic acid. As a result, the Pt-BP nanoparticles exhibited
markedly higher catalytic activity than commercial Pt/C for
formic acid electrooxidation. The present study demonstrates
that surface functionalization of noble metal nanoparticles
may be a promising route towards the improvement of the
catalytic performance of fuel cell electrocatalysts.
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