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Electrocatalytic oxidation of formic acid by Pt/Co nanoparticles
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The electrocatalytic activity of Pt/Co bimetallic nanoparticles towards formic acid (0.2 M HCOON&/0.28 M HCIOg4) oxidation was
explored by cyclic voltammetry of the nanoparticles supported on highly oriented pyrolytic graphite (HOPG). The particles were prepared by
electrodeposition from abath of mixed concentrations of Co?*+ and PtCl é’ ionsand characterized by tapping mode atomic force microscopy
(TMAFM). The compositions of the nanoparticles were determined as close as possible to individual particles by energy dispersive X-ray
analysis (EDX). Nanoparticles of different atomic ratios of Pt/Co were prepared and the peak currents in cyclic voltammetry of formic acid
oxidation were measured. The activity of the bimetallic particles was found to be maximum when the atom ratio Pt: Co is between 1:1.1
and 1: 3.5. The maximum activity is about one order of magnitude higher than that of pure Pt nanoparticles. Comparison of the currents to
those from microelectrodes and wire electrodes shows no mass-transfer limitations in nanoparticles with diameters less than 100 nm. The
bimetallic particles exhibit interesting kinetics and Co appears to significantly enhance the electroxidation of formic acid. The advantage of
using nanoparticles for mass-transfer free kinetics studies is al'so demonstrated.
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1. Introduction

Platinum is a versatile but expensive catalyst. There has
been a great deal of interest in studies of platinum catalysis
at the nanoparticle level in order to optimize the use of Pt
as a catalyst. Thisis particularly important in electrocatal-
ysis and commercialization of fuel cells since platinum is
vital for both anodic oxidation of small organic molecules
and cathodic reduction of oxygen. Previous studies of elec-
trocatalysis of platinum nanoparticles[1,2] displayed incon-
sistent results since the porous electrode support was not
well characterized and there could be inherent mass-transfer
effects. Platinum nanoparticles prepared on single-crystal
metal surfaces are prone to reconstruction with the surface
whereas other well-defined surfaces such as mica are non-
conducting. Preparation and characterization of platinum
nanoparticles on HOPG have recently been reported [3-5]
and this provides the opportunity for detailed electrocataly-
sis studies. The activity of platinum towards el ectrooxida-
tion of small organic molecules can be promoted by intro-
duction of a second or third metal [6-11]. It is desirable
to perform kinetics studies of mixed metals with their com-
position characterized at the nanoparticle level. Determina-
tion of an optimal atomic ratio for mixed meta cataysts
will lead to further optimization of platinum usage in cat-
alysts.

In this paper, the kinetics of pure platinum nanoparticles
and mixed platinum/cobalt nanoparticles towards formic
acid oxidation are reported. The nanoparticles are prepared
by electrodeposition and characterized by tapping mode
atomic force microscopy (TMAFM) in a procedure similar
to those previously reported [3,4]. The cyclic voltammo-
grams of formic acid oxidation on Pt wire, Pt microelec-

trodes, Pt nanoparticles, Pt/Co deposited microelectrodes,
and Pt/Co nanoparticles, were carried out and the peak ox-
idation currents obtained. The optimum ratio of Pt:Co
for maximum activity was identified. The mass-transfer
effects, the use of nanoparticles as model catalysts, and
the role of Co in electroxidation of formic acid are dis-
cussed.

2. Experimental

Pt nanoparticles were deposited on newly cleaved highly
oriented pyrolytic graphite (HOPG) from hexachloroplatinic
acid in agueous or acetonitrile solution at room tempera-
ture. The procedure was similar to that described previously
[3,4]. Bimetalic Pt/Co nanoparticles were co-deposited
from agqueous solutions of 2.5 mM H2PtClg and various con-
centrations of CoCl,. A.R. grade chemicalsand Milli-Q wa-
ter (18.2 M2 cm) were used. Formic acid was prepared by
acidifying 0.2 M HCOONa solution with 0.28 M HCIOg4.
The oxidation current, in the sub-microampere range, was
measured in afaraday cageto minimize electromagnetic dis-
turbance. Electrochemical deposition and voltammetry ex-
periments were carried out with an EG&G PAR 263 po-
tentiostat/galvanostat. A Ag/AgCl electrode with a3.0 M
KCI solution was used as the reference electrode. Pt and
Pt/Co nanoparticles deposited on HOPG were imaged by
a Digital Instruments Nanoscope-I11A atomic force micro-
scope (AFM) operating in air the tapping mode. The surface
area of Pt nanoparticles was estimated from the digital im-
ages of the TMAFM by counting the number of particlesand
measuring their two-dimensional diameters. To calculatethe
surface area, the particles were assumed to be hemispheri-
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cal in shape. This assumption will overestimate the surface
area a bit since from the height data, the particles are some-
what two dimensiona and not spherical. Energy dispersive
X-ray analysis (EDX) was taken on Pt/Co nanoparticles us-
ing aLink Pentafet detector and a Link Analytical analyzer.
The EDX analysis was performed close to individual parti-
cle level and there is little variation of composition among
different particles on the same HOPG surface.

3. Resultsand discussion

Different compositions of Pt/Co nanoparticleswere elec-
trochemically deposited from mixed solutions of 2.5 mM
H2PtClg and CoCl» of 0, 5, 30, 50, 70, 100, and 150 mM.
The deposition was controlled at 1 A and the deposition
time was 3 s. The deposition conditions, resulting compo-
sition, and size of the nanoparticles are tabulated in table 1
whereas figure 1 shows the TMAFM images of some rep-
resentative samples. The mean diameter and surface area
increase with the CoCl, concentration. Another sample of
Pt/Co nanoparticles shown in figure 1(e) were prepared with
a higher current of 100 ©A for 3 sfrom amixed solution of
2.5mM H2PtClg and 50 mM CoCl; for 3 s. Pure Pt nanopar-
ticles shown in figure 1(f) were prepared in acetonitrile so-
lution of 2.5 mM HyPtClg and a supporting electrolyte of
80 mM Et4NCl at 1 1A for 3 s. The Co percentage of some
of the nanoparticleswas determined by EDX analysisfocus-
ing on individual particles. Measurements were made on at
least five different particles on one sample. The spread of the
composition distribution is shown in table 1 and Co compo-
sitionisuniform from particleto particle on the same sample
surface. It appears that Co is uniformly mixed with Pt in a
particle, and not scattered into individual Co particles.

Besides supplying Co?* for deposition, CoCl, also acts
as additional supporting electrolyte. Sufficient supporting
electrolyte can help the formation of 2D particles[3]. The
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TMAFM images of bimetallic nanoparticles (figure 1 (a)—
(d)) tend to show an increase of 2D growth with the concen-
tration of CoCl5 in the deposition bath. For the same amount
of coulombs passed, the mean size of Pt/Co nanoparticlesin-
creases with concentration of CoCl».

To investigatethe kinetics of formic acid oxidation, cyclic
voltammetry (CV) experiments were performed in an acid-
ified sodium formate solution, 0.2 M HCOON&/0.28 M
HCIO4. The CV for a 100 um diameter platinum micro-
electrode at a scan rate of 100 mV/s is shown in figure 2.
The high potential limit is 850 mV Ag/AgCl and two oxida-
tion peaks are seen in the forward scan. The thermodynamic
potential of the formic acid oxidation

CHOOH — CO, + 2H+ + 2e (1)

is EO = —0.126 V vs. RHE. The first oxidation peak in
figure 2 is about 0.2 V Ag/AgCl and the Ey > is about 0 V
Ag/AgCI which isabit higher than the standard potential of
formic acid oxidation. The second oxidation peak is proba-
bly due to oxidation of the intermediates. A possible mech-
anism of formic acid oxidation on platinum has been pro-
posed [12,13] as

HCOOH — COOHg + H + e~

HCOOH + COOHgy — COy + CO2 + H2O
+H" + e

COOHg — COz + HT + e~

COx + OHyg — COo + HT 4+ €~

2

3)
(4)
()

Step (2) is the rate-determining step for catalysis by pure
platinum. Steps (3) and (4) arefast steps[14] but the genera-
tion of CO4 can poison the platinum catalyst and the second
oxidation peak may be related to oxidation of poison inter-
mediates. In the reverse scan, there is only one oxidation
peak and it has a higher current than the original first peak
of theforward scan. Asreported earlier [15], the presence of
asecond oxidation peak and a higher peak current in reverse

Table 1
Co percentage, mean diameter, surface area, and peak current density of different samples of Pt/Co nanoparticles and pure Pt
nanoparticles shown in figure 1.

Nanoparticles
Pt/Co Pt/Co Pt/Co Pt/Co Pt/Co Pt/Co Pt/Co Pt
Fig. 1(a Fig. 1(b) Fig. 1(c)  Fig. 1(d) Fig. 1(e) Fig. 1(f)
HoPtClg 5mM 30mM 50 mM 70 mM 100 mM 150 mM 50 mM 80 mM
25mM CoCly CoCly CoCl» CoCly CoCly CoCl» CoCl» Et4NCl
Deposition 1uA,3s 1uA,3s 1uA,3s 1uA,3s 1uA,3s 1uA,3s 100uA,3s 1uA,3s
after air
annealing
Pt: Co (atom) 1:0.50 1:1.10 1:3.46 1:3.63 1:4.43 1:7.40 1:3.46 1:0
Mean diameter (nm) 2D nuclei 22.05 36.26 285 54.79 60.55 89.7 41.25
network
Surface area (cm?) 0.02 0.021 0.0305 0.0290 0.057 0.0581 0.04435 0.0256
Peak current density 7.05 56 61 33 30 175 55 6.1

Jp (MA/cm?)
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Figure 1. 3D TMAFM images of six kinds of Pt/Co nanoparticles electrodeposited at 1 ©A for 3 s from mixed agueous solutions of (a) 2.5 mM
HoPtClg/5 mM CoCly; (b) 2.5 mM H2PtClg/50 mM CoCly; () 2.5 mM HyPtClg/100 mM CoCly; (d) 2.5 mM HoPtClg/150 mM CoCly; (€) 2.5 mM
H>PtClg/50 mM CoCl, but at 100 nA for 3 safter air annealing, (f) 2.5 mM H,PtClg/80 mM Et4NCI acetonitrile solution.

scan depends on the limit of the high potential and whether
intermediates formed were oxidized. Similar experienceis
observed hereand in particular, when the highest applied po-
tential islessthan 800 mV Ag/AgCl, only one forward peak
is observed and has roughly the same height and location as
the peak during reverse scan. This is also reported in fig-
ure 20(a) of Capon and Parsons [15]. Sodium formate in
perchloric acid has a higher pH than formic acid in perchlo-
ric acid of the same concentration and their CV are dightly
different. Figure 3 showsthe CV of acontrol scan of the mi-
croelectrode in perchloric acid without sodium formate. No
oxidation peaks were observed and the hydrogen evolution
region is about 200 mV higher than for the acidified formate
solution in figure 2, due to differencein pH.

Similar shapes of cyclic voltammograms were observed
for formic acid oxidation on Pt and Pt/Co nanoparticles on

HOPG. Figure 4 shows the CV's of Pt/Co nanoparticleswith
different composition. As opposed to figure 2, alower value
of 700, 750, or 800 mV Ag/AgCl was used as the high po-
tential limit. Only one oxidation peak is observed in the
forward scan and the oxidation in the reverse scan follow
closely the track of the forward scan. This CV issimilar to
figure 20(a) of [15] and is quite reproducible. Two cycles of
CV were performed in each of the nanoparticle kinetic ex-
periment and only the second cycle is recorded and shown.
Infigure 4, the oxidation peak potential s of the various Pt/Co
nanoparticles vary dlightly and are within 50 mV. The peak
currents, however, vary greatly with the Pt/Co composition
of the nanoparticles. The oxidation peak current densities
of the various samples in table 1 were determined and tabu-
lated in the last row. Figure 4 shows that the maximum peak
current density is for Pt/Co particles with a composition of
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Figure 2. Cyclic voltammogram of a 100 p«m diameter Pt microelectrode in

0.2 M HCOON&/0.28 M HCIO4 solution with ascan rate of 100 mV/s. The
full range of potential scan is shown with the lower and upper limits.
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Figure 3. Cyclic voltammogram of a control experiment for the same set
up as in figure 2 but without the sodium formate. The hydrogen region is
shifted positive because of alower pH inthe 0.28 M perchloric acid.
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Figure 4. Cyclic voltammogram for formic acid oxidation (0.2 M

HCOON&/0.28 M HCIOg4) on Pt/Co nanoparticles at ascan rate of 20 mV/s.

(Curves are (a) 33.2, (b) 77.6, (c) 81.6, and (d) 88.1 at% Co, respectively).

The full range of potential scan and the second cycle of the CV for each
curve is shown.

Pt: Co atomratio of 1:1.1-1: 3.5. The maximum peak cur-
rent density is about one order of magnitude higher than that
of pure Pt particles.

One possible explanation for the enhanced activity of
the bimetallic particles is the bi-function effect of platinum
and cobalt [7]. One possible role of cobalt in promoting
the catalysis of platinum, is the removal of COy on adja-
cent platinum atoms. Cobalt atoms are carrying oxygen-
containing species and are able to oxidize the poison in-
termediates, CO4 and reactive intermediate, COOHgg, at a
potential lower than that for pure platinum. The actual mor-
phology and mixing of platinum and cobalt at the atomic
level istherefore critical in maximizing the catalysisrate for
steps (2)—(5). Characterization of the Co composition at the
nanoparticle level provides a reasonable way to find the op-
timal Pt: Co ratio for balancing the formation of COOH by
platinum and removal of intermediates by cobalt. From our
results, the optimum Co composition in the bimetallic par-
ticles is between 53 and 78%. This corresponds to roughly
one Pt atom to 1-3.5 Co atoms.

In table 1, the Pt/Co nanoparticles with different compo-
sitions also have different sizes after the standard electro-
chemical deposition procedure. Under the same deposition
conditions, there is a small correlation of larger particles
with higher Co concentration. The variation of oxidation
activity with Co composition could be due to this size ef-
fect. Inorder to investigate this possibility, larger particles of
1:3.46 Pt: Co composition were prepared by longer deposi-
tion times using the same deposition bath. Pt/Co nanoparti-
cles with a mean diameter of about 89.7 nm were prepared
from 2.5 mM H2PtClg/50 mM CoCl, at 100 uA for 3 s
and with air annealing. About the same peak current den-
sity 55 mA/cm? was observed and is very near to that of
the smaller Pt/Co nanoparticles. Apparently, no quantum
size effects were observed, as our particles prepared are not
small enough for quantum size effects to become apparent.
Characterization of very small Pt/Co and Pt nanoparticleson
HOPG is difficult with the TMAFM. Although better reso-
[ution can be obtained with contact mode AFM, interaction
of the AFM tip with the loosely adsorbed nanoparticles pre-
cludes contact mode operation.

Our present results do not show unusual kinetic behav-
iour for the Pt/Co nanoparticles over the size range we ex-
amined. One advantage of using nanoparticles for kinetics
study of bimetallic catalysis is that the composition charac-
terization can be doneat the nanoparticlelevel. Theother ad-
vantage is that mass-transfer and diffusion effects (that usu-
ally mask true intrinsic kinetics of catalysis) are absent. It
is known that mass-transfer resistance reduces as one goes
from wire electrodes to microcylinder or microdisk elec-
trodes. To investigate and compare the mass-transfer effects,
cyclic voltammograms of formic acid oxidation were per-
formed on various wire electrodes and microel ectrodes. For
awire electrode in dimensions of mm, the current response
is based on planar diffusion (Cottrell equation) [16] and is
independent of the dimension of the wire. For microelec-
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trodes, spherical diffusion is significant and the current den-
sity increases linearly with 1/rg [16] as given by
0
Jspherical = Jjplanar + w, (6)
ro

where jplanar IS the planar peak current density, ro is the ra-
diusof the electrode, n isthe number of electronstransferred
in the electrode reaction, and C© isthe bulk concentration of
electroactive species. The unitsfor Do, C° and rg are cm?/s,
mol/cm?3, and cm, respectively.

Figure 6 plotsthe peak current density, jp (mA/cm?) vari-
ation with the characteristic dimension of the electrode in
1/ro (Lem) for formic acid on Pt wire, Pt microelectrodes,
and Pt nanoparticles. In the various electrode geometries, rg
represents the radius of a wire, the radius of the disk in a
microel ectrode, and the radius of the nanoparticles.

In the upper panel of figure 6, pure Pt nanoparticles of
various sizes show the same peak oxidation current, indicat-
ing the absence of mass-transfer effects according to equa-
tion (6). In the middle panel, alinear relationship of j, ver-
sus Lrg is shown in qualitative agreement with equation (6)
for the microelectrodes. The sizes of the Pt microel ectrodes
are @ 10, 50, and 100 um. In the bottom panel, no 1l/rg
dependence was found. The Pt wires have sizes @ 0.222,
0.424, 1.175, and 1.66 mm. This indicates that planar dif-
fusion is predominant. Using values of n = 2, Dy =
10> cm?/s, F = 10° Coul/mol, ¢® = 0.2 mol/1000 cm3,
ro = 25x10~* cm, the spherical diffusionlimiting current is
160 mA/cm? from equation (6) for the case of a50 um diam-
eter microelectrode. Similar values can be calculated from
the Nicholson and Shain equation for the peak current den-
sity inaCV on aplanar electrode. Thisisabout twenty times
higher than the peak current density infigure 6. It ispossible
that n is1in the rate-determining step, e.g., equation (2) and
the diffusion coefficient of formic acid or formate could be
one order of magnitude smaller. The other possible explana-
tion of the quantitative discrepancy could be due to the con-
centration of the active diffusing species. If the dissociated
anion HCOO™ isthe electroactive species, its concentration
will be significantly lower than 0.2 molar since the dissoci-
ation constant of formic acid is 1.77 x 10~4. While further
guantitative analyses are necessary to clarify this point, we
simply reported that mass-transfer effects are observedin the
microel ectrodes but not for the nanoparticles.

Figure 7 gives us an overall view of all the peak current,
Jp (mA/cm?) versus 1/rg (L/cm) for formic acid oxidation
on these three kinds of electrodeswith different scan ratesin
gtirred solutions. It is further verified that the mass-transfer
controlled linear dependence of current in microelectrodes
can be removed by dtirring, whereas stirring has no effect
on the current in nanoparticles. The linear dependence of
current with scan rate also shows that the kinetics observed
istheintrinsic electrocatalytic activity of platinum. The cur-
rent density representing theintrinsic kineticsis 6.1 mA/cm?
at a scan rate of 20 mV/s. For 5 mV/s, the current densities
arearound 5.2 mA/cm?. For 100 mV/s, the current densities
arearound 7.8 mA/cm?.
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Figure 7. The changes of peak current density, jp (mA/cmz) with Urg
(Z/em) for formic acid oxidation (0.2 M HCOON&/0.28 M HCIO4) on three
kinds of electrodes with different scan rate in stirred solution.

4, Conclusions

The current response behavior for formic acid oxidation
on Pt and Pt/Co nanoparticlesis kinetics controlled and free
from mass transfer effects. Co modification of Pt nanoparti-
cles can enhance the kinetics of formic acid oxidation. Dif-
ferent Co loading of Pt/Co nanoparticles can strongly influ-
ence the catalytic activity, which is related to the balance
between the €electro-oxidation rate and adsorption rate of
formic acid. The optimum composition is between 1:1.1

and 1: 3.5 Pt: Co atom ratio in the bimetallic nanoparticles
and it gives a maximum catalytic activity (55-61 mA/cm?)
for formic acid oxidation.
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