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Abstract—The effect of electrode rotation on the oxidation of formic acid in aqueous sulphuric acid has been
investigated at a glassy carbon electrode coated with a carbon supported Pt catalyst. Substantial mass trans-
port effects were observed in cyclic voltammetry, steady-state measurements at constant potential, and
chronoamperometry. However, a purely mass transport limited current was not observed under any condi-
tions because of a decrease in the kinetic current at high potentials due to Pt oxide formation. Steady-state
measurements, and currents from the cathodic scans in cyclic voltammetry, gave linear Koutecky—Levich
plots with slopes in agreement with the literature diffusion coefficient. However, non-linearity and inaccurate
slopes were observed for anodic scans and chronoamperometry. This has been shown to be due to small
increases in the kinetic current with increasing rotation rate. Accurate kinetic currents can be obtained by
applying the Koutecky—Levich equation at each rotation rate and use of the known mass transport limited
current.
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1. INTRODUCTION

The electrochemical oxidation of formic acid is the
simplest process for the oxidation of an organic mole-
cule to carbon dioxide and therefore serves as an
important model for understanding the fundamental
steps in the electro-oxidation of organic fuels. Formic
acid fuel cells are currently being developed for porta-
ble applications [1, 2], and methanol fuel cell technol-
ogy is now well developed [3, 4].

Fundamental studies of formic acid oxidation have
focussed on the use of Pt and Pt-based electrodes and
catalysts, and there is now a good understanding of the
mechanistic details [1, 5, 6]. Formic acid oxidation at
Pt proceeds through two parallel pathways, direct and
indirect, which both occur following the adsorption of
formic acid onto an active site on the Pt surface. In the
direct pathway (Eq. (1)), formic acid is oxidized
directly to carbon dioxide through a dehydrogenation
mechanism. On the other hand, the indirect pathway
(Eq. (2)) involves dehydration of the adsorbed formic
acid molecule to form adsorbed carbon monoxide

! This paper is the authors’ contribution to the special issue of
Russian Journal of Electrochemistry dedicated to the
100th anniversary of the birth of the outstanding Soviet electro-
chemist Veniamin G. Levich.

2 The article is published in the original.

(CO,q4), Which is a stable intermediate at low poten-
tials. The resulting CO,4, can accumulate on the Pt
surface and partially block (poison) formic acid
adsorption, which inhibits both pathways for its oxida-
tion. The second step in the indirect pathway, oxida-
tion of CO,4 to CO,, only occurs at a significant rate
when the Pt surface begins to oxidize to Pt—OH at
potentials above ca. 0.5 Vvs. SHE.

HCOOH(aq) - HCOOH

(D
—2H" +2e +CO,,

HCOOH(aq) - HCOOH,;

(2)
— CO,, + H,0 -5 2H" +2e + CO,.

The kinetics of these processes, and the activities of
different catalysts, are generally investigated by cyclic
voltammetry and chronoamperometry. The effects of
mass transport have been assumed to be negligible in
most cases, which is reasonable for most flat elec-
trodes. However, highly active electrode materials and
thick catalytic layers produce much larger current
densities, which can result in a significant reduction in
the current due to concentration polarization (mass
transport) [7, 8]. In such circumstances, rotating disk
voltammetry (RDYV) is generally used to separate the

1054



ELECTROCHEMICAL OXIDATION OF FORMIC ACID

kinetically (i) and mass transport limited (i,,,) com-

ponents of the overall current (/) through use of the
Koutecky—Levich (K—L) equation (3) [9—12].

1/i=1/i, + /i, (3)

where i, = 0.62n FAD**v~/°Cw'/?, n is the number of
electrons transferred (n = 2), F is the Faraday con-
stant, A is the electrode area, D is the diffusion coeffi-
cient (1.46 x 1073 cm?s~! for aqueous formic acid at 25°C
[13]), v is the kinematic viscosity (1.0 X 1072 cm? s~! for
water), C is the concentration of the reactant and m is
angular velocity.

There are only a few reports on the effects of elec-
trode rotation on formic acid oxidation, and we have
found no analysis of the mass transport rate. Pavese
and Solis have investigated oxidation of formic acid on
a palladium ring electrode in acid and reported that
the oxidation current decreased as a result of increas-
ing the rotation rate [14]. This was attributed to the
blocking of the electrode surface by strongly adsorbed
intermediates, which is enhanced by the convective
increase in the HCOOH concentration at the Pd sur-
face [14]. Shin et al. found that the current at a Pt disk
electrode decreased with increasing rotation rate,
while poisoning of the electrode (i.e. accumulation of
adsorbed, oxidizable intermediates—mainly CO,q)
decreased [15]. In contrast to these results at Pd and Pt
disk electrodes, Casado-Rivera et al. reported normal
RDV behavior and a linear K—L plot (i~! vs. ®~'/?) for
formic acid oxidation at an intermetallic PtBi elec-
trode [7]. Matsumoto et al. reported RDV data for for-
mic acid oxidation at electrodes coated with Pt black,
Pd black, carbon supported PtRu, and intermetallic
PtPb nanoparticles [8]. While the PtPb gave a linear
K—L plot, there was significant curvature for the other
catalysts. In addition, the slopes of the K—L plot were
different for each catalyst. Heterogeneous charge-
transfer rate constants were calculated from the inter-
cepts of the K—L plots, but analysis of the slopes was
not reported. A number of other electrochemical stud-
ies of formic acid oxidation have been made at rotating
disk electrodes (RDE) using a single rotation rate
[16—20], in order to minimize mass transfer limita-
tions [19], supress re-deposition of Bi when a PtBi
alloy electrode was used [16], or minimize the effect of
local pH changes [20].

We report here on the effects of electrode rotation
at a glassy carbon disk electrode coated with a com-
mercial carbon supported Pt catalyst (Pt/C). The goal
was to verify that the mass transport rate conformed to
the Levich equation, and to explore how the kinetics
varied with potential and time. By using Eq. (3) to
obtain mass transport corrected Kinetic currents, we
have been able to observe the true rate of poisoning of
the catalyst surface.
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2. EXPERIMENTAL
2. 1. Materials and Solutions

Formic acid (98—100% from Sigma Aldrich), sul-
furic acid (95—98% from ACP Chemical), and deion-
ized water were used to prepare solutions. The catalyst
ink was prepared from a Nafion™ solution in a mix-
ture of lower aliphatic alcohols (5.14% from DuPont),
I-propanol (J.T. Baker), and a commercial carbon
supported platinum catalyst (20% Pt; Etek). The elec-
trode was polished with an alumina slurry (0.3 um,
Sturbridge Metallurgical Services, Inc.).

2.2. Electrode Preparation

For catalyst ink preparation, a weighed amount of
catalyst powder (ca. 28 mg mL~") was dispersed in a
mixture of 1-propanol and Nafion solution homoge-
nously in an ultrasonic bath for 3 h. The required
amount of catalyst ink was applied onto the polished
surface of a glassy carbon disk electrode (0.196 cm?;
Pine Instruments) with an Eppendorf micropipette
and was allowed to dry at ambient temperature for ca.
30 min while it was rotated first at 100 rpm (ca. 15 min)
and then at 600 rpm [21]. The catalyst layer contained
ca. 1 mg cm™2 Pt/C (0.2 mg Pt cm™?) and ca. 25%
Nafion by mass.

2.3. Electrochemistry

All electrochemical measurements were conducted
at ambient temperature (24—25°C) in a three-com-
partment glass cell using a catalyst coated glassy car-
bon electrode as the working electrode, a platinum
wire as the counter electrode and a mercury sulfate
electrode in 3.8 M sulfuric acid (Koslow; 635 mV vs.
SHE) as a reference electrode. However, all potentials
are given relative to the standard hydrogen electrode
(SHE). An EG&G model 273A Potentiostat/Galva-
nostat and Pine Instruments ASR Analytical Rotator
were used for rotating disk cyclic voltammetry, con-
stant potential and pulsed potential experiments in a
0.1 M formic acid solution with 1 M sulfuric acid as the
electrolyte. The solution was de-aerated by passing N,
into the solution for 20 min prior to all experiments,
and then over the surface of the solution continuously
during the experiments. Cyclic voltammetry was per-
formed at 10 mV s~! between 0 and 1.24 Vvs. SHE. For
RDV, the first cathodic scan and second anodic scan
are shown, since the first anodic scan was less repro-
ducible due to variations in the coverage of adsorbed
intermediates. The first anodic scan was used to clean
and activate the electrode to produce a reproducible
surface.
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Fig. 1. Cyclic voltammograms (10 mV s_l) of a stationary
GC/Pt/C (1.04 mg cm_z) electrode in 1 M H,SO4(aq)

(dashed; the 2nd scan is shown), and with 0.1 M formic
acid (solid; 1st scan from the open circuit potential of

0.06 V).

3. RESULTS AND DISCUSSION
3. 1. Rotating Disk Cyclic Voltammetry

Figure 1 shows cyclic voltammetry of the stationary
Pt/C coated glassy carbon electrode in sulphuric acid
solution in the absence and presence of formic acid. In
the anodic scan, the oxidation current due to the
direct pathway for formic acid oxidation commenced
at 0.16 V and increased to a plateau at ca. 0.5 V. At
higher potentials the oxidative removal of CO as CO,
caused the current to increase to a peak at 0.75 V,
where it is dominated by the direct pathway on the
unblocked Pt surface [22]. At this point the increasing
oxide coverage of the Pt surface limits the availability
of sites for formic acid adsorption, and the current
begins to decrease. In the cathodic scan, reduction of
the oxide layer begins at ca. 0.8 V and the oxidation of
formic acid then proceeds rapidly on the bare plati-
num sites that are formed. This results in a large
anodic peak at ca. 0.5 V due primarily to the direct
pathway.

In Fig. 2, cyclic voltammograms (CV) are shown
for formic acid oxidation over a range of rotation rates.
On the anodic scans, the current for formic acid oxi-
dation at the CO poisoned surface (i.e. to ca. 0.55V) is
only slightly influenced by rotation of the electrode,
while the current for the unblocked surface (>0.55 V)
increases sharply with increasing rotation rate. The
large anodic peak on the cathodic scan also depends
strongly on rotation rate. Although these differences in
the rotation rate dependence over the different regions
of the voltammogram may appear to be significant,

RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 53

AZAM SAYADI, PETER G. PICKUP

12

Current, mA
[o2e]
T
o\
S~
L=
L
P)

N
T
-~
~
:\\
\
\
~\
V4
V4
B> =
. N N
P )
P /
7~

I' - \‘::://
Jl // ’ \Q e e
— 1 1 1
0 0.4 0.8 1.2

Potential, Vvs. SHE

Fig. 2. Cyclic voltammograms (10 mV s_l) of 0.1 M formic
acid in 1 M H,SOy(aq) at a GC/Pt/C (1.04 mg cm’z) elec-
trode at 100 (1), 400 (2), 900 (3), 1600 (4), and 2500 (5) rpm.
The 1st cathodic scan and 2nd anodic scan are shown.

they can simply be accounted for by use of Eq. (3).
When i, is small, the kinetic term dominates. Conse-
quently, the effect of changing i, becomes insignifi-
cant when i is less than ca. 10% of /.. In Fig. 2, i,
increases from 9.8 mA at 100 rpm to 49 mA at
2500 rpm, and so the effect of increasing the electrode
rotation rate is only significant when the current is
above ca. 1 mA.

The rotating disk voltammograms in Fig. 2 are
unusual in that they do not reach a constant, mass
transport limited current at high potentials. This is due
to a decrease in j, at potentials above 0.75 V due to the
formation of an oxide layer on the Pt surface. It can be
seen that the current remains well below i, (<50%) at
all rotation rates.

It is instructive to visualize how the current is
affected by concentration polarization, to illustrate the
above discussion and to assess the errors that arise if it
is assumed that the measured current in the CV at the
stationary electrode is the kinetic current (i.e. if it is
assumed that there is no mass transport effect). To do
this, the CVs at the stationary electrode and at 400 rpm
were first corrected for the background current due to
the charging and electrochemistry of the catalyst layer
by subtracting the current at the stationary electrode in
the absence of formic acid. Then the CV at 400 rpm
was corrected for mass transport by using Eq. (3) to
obtain j vs. potential. The results are shown in Fig. 3.
The CVs at other rotation rates produced very similar
i, CVs, justifying the use of Eq. (3) to estimate i, and
making the selection of the 400 rpm data arbitrary.
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Fig. 3. Background corrected cyclic voltammogram
(10 mV s’l) of 0.1 M formic acid in 1 M H,SO4(aq) at a
stationary GC/Pt/C (1.04 mg cm’2) electrode (dashed)
and iy vs. potential from a background corrected voltam-
mogram at 400 rpm (solid).

However, it should be noted that the background cor-
rection employed here is only approximate because
the adsorbed intermediates change the electrochemis-
try of the Pt surface. This is most obvious in the hydro-
gen adsorption-desorption region below 0.25 V.

It can be seen from Fig. 3 that the CV at the station-
ary electrode gives a very poor approximation of the
kinetic current, which represents the true activity of
the catalyst layer. Consequently, Tafel plots of the CV
currents would be very inaccurate, except at very low
potentials, and comparisons of the CVs of different
catalyst layers would be quite misleading.

The application of Eq. (3) to produce the mass
transport corrected voltammogram in Fig. 3 is based
on the assumption that the electron transfer kinetics
are first order [9]. This was confirmed by analysis of
voltammograms obtained for 0.2 to 1 M formic acid at
a stationary electrode. Data at three potentials on the
anodic scans and three on the cathodic scans gave an
average reaction order of 0.99 * 0.13. In order to fur-
ther test the validity of Eq. (3) here, K—L plots were
made using currents at various potentials on the
anodic and cathodic scans of the voltammograms in
Fig. 2, following background correction. Examples are
shown in Fig. 4. These plots were linear and parallel
for data collected during the cathodic scan, with
slopes corresponding to n = 2.08 * 0.08, which is
within experimental uncertainty of the value of n = 2
for oxidation of formic acid to CO,. There was not a
significant dependence of n on potential (Fig. 5). In
contrast, data collected on the anodic scan gave non-
linear K—L plots (Fig. 4) with slopes that varied with
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Fig. 4. Koutecky—Levich plots from background corrected
cyclic voltammograms for oxidation of 0.1 M formic acid

in 1 M H,S0y4(aq) ata GC/Pt/C (1.04 mg cm_z) electrode

at 0.535 V (circles), 0.585 V (triangles) and 0.635 V
(squares) on the anodic (solid points) and cathodic (open
points) scans.

potential. The apparent number of electrons trans-
ferred (Fig. 5) decreased with increasing potential
from 4.7 to 1.2, which is clearly nonsensical. Although
this failure of Eq. (3) for data on the anodic scan could
be due to random errors, due to the very small differ-
ences in the current with changing rotation rate, the
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Fig. 5. Apparent number of electrons transferred (n,pparent)
vs. potential for oxidation of 0.1 M formic acid in 1 M
H,S04(aq) ata GC/Pt/C (1.04 mg cm’z) electrode, from
anodic (open points) and cathodic (solid points) voltam-
metric scans.

No.9 2017



1058

5 —
e®%e
3k e °
— ° 0o
< ° o ® 0
= o o
o0 ([ J
2
2 L
o
0 1 1 1 ]
0.1 0.3 0.5 0.7 0.9

Potential, Vvs. SHE

Fig. 6. Tafel plots for oxidation of 0.1 M formic acid in 1 M
H,S04(aq) ata GC/Pt/C (1.04 mg cm’z) electrode, from

the cathodic scans of cyclic voltammograms (solid) and
from steady-state currents (open).

curvature indicates that there was also a systematic
error. This is explored in Sections 3.2 and 3.3.

Kinetic currents (i,) from the intercepts of the lin-
ear K—L plots for the cathodic scans are shown as a
Tafel plot in Fig. 6. This clearly shows that i, is lower
at higher potentials, when there is an oxide layer on the
electrode. The decrease in i, at low potentials, as the
potential was decreased during the cathodic scan, is
due primarily to the decreasing overpotential. How-
ever, linear Tafel behaviour is not observed due to the
increasing coverage of CO, 4 on the Pt surface during
the scan. Kinetic currents for the anodic scan are not
shown because they would clearly be very inaccurate.

It should be noted that the Kkinetic currents
reported here presumably include a component due to
diffusion of formic acid into the thick catalyst layers
that have been employed. This does not affect the
validity of Eq. (3) [23], but does provide data that is
most relevant to the use of thick catalyst layers in fuel
cells. The intrinsic activity of the catalyst could be
extracted if the mass transport characteristics of the
catalyst layer were known [24].

3.2. Steady State Experiments

In addition to cyclic voltammetry, steady state
rotating disk electrode (RDE) experiments were con-
ducted in order to explore why linear K—L plots and
reasonable # values were only obtained for the negative
voltammetric scan. These experiments also provide
data that is more relevant to applications, particularly
in fuel cells, where there is a steady state coverage
of CO,y,.
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Fig. 7. Steady-state Koutecky—Levich plot for constant
potential oxidation of 0.1 M formic acid in 1 M H,SO4(aq)

ata GC/Pt/C (1.04 mg cm_z) electrode at 0.635 V. Inset:
current vs. time at 0.635 V and various rotation rates from
0 to 2500 rpm.

During these experiments, the current was
recorded at a constant potential as the rotation rate
was increased in a series of steps, as illustrated in Fig. 7
(inset). This type of experiment was repeated over a
range of potentials, with a cyclic scan between 0 and
1.235 V between each experiment to clean and activate
the electrode. K—L plots of the steady state currents
showed good linearity (e.g. Fig. 7), with slopes that
were independent of potential and correspond to the
transfer of 2.00 & 0.06 electrons. Kinetic currents from
the intercepts are compared with those from CV in
Fig. 6. In the low potential region (0.4 to 0.6 V), they
are much lower because the Pt is heavily poisoned
with CO,4 at steady state. However, the CV and steady
state values converge in the high potential region
where the CO,q coverage is lower and doesn’t change
with time. In fact, the steady-state value is higher than
the CV value at 0.685 V because of the hysteresis in the
oxide coverage, since the oxide layer reduces at lower
potentials than for its formation.

Since the steady state measurements were con-
ducted in the order of increasing potential, and show
normal K-—L behaviour, the anomalous K-L
behaviour in cyclic voltammetry does not appear to be
due to the scan direction, per se. Instead, it would
appear to be due to the effect of time, which is absent
in the steady state measurements. Previously, it has
been reported that the rate of CO,,, accumulation on
the Pt surface decreases as the rotation rate is
increased [15]. This would adequately explain the cur-
vature of the K—L plots, where the current is higher
than it should be at high rotation rates.
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Fig. 8. Chronoamperometry at 0.435 V for the oxidation of
0.1 M formic acid in 1 M H,;SOy4(aq) at a GC/Pt/C

(1.25 mg cm’z) electrode at 0, 100, 400, 900, 1600, and
2500 rpm. The potential was stepped to 1.235 V for 10 s
while the rotation rate was changed.

3.3. Potential Step Experiments

One of the disadvantages of cyclic voltammetry is
that the current at any potential is affected by the his-
tory of the electrode at previous potentials. Also, in
both CV and steady state experiments the electrode is
exposed to poisoning for relatively long periods of
time. Poisoning is affected not only by the potential
but also the time at that potential, or its rate of change
[5, 25]. To evaluate the effect of time on the kinetics of
formic acid oxidation, a pulsed potential procedure
[26] was used, in order to clean the electrode and
restore it to a consistent state before measurements at
each rotation rate and each potential. During these
experiments a high potential (1.235 V) was applied to
the electrode for a short period of time (10 s) in order
to remove CO,4 and form an oxide layer. The poten-
tial was then stepped to the desired lower potential in
order to remove the oxide layer and initiate the oxida-
tion of formic acid at the clean, and activated, Pt sur-
face. This sequence of steps was repeated at different
rotation rates at each test potential. Data for 0.435 V,
which is close to the peak potential for the direct path-
way, is shown in Fig. 8. It can be seen that the decay
rate of the current decreased significantly when the
electrode was rotated at 100 rpm, but then appears to
increase with increasing rotation rate. This indicates
that the rate of poisoning is influenced by the mass
transport conditions, as previously reported for a Pt
disk electrode [15].

Because of the dependence of the poisoning rate on
rotation rate, K—L plots at different times following
the step to the test potential were all slightly curved,
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Fig. 9. Currents (i, grey) and kinetic currents (7, black) vs.
time for oxidation of 0.1 M formic acid in 1 M H,SO4(aq)
at 0.485 Vata GC/Pt/C (1.25 mg cm’2) electrode at 100
(1), 400 (2), 900 (3), 1600 (4), and 2500 (5) rpm. The

potential was stepped to 1.235 V for 10 s while the rotation
rate was changed. Data for the first 2 s are omitted because

of inaccuracy due to the time constant of the cell.

and there were small variations in the slope with the
measurement time. Consequently, accurate i, values
could not be obtained from K—L plots. Therefore,
each i vs. f curve was converted directly to i vs. 7 by
using Eq. (3). Results at 0.485 V, which were similar to
those at 0.435 V, are shown in Fig. 9. It can be seen
that the raw i vs. ¢ curves give a misleading impression
of the differences in the activities of the catalyst, and
that the decay rate of the kinetic current is not depen-
dent on the rotation rate from 400 to 2500 rpm. How-
ever, there is a small systematic increase in 7, with
increasing rotation rate, which is consistent with the
curvature seen in the K—L plots. This same trend was
observed at all other potentials (from 0.385 to 0.635 V)
that were employed. The data at 100 rpm are anoma-
lous, and this can be attributed to experimental errors.
There is greater uncertainly (noise) in i, at low rotation
rates because the measured current is closer to the
mass transport limited current. At 100 rpm, i, was
9.8 mA, while i decreased from 8.9 to 7.3 mA. These
relatively small differences between i and i, lead to
large random and systematic errors in i,. In addition,
the thicker diffusion layer at 100 rpm takes longer to be
established, which causes a systematic error at short
times, and also results in more noise due to vibrations.
Consequently, the i, values obtained at 100 rpm should
be regarded as unreliable.

The results in Fig. 9 further demonstrate the
importance of mass transport corrections when con-
ducting kinetic studies at high surface area catalysts.
Even at very low potentials, the kinetic current is much
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higher than the currents measured by cyclic voltam-
metry or chronoamperometry at a stationary elec-
trode, unless there is severe poisoning.

4. CONCLUSIONS

Formic acid oxidation at an electrode coated with a
layer of carbon supported Pt catalyst with 0.2 mg Pt cm >
shows substantial mass transport limitations at poten-
tials above 0.1 Vvs. SHE unless there is severe poison-
ing due to adsorbed CO. Although pure mass transport
control of the current has not been observed, the Kou-
tecky—Levich equation can be applied to extract mass
transport and kinetic parameters. However, changes in
the kinetic current with changing rotation rate can
cause plots of 1/current vs. ®~'/? to be non-linear, with
inaccurate slopes and intercepts. Under such condi-
tions, the kinetic current can be calculated at each
rotation rate by use of the known mass transport lim-
ited current.
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