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The electrochemical oxidation of formic acid was studied
by the tip generation-substrate collection (TG-SC) mode
of scanning electrochemical microscopy (SECM), extend-
ing the number of applications of SECM in electrocataly-
sis. Formic acid was generated at a Hg on Au ultramicro-
electrode (UME) tip by reduction of CO, in a 0.1 M
KHCOj; solution saturated with this gas. The electro-
catalytic activity of different Pd—Co bimetallic compo-
sitions was evaluated using a Pd—Co electrocatalyst
array formed by spots deposited onto glassy carbon
(GC) as a SECM substrate. The SECM tip, which
generated a constant formic acid flux, was scanned
above the array and the oxidation current generated
when formic acid was collected by active electrocata-
lytic spots was displayed as a function of tip position.
This generated a SECM image that showed the elec-
trocatalytic activity of each spot. SECM screening
identified Pd5¢Cos¢ (Pd/Co = 50:50, atomic ratio) as
a better electrocatalyst toward the formic acid oxidation
than pure Pd or Ptin 0.1 M KHCOj; solution and this
result was confirmed by cyclic voltammetry. Positive
feedback was observed for the most active composi-
tions of Pd—Co which suggests fast reaction kinetics
and chemical reversibility during the oxidation of
formic acid to CO,. Moreover this feedback increases
the contrast between active and non-active spots in this
imaging mode.

Low temperature fuel cells, such as direct methanol fuel
cells (DMFCs) and direct formic acid fuel cells (DFAFCs), are
attractive as clean power sources for portable electronic devices.
In the last few decades, platinum-based electrocatalysts have
been employed for the oxidation of the respective fuel at the
anode of these low temperature fuel cells.?> Much interest has
been paid, however, to the development of alternative electro-
catalysts to platinum; this is mainly due to its high cost, limited
availability for scale-up, and its rapid loss of activity caused by
poisoning species generated during the oxidation process, such
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as adsorbed CO.37® One solution is to add a second metal to
platinum to enhance the activity. Pt/Ru, Pt/Pd, Pt/Au and Pt/
Pb have recently proven to be more efficient catalysts for the
oxidation of formic acid in DFAFCs.!° Palladium is known to
be a better electrocatalyst for formic acid oxidation than
platinum, and has shown better performance as well as stronger
resistance to CO poisoning in sulfuric acid solution.!*~** The
onset potential for formic acid oxidation on Pd electrodes is
about 400 mV more negative than that on Pt electrodes, and
the oxidation current due to formic acid oxidation is similar in
the forward and backward sweep direction when evaluated by
cyclic voltammetry.!! The activity of the Pd catalyst, however,
decreases with the cell operation time, and for this reason, a
few papers have recently reported different Pd—Co bimetallic
alloys that improve the palladium electrocatalytic activity and
stability for formic acid oxidation.'*'® Electrochemical and
spectroscopic techniques, such as cyclic voltammetry,' rotat-
ing disk electrode (RDE) studies,*'® and Fourier transform
infrared spectroscopy (FT-IR),’”!° have been used to study
relevant aspects of electrocatalysts, such as their activity and
their resistance to poisoning during formic acid oxidation.
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Recent investigations carried out in our group have demon-
strated the utility of SECM as a rapid and high throughput
technique for screening electrocatalyts for processes such as the
oxygen reduction reaction (ORR)?*?! and the oxygen evolution
reaction (OER).?2 In this work, we extend the use of the tip
generation-substrate collection (TG-SC) mode of the SECM for
the screening of anodic electrocatalysts for formic acid oxidation
with possible applications in DFAFCs. The studies presented here
are intended to assess the electrocatalytic activity for formic acid
oxidation of different compositions of Pd—Co mixtures in 0.1 M
KHCOj; solution. This work increases the scope and demon-
strates the feasibility of TG-SC mode of the SECM to study
anodic electrocatalytic processes.

EXPERIMENTAL SECTION

Chemicals. (NH,),PdCl,; 99.998%, Co(NO3),(H50) 99.999%,
H,PtClg 99.998% and glycerol (all Alfa Aesar, Ward Hill, MA),
HNO; 65% and HCOOH 97% (both Acros Organics, NJ),
KHCO; 99.5% (Fisher, Fair Lawn, NJ), Hg,(NO3), (Fluka) and
sulfuric acid 94%—98% (trace metal grade, Fisher Scientific,
Canada) were used as received. Small squares (1 mm thick,
15 x 15 mm?) of glassy carbon (GC) were made from larger
plates (1 mm thick, 50 x 50 mm?, Alfa Aesar, Ward Hill, MA)
and used as substrates. Reagent solutions were prepared using
Milli-Q water (Millipore Co., Bedford, MA).

Preparation of Electrocatalyst Arrays. The detailed method
for the preparation of the arrays through picoliter dispensing is
described in a previous paper.?® Briefly, precursor solutions of
0.3M (NH,),PdCl;, Co(NO3),(H,0)s, or HyPtCls were prepared
using water-glycerol (3/1, v/v) as the solvent. The precursor
solutions were deposited onto GC substrate as liquid spots with
different volume ratios by a piezo-based microarray dispenser
(MicroJet AB-01—60, MicroFab, Plano, TX). The distance
between each spot was 500 um. The array was dried under Ar
at 150 °C overnight and then reduced with H, at 350 °C for 1 h
in a tube furnace. For the arrays used in this study, the total
number of dispensed drops and the molar concentration of the
precursor solutions was the same, assuring that the atomic
ratios of the different spots corresponded to the volumes used
in each spot.

Preparation of the Hg on Au Ultramicroelectrode (UME).
A Hg thin film was electrodeposited onto a Au UME (25 um dia.,
RG = 10) in a deoxygenated 5 mM Hg,(NO3),, 0.5% HNO;, and
0.1 M KNOj solution at —0.1 V (vs Ag/AgCl) for 100 s.232*
The Au UME was fabricated by heat-sealing a Au wire (25 um
dia.) in a borosilicate glass capillary under vacuum. The capillary
glass was then polished to reveal the Au surface and sharpened
using sand paper. The UME was further polished using alumina
powders (particle size: 1.0, 0.3, and 0.05 um) on polishing cloth
to obtain a smooth Au surface before the Hg deposition.
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Figure 1. Operation scheme of the TG-SC mode of the SECM for
formic acid oxidation electrocatalyst screening.

Scanning Electrochemical Microscopy. Figure 1 shows the
operational scheme of the TG-SC mode of the SECM employed
for the study of formic acid oxidation on electrocatalyst arrays
ina 0.1 M KHCOj; solution saturated with CO, gas (pH = 8).
A CHI model 900B SECM (CH Instruments, Austin, TX) was
employed to carry out the experiments at room temperature
in a four-electrode arrangement. The SECM probe was a
Au UME tip (25 um diameter) modified with an electrode-
posited Hg thin layer, and a constant potential (Ey;, = (—1.6)
to (—2.0) V) was applied to this tip to generate a constant
flux of formic acid from the reduction of CO, dissolved in
the electrolyte. The tilt of the substrate electrode was
corrected until an acceptable vertical to horizontal displace-
ment was achieved, that is, Az/Ax(or Ay) < 1.5 yum/mm.
The Hg on Au UME generator tip was brought to a close
and constant distance above the electrocatalyst array (~50
um) and scanned in the X-Y plane. The array substrate was
held at a constant potential in the active region for the formic
acid oxidation. In this way, the SECM images obtained
provide a rapid method of evaluating the electrocatalytic
activity of the spots present in the array, since these images
represent the oxidation current produced at the substrate
as a function of the tip generator position. A CO, blanket
was maintained over the 0.1 M KHCO; solution during the
experiment to keep the solution free from atmospheric
oxygen and saturated with CO,. A salt bridge-connected Ag/
AgCl electrode and a Au wire were used as the reference
and the counter electrode, respectively. All potentials re-
ported here are referred to the Ag/AgCl reference electrode.

Linear Sweep Voltammetry (LSV). LSV was employed in a
conventional three-electrode configuration using a Hg on Au
UME (25 um diameter), Ag/AgCl, and platinum wire as a
working, reference, and auxiliary electrodes, respectively. The
electrolyte was an aqueous solution containing 0.1 M KHCO,
purged with either Ar or CO, gas. The scan rate was 50
mV/s.

Chronoamperometry. A constant potential in the range of
—1.6 to —2.0 V was applied to the Hg on Au UME (25 um
diameter) using an Ag/AgCl and a platinum wire as a reference
and auxiliary electrodes, respectively. The electrolyte was an
aqueous solution containing 0.1 M KHCOs. The electrolyte
was purged with CO, for 1000 s, and then was purged with
Ar during the experiments.

Cyclic voltammetry (CV). CV was employed in a conventional
three-electrode system for larger area electrodes to compare the
behavior of the successful Pd—Co electrocatalysts found after
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SECM screening with Pt and Pd electrodes. Three independent
arrays of 25 spots with the same format as the arrays used in
SECM screening were made solely for Pt, Pd and Pds,Cos
respectively and were used as the working electrode. The
reference and counter electrodes used were the same as in
the SECM experiments. The electrolyte was an aqueous
solution containing 0.1 M KHCO; with 10 mM HCOOH (pH
= 7.3) and was purged with Ar for at least 15 min before the
experiments. The scan rate was 50 mV/s.

RESULTS AND DISCUSSION

CO, Reduction at a Hg on Au UME. The electrochemical
reduction of CO, in aqueous media can produce different
products depending on the metal employed as the electrode
material. Hg is one of the few metals that selectively produce
formic acid as the main product of electrochemical CO,
reduction.?* 2" For the study of formic acid oxidation at an
electrocatalyst array using the TG-SC mode of the SECM, a steady-
state generation of formic acid from CO, reduction at an UME
probe is required. Figure 2(a) shows the cathodic linear sweep
voltammetry of a Hg on Au UME in 0.1 M KHCOj; solution with
and without CO, saturation. The onset potential of CO,
reduction was observed at —0.5 V and significant proton
reduction was found beyond —2.0 V limiting the potential
window. To have effective CO, reduction current at the UME
without significant proton reduction, a potential range between
—1.6 and —2.0 V was chosen. Figure 2(b) shows the cathodic
current responses of a Hg on Au UME at different potentials, first
with CO, saturation and then with Ar purging for 1000 s. Stable
and reproducible CO, reduction currents at the UME were
observed when the applied potentials were between —1.6 and
—1.9 V. The CO, reduction efficiency at the Hg on Au UME
can be estimated by following eq 1:

(it - iH+)

t

CO, reduction efficiency = x 100% @

where i, is the total cathodic current, which consists of the
currents of both CO, and proton reduction in CO, saturated
solution, and #y* is the proton reduction current at the UME
in the absence of CO,. The calculated CO, reduction efficiency
was higher than 70% at all applied potentials (see Figure 3). It
is noteworthy that the CO, reduction found at —1.9 V has a
higher efficiency (92%) than at other lower potentials, and this
is consistent with a previously reported value.?” The Hg on
Au UME shows stable and highly efficient formic acid genera-
tion ability for reducing CO, in 0.1 M KHCO; solution, thus
proving its utility as a suitable probe in the TG-SC mode of
the SECM for formic acid oxidation studies. O, interference
during formic acid generation at the tip and formic acid
oxidation at the studied electrocatalysts is avoided by the
purging effect of CO, or Ar.
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Figure 2. (a) Linear sweep voltammograms at Hg on Au UME in a
CO, saturated electrolyte for CO, reduction (dashed line) and in an
Ar purged electrolyte for H* reduction (solid line). The electrolyte was
a 0.1 M KHCO; solution. The scan rate was 50 mV/s. (b) Chrono-
amperometric curves of CO, reduction on a Hg on Au UME at —2.0
V (gray), —1.9 V (red), —1.8 V (blue), —1.7 V (purple), and —1.6 V
(black). The electrolyte was purged with CO in the time period from
0 to 1000 s, and then was purged with Ar.
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Figure 3. Total cathodic current (i, red triangles), the proton
reduction current (iy*, blue squares), and the calculated CO, reduction
efficiency (black circles) at a Hg on Au UME in 0.1 M KHCOj solution.

SECM Activity Imaging of Formic Acid Oxidation on a
Pd—Co Electrocatalyst Array. The TG-SC mode of the SECM
was employed to study the formic acid oxidation activity of a series
of Pd—Co electrocatalysts with different Pd to Co atomic ratios.

Analytical Chemistry, Vol. 81, No. 16, August 15, 2009 7005
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Figure 4. Formic acid oxidation SECM images of a Pd—Co
electrocatalyst array at (a) —0.1 V, (b) 0.0 V, and (c) 0.1 Vin 0.1 M
KHCOj; saturated with CO,. The tip-substrate distance was 50 um.
The scan rate was 250 um/s. Tip potential —1.9 V.

Figure 4 shows the SECM images of formic acid oxidation activity
on a Pd—Co electrocatalyst array at different substrate potentials.
All three SECM images displayed in Figure 4 show a small
reduction background current because of the contribution of the
large glassy carbon plate to the overall current. But either a
decrease in the positive background current value (Figure 4(a))
or a net oxidation current (Figures 4(b) and (c)) appear when
the tip generator is scanned above an active spot for formic acid
oxidation. Electrocatalytic activity toward formic acid oxidation
could be observed at all Pd—Co spots when the substrate was
held at —0.1 V (Figure 4(a)), but the current response at the pure
Pd spot was apparently smaller than at all of the other spots. When
the substrate potential was held at 0.0 or 0.1 V (Figures 4(b) and
(c)), the magnitude of the formic acid oxidation currents were
greatly increased compared to those at —0.1 V. The highest formic
acid oxidation current was observed at the electrocatalyst spot
with the atomic ratio of Pd/Co = 50:50 (Pds,Cos), which was
distinctly larger than that on the pure Pd spot over the whole
potential range studied.

Pt is also known as an active electrocatalyst for formic acid
oxidation, but it is poisoned severely by the adsorbed CO formed
during the reaction.?®! For comparison, a small array with P,
Pd, and Pds,Cos, electrocatalyst spots was prepared, and the
formic acid oxidation SECM image at 0.1 V was recorded. As
shown in Figure 5(a), the formic acid oxidation current at a
PdsoCosy spot was higher than that of the Pt or Pd spots.
According to the SECM imaging results, Pds,Cos, shows better
electrocatalytic activity toward formic acid oxidation than pure
Pd or Pt. The results displayed in Figure 4 that show maximum
activity at the Pd;,Cos, spot were obtained in duplicate experi-
ments using different catalyst arrays.

Observation of Positive Feedback at the Hg on Au UME
Tip during SECM Imaging. Formic acid oxidation generally
follows the so-called “dual-pathway” mechanism involving both a
dehydrogenation process leading to direct formation of CO, and
a dehydration process forming CO, which is further oxidized

(28) Lu, G.-Q.; Crown, A.; Wieckowski, A. J. Phys. Chem. B 1999, 103, 9700~
9711.
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Figure 5. Formic acid oxidation SECM images of Pt, Pd, and
PdsoCosp spots at 0.1 V in 0.1 M KHCOj saturated with CO,, where
(a) is the substrate current and (b) is the tip current. The tip-substrate
distance was 50 um. The scan rate was 250 um/s and tip potential
-19V.

to CO, as an end product.''%?® Thus, it is possible for the CO,
that is generated at the substrate upon oxidation of formic acid
to diffuse back to the tip and contribute additionally to its
current, which is always cathodic. This is well-known in SECM
as positive feedback?® and is typically observed for well behaved
redox couples (mediators), that is, those that are chemically
and electrochemically reversible, stable, and engaged in outer-
sphere electron transfers at the electrode. Figure 5(b) shows
the reduction current recorded at the Hg on Au UME tip during
SECM imaging of Pt, Pd, and Pd5,Cos, electrocatalyst spots. Such
enhancements in the tip cathodic currents that we identify as
positive feedback were observed especially when the tip was
scanned across the PdsyCos, spot. Our group has previously
reported examples in which a catalytic reaction yields a
measurable signal coming from a partial positive feedback>®
or positive feedback coming from the interaction of a mediator
with a catalytically generated surface species,®! not so however
during imaging in the TG-SC mode. This is because most TG-
SC studies are done by galvanostatic (constant current) control
of the tip. In this study, the potentiostatic control of the tip
allows the feedback loop to be established, resulting in an
enhanced contrast during the imaging of the electrochemical
activity of the spots (i.e., a larger current gap is observed
between active and non-active areas of the array). Furthermore,
the observation of this feedback suggests that the main product
of the electrocatalytic oxidation of formic acid at the active spots
in the substrate is reducible and probably CO..

Figure 6 shows the tip and the substrate current responses
when performing a line scan in the x-direction over the top of a
Pds,Cos, electrocatalyst spot using a slow scan rate. Anodic
and cathodic current responses at the substrate and the tip,
respectively, could be recorded at the same time during this
line scan. The result strongly suggests that the CO, generated

(29) Scanning Electrochemical Microscopy; Bard, A. J.; Mirkin, M. V., Eds.; Marcel
Dekker: New York, 2001.

(30) Fernandez, J. L.; Hurth, C.; Bard, A. J. J. Phys. Chem. B 2005, 109, 9532—
9539.

(31) Rodriguez-Lopez, J.; Alpuche-Avilés, M. A.; Bard, A. J. J. Am. Chem. Soc.
2008, 130, 16985-16995.
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Figure 6. Tip (/;,, dashed line) and substrate (/s.s, solid line) current
responses when a Hg on Au UME tip was performing CO, reduction
at —1.9 V and scanned in the x-direction (parallel to the substrate)
over the top of a PdsqCos, electrocatalyst spot held at 0.1 V. The
scan rate was 5 um/s. Tip—substrate distance was 50 um.

during the formic acid oxidation at the Pds,Cos, substrate forms
a supersaturated solution and diffuses to the Hg on Au tip,
providing a positive feedback loop, which produces a cathodic
current enhancement. This behavior verifies the one previously
observed in the tip during SECM imaging (Figure 5(b)). The
large enhancement of the cathodic current at the Hg on Au tip is
shown in Figure 6 compared to the 150 nA current displayed in
Figure 2b in the absence of a feedback reaction.

Cyclic Voltammograms of Formic Acid Oxidation Reac-
tion. Figure 7 shows the cyclic voltammograms for the oxidation
of formic acid on Pt, Pd, and Pds,Cos, spots in 0.1 M KHCO4
solution containing 10 mM HCOOH, scanning from —0.4 V to
more positive values. The observed electrochemical behavior
for these catalysts matches the one seen on polycrystalline Pt
in sulfuric acid solutions,?® despite the fact that our measure-
ments are made in a slightly basic medium and thus there is
a potential shift of the current responses because of the
different pH environment. In the anodic potential scan, the
oxidation of formic acid on Pd and Pds,Cos, shows broadened
current humps between —0.4 to 0.4 V (Figures 7(b) and (¢));
the active potential range for formic acid oxidation on Pt only goes
between —0.1 and 0.4 V (Figure 7(a)). The onset potential of
formic acid oxidation on Pd and Pds,Cos, appears about 400 mV
earlier than that on Pt. The oxidation current of formic acid at
low overvoltage potentials such as —0.1 V is 50% larger on
Pd5,Cos, than on Pd, which agrees with SECM imaging results
(Figure 4a). Because the fabrication procedure for the spots
involved equimolar amounts of metals deposited for each spot, it
is reasonable to assume that the activity of Pds,Cos is better than
that of Pd and Pt in terms of the current intensities observed.
Moreover, this proves the utility of the SECM screening
technique to find higher performance and cheaper catalyst
candidates for formic acid oxidation.

CONCLUSIONS

We present a new SECM screening method for the investiga-
tion of the activity toward formic acid oxidation of electrocatalysts
in 0.1 M KHCO; solution. An advantageous feature of this
SECM screening method compared to non-combinatorial ones
is the rapid activity evaluation of a series of bimetallic electro-
catalysts with different compositions. In particular, we have
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Figure 7. Cyclic voltammograms of the formic acid oxidation at (a)
Pt, (b) Pd, and (c) Pds,Cos, electrocatalysts in 0.1 M KHCOj; solution
containing 10 mM HCOOH. The scan rate was 50 mV/s.

evaluated nine different Pd—Co compositions and three pure
metals (Pd, Pt and Co) using this SECM screening method.
We found that Pds,Cos, performed as a better electrocatalyst
toward formic acid oxidation than all the other Pd—Co
combinations, pure Pd and Pt. The observation of positive
feedback current in the SECM measurements for this material
suggest chemical reversibility of the HCOOH/CO, couple
under these conditions, which points toward direct dehydro-
genation as the main pathway during formic acid oxidation.
Moreover, on the technical side, the positive feedback provides
a higher contrast in the SECM image. The observations made
with the SECM were further confirmed by traditional cyclic
voltammetry experiments, which proved that the SECM
screening method is applicable for the screening of new formic
acid oxidation electrocatalysts in slightly basic solution. This
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TG-SC technique cannot be used in acidic solutions, however,
because of the low current efficiency for CO, reduction under
these conditions. However alternative methods of SECM
screening are available for these conditions, as will be described
in studies of methanol oxidation.
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