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ABSTRACT: Herein, we describe a method of potential-modulated stimulation of
electrocatalytic activity (PSEA) and apply it to the electro-oxidation of formic acid in
acidic (pH 1) electrolyte. Ordinarily, the reaction shows a rapid decay in steady-state
current as a consequence of the accumulation of strongly bound adsorbates. PSEA
leads to a high resilience against deactivation and an overall enhancement in rate.

Results showed an ~30-fold increase in activity, compared to the reaction under /\ A/ \
similar potentiostatic conditions after a 1-h reaction period, with further
improvement likely possible by optimizing the amplitude, frequency, shape, and
bounds of the applied potential waveform. A microkinetic model was adapted to
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further probe the underlying mechanism responsible for the shift in activity; the
resulting electrocatalytic cycle was found to not simply clear the surface of strongly bound species and provide a high proportion of
free sites for the “direct” formic acid oxidation pathway (major route), but also to accelerate pathways thought to be less dominant

under potentiostatic conditions.

B INTRODUCTION

The mechanism for the electro-oxidation of formic acid has been
studied for almost 40 years. The outcome has been the
discernment of the so-called “triple pathway” mechanism
(Scheme 1) emanating from a large body of observations from
conventional electrochemical studies, IR spectroscopy, and
quantum calculations that support possibilities of three major
oxidation routes." The fastest reaction pathway is believed to be
the so-called “direct” pathway. Several studies suggest that this
pathway is highly dependent on the pH of the solution, with its
maximum rate observed to plateau above the pK,, of formic acid;
as a result, it is believed to involve the facile, direct activation of
CHOO™.*™* However, since the direct pathway requires
available Pt sites, it becomes less operative as the surface
accumulates other adsorbates.

Past attenuated total reflectance—infrared (ATR-IR) studies
have indicated that formic acid initially adsorbs, and then is
subsequently deprotonated, on the Pt surface, forming a
bridging or bidentate conformation.””® As “bridge-bound”
formate (FA}) is produced, some portion reorients (facilitated
by neighboring vacant sites) to a monodentate conformation
that is more favorable. This “linearly bound” formate (FAj*) can
then either be oxidized to CO, via the “formate” pathway or
undergo a reduction step to CO*, which can then be oxidized at
sufficiently high potentials via the “indirect” pathway.

Perhaps unexpectedly, potentials that show high apparent
steady-state production of CO, (E & 0.6 Vpyg where the
reaction rate is highest at pH 1) also allow a significant reduction
pathway to CO* as a nearly terminal product. Once formed, the
CO* remains adsorbed on the Pt surface and is only able to be
oxidized to CO, at sufficiently high potentials where water
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oxidation to OH* can occur. CO does not otherwise desorb in
any measurable quantity. This presents a challenge to operating
under potentiostatic conditions because the potential must be
sufficiently high to limit the amount of blocking CO*, but low
enough to limit the amount of blocking OH*. As a consequence
of this balance, the true steady state is actually unstable, and slow
galvanodynamic sweeps during formic acid oxidation have been
shown to result in a natural oscillatory behavior in the measured
potential on Pt electrodes.”® This oscillation is thought to result
from the so-called “hidden negative differential resistance”
attributed to a combination of potential-dependent processes
that include (i) a fast process that is dependent on the
availability of free surface sites (the “direct” pathway), (ii) a
slower process that results in strongly bound intermediates that
block sites for process (i) (adsorption of CO*), and (iii) a fast
process that occurs on a time scale comparable to that of the
potential oscillations (adsorption/desorption of OH*, facilitat-
ing reactive removal of CO* followed by a return to a low-
coverage surface).” Therefore, it stands to reason that the net
rate of formic acid oxidation could be accelerated using PSEA
(i.e., intentional, driven oscillation) by taking advantage of the
fast potential-dependent OH adsorption/desorption kinetics on
Pt in order to remove CO* as quickly as it is formed. This
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Scheme 1. Proposed Triple-Pathway for the Electro-oxidation of Formic Acid on Pt

o )
o)
N ~
He _H
Ht/ew H/e- ~o”
Ht/e”
H*/e H,0O

Direct Pathway
Fast

Formate Pathway
Slowest

Indirect Pathway
Slow

Scheme 2. Examples of General Electrocatalytic Reaction Networks That Could Be Accelerated Using PSEA To Optimize (a) the
Surface Coverages of Critical Intermediates (e.g., Oxidation) and (b) the Double-Layer Concentration of Intermediates (e.g.,

Reduction)
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“surface clearing” must occur while simultaneously maintaining
a sufficiently oxidizing potential for the direct pathway to remain
favorable, while not being so high as to oversaturate the Pt
surface with OH*.” Assuming that the ideal periodic waveform,
amplitude, and frequency could be identified, the resulting Pt
catalyst would be effectively resistant to deactivation via
intermediate “poisoning” and could theoretically produce high
rates of formic acid oxidation (although possibly at the expense
of other complications, such as accelerated nanoparticle
ripening, which is beyond the scope of this study).'>""

Related to this idea, several recent works have suggested that
reactions involving heterogeneous catalysts have the potential to
exceed intrinsic activities, normally maximized under the
Sabatier principle, via dynamic modulation of the adsorption
strength of surface-bound intermediates.'>'® The basis of this
concept is that by rapidly altering conditions at the catalyst
surface between those that favor adsorption and desorption,
both processes can proceed faster than the maximum steady
state under fixed conditions. Electrocatalysis presents a unique
opportunity to experimentally probe this concept, as an
electrochemical potential can be dynamically applied to
modulate the relative binding energy of reactive surface
species.'* The potential-modulated stimulation of electro-
catalytic activity (PSEA) describes a myriad of techniques
than can be applied to various surface-mediated electrochemical
reactions in the pursuit of surpassing the inherent activity,
selectivity, and/or stability exhibited under similar potentio-
static conditions. Generalized examples where various forms of
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PSEA have been successfully utilized are summarized in Scheme
2 and are discussed below.

Pulsed-potential electrolysis has been historically utilized as
an electroanalytical tool for understanding the kinetics and
mechanisms of various electrochemical reaction systems, as well
as for increasing their rates.'”~"® An example of a pulse cycle for
an oxidation is shown in Scheme 2 a, for which a notable
example can be found in the work of Fedkiw et al. on methanol
electro-oxidation. They found that the power output of a direct
methanol fuel cell (DMFC) could be increased by periodically
applying high overpotentials (1.4 V) at short time intervals in
order to effectively clear the Pt electrode surface of CO*, which
typically deactivates the catalyst by accumulating at desired
(lower) operating potentials.""'*~*" The CO* was quickly
removed as a result of the electrogeneration of reactive OH*
species and the correspondingly high oxidative driving force
found at large overpotentials. The applied potential was then
reduced to either 0.4 or 0.6 V, where methanol oxidation in
DMECs would conventionally operate, until the surface was
once again blocked by CO* and the pulsing cycle was repeated.
Even accounting for the time spent at high potentials where no
power is produced, the time-averaged power output of methanol
oxidation surpassed conventional potentiostatic operation by
more than 2 orders of magnitude.

In contrast to “surface clearing” applications, PSEA has also
been used to counteract the slow mass transfer of reactants to
the electrode surface, often encountered during organic
electroreduction in aqueous media (Scheme 2b). The high
overpotentials needed in many electroreduction reactions can
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result in a steep concentration gradients of organic reactants
near the electrode surface.”” This decrease of organic reactants
near the surface allows parasitic side reactions (e.g., hydrogen
evolution) to occur, decreasing the overall energy efficiency and
Faradaic yield of desired product. By inducing periods where
little electroreduction occurs, the amount of organic near the
electrode surface returns to bulk concentration, resulting in a
higher surface coverage of reactant ready to be reduced. This
concept was recently studied in the electrohydrodimerization of
acrylonitrile to adiponitrile.”* Because of the complexity of the
mechanism, the systematic testing of reaction variables was
combined with an artificial neural network to predict an optimal
operating condition—cycling between a cathodic pulse for 120
ms and a resting pulse, i.e,, no applied voltage, for 5 ms. The
condition was successfully found to yield 20% higher activity and
325% higher selectivity for adiponitrile versus propionitrile,
compared to conventional potentiostatic operation in the same
flow cell. Other effective applications of PSEA have included
increasing the selectivity to desired products in the partial
oxidations of furans,”* developing potential-control algorithms
for maintaining the activity of hydrogen fuel cells with CO
contamination present in the H, feed,””** and improving the
activity and selectivity for the electroreduction of nitrobenzene
to p-aminophenol in a parallel-plate flow cell model.”®
Although several of the publications mentioned above include
kinetic models to further understand and optimize the pulsed-
potential applications, few models have been developed to
directly address the dynamics of active surface species, or
particularly to investigate how coverages can be optimally
modulated with various applied potential waveforms. The
electro-oxidation of formic acid on Pt electrodes in acid medium
provides a simple and moderately well-understood platform for
probing how the coverage of strongly bound reaction
intermediates (e.g, CO*) can be controlled and optimized
using potential-modulation techniques. Adzic et al. investigated
this idea in the late 1970s, using pulsation of potential at high
frequencies (10—10 000 Hz) centered at a few potentials, but
only examined an amplitude of 600 mV.>” A microkinetic model
(MKM) was developed in this work to understand the
mechanism, and since then, a number of more encompassing
MKMs have been developed to describe the mechanisms of
formic acid electro-oxidation on Pt. Fitting parameters for these
models have been derived from conventional electrochemical
experirnents,7’8’28 attenuated total reflectance surface-enhanced
infrared absorption spectroscopy (ATR-SEIRAS) infrared
spectroscopy,”*~° and density-functional theory (DFT) calcu-
lations.”” Given the broad range of prior work, we do not
attempt to independently explore parameter estimation and
statistical evaluation of the model, but we refer the reader to
thoughtful tutorials on this topic for consideration of model
validation.” In the present work, rotating disk chronoamper-
ometry experiments on Pt electrodes are used to probe the
mechanisms by which PSEA can increase the net oxidation rate
of formic acid. We find an ~30-fold increase in activity possible
versus comparable potentiostatic experiments, with high
resistance to deactivation. A microkinetic model is employed
to understand how the surface coverages of various
intermediates are impacted by the modulated potential and to
provide insight into which mechanistic pathways contribute to
the observed increase in turnover frequency (TOF). Our
findings suggest that, while keeping the Pt surface clear of
strongly bound intermediates does accelerate the dominant

direct pathway, oxidation rates through the formate and indirect
pathways also increase.

B EXPERIMENTAL AND MODELING METHODS

Materials. All solutions were prepared using ultrapure (UP)
deionized water (>18.2 MQ cm, Millipore). All reagents and
standards were used as delivered: Suprapure perchloric acid
(70%, MilliporeSigma), Pt gauze (Alfa Aesar), argon (UHP, Air-
Gas), and formic acid (>95%, Sigma—Aldrich).

Rotating Disk Chronoamperometry. Electrochemical
experiments were conducted in a rotating disc electrode
(RDE) half-cell, with a polycrystalline Pt working electrode
(Pine Research), a Pt mesh counter electrode (Alfa Aesar), and a
double-junction Ag/AgCl reference electrode, which was
calibrated to the reversible hydrogen electrode (RHE) scale
prior to experimentation. Therefore, all potentials are reported
vs RHE and all reported currents are not iR-corrected. The Pt
disc working electrode was mechanically polished using
progressively finer alumina slurries (S, 0.3, 0.05 ym) followed
by sonication in DI water for 20 min prior to use. Rotation of the
working electrode was controlled with a modulated speed
rotator (Pine Instrument Company), and electrochemical
measurements were taken on a Gamry Reference 3000
potentiostat (Gamry Instruments). All experiments were
conducted in argon-saturated 0.1 M HCIO, (sparging/
blanketing flow rate of 100 sccm). Perchloric acid was chosen
as the electrolyte, because of its relatively weak anion adsorption
at oxidizing potentials, compared to alternatives such as sulfuric
acid, which has been shown to alter formic acid oxidation
behavior at high potentials.”

The break-in procedure consisted of cycling the catalyst from
0.1—1.5 at 1 V/s for 500 cycles prior to use. The electrochemical
surface area (ECSA) was determined to be 0.4 cm* (roughness
factor of ~2) during static (no rotation) cyclic voltammograms
in the range of hydrogen adsorption (0.05—0.4 V at 20 mV/s)
on the Pt surface, assuming a stripping charge of 210 xC cmp, >
After break-in and ECSA determination, 0.1 M formic acid was
added to the cell, which was then resparged with argon and
blanketed during the experiment. The working electrode
rotation rate was set to 2500 rpm to limit interference from
bubble formation due to gas (H,, O,, CO,) evolution that might
onset within the oscillatory window.

Microkinetic Model. The microkinetic model (MKM) is
adapted from Calderon-Cardenas et al. to include effects from a
diffusion layer near the Pt RDE tip and is summarized in Scheme
3.! The model was solved numerically in Python using the SciPy
library,‘n’32 and all parameter values are given in Table 1.
Oscillation calculations were run for at least 100 cycles under all

Scheme 3. Microkinetic Model Network for the Electro-
oxidation of Formic Acid on Pt”
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“Adapted from ref 1.
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Table 1. Model Parameter Values”

parameter value
b —04V
Prase ~0.04V
PDrades 0.02'V
br 038V
oo 0.6V
& 0.78 V
PDorads 04V
Dordes 071V
K, aife 11057
Ky 1.8 x 10(PH4
ky 2.5 X 107 cm?/s
Crag, 0.1 mol/cm?
Ch,0 55.5 mol/cm?
& 1.34 X 1073 cm (2500 rpm)
Stor 2.18 X 10~ mol Pt sites/cm?”
Porads 0.65
Pondes —0.35
CpL, 40 pF/cm?*

“Taken from ref 1, except where cited otherwise.

conditions probed, which was the minimum necessary to
achieve stable oscillation responses independent of initial
conditions, and results were averaged from the final 10 cycles.

Each of the reaction steps in the proposed reaction network
for formic acid electro-oxidation on Pt (Scheme 3) can be
represented by the following chemical equations, where the
asterisk symbol (*) represents vacant Pt surface sites and
subscripts indicate near-surface (S), bridge-bonded (B), or
linearly bonded (L) adsorbates:

km
FApy = FAg (r1)
kFA,ads + _
FAg+2*==TFA;+ H + e
K des (r2)
kFA,dxff
FAp + 2% —> FA; + 3% (r3)
k
FA; + * = CO, + HY + e + 2% (r4)
k
FA, + H" + ¢ + 2% 3 CO, + H,0 + 2* (r3)
kOH,ads + —
H,O+*=—= OH* + H +e
Kok des (r6)
k
CO, + OH* = CO, + H' + ¢™ + 2% (7)
— k[) + —
FAg+* > CO, + H" +2¢ + * (r8)

The externally applied potential (E,y,) is defined with respect to
a reference electrode, such that any uncompensated resistance
(Ry) results in a difference between E,,, and the true surface
potential (¢). Thus, a sinusoidal input and the resulting
simulated total current density (jror) were modeled using the

following expressions:

E,p = A sin(2af*t) + Epc (1)
) _ Epp — ¢
fror = “sarr, @

where A is the amplitude and fis the frequency, respectively, of
the applied potential-modulation, Ep is the potential at which
the modulation is centered, and SA is the electrode surface area.
To best match experimental conditions, we employed the values
SA = 0.4 cm® and Ry = 40 Q.

The rate equations (with the exception of purely thermal mass
transfer and surface diffusion coefficients) are based on the
Butler—Volmer approximation of rate constants in the form

k. =k exp

BE
RT @ 45")] (3)

where ¢; is fit to experimental data,' k! is set to unity
(mathematically arbitrary with ¢, fitted), ; is assumed™” to be
0.5 (—0.5 for reduction steps), unless otherwise indicated, F =
96 485.33 C/mol, R = 8.314 J/(mol K), and T = 298.15 K.
Therefore, the rate equations for all reaction steps can be
represented by the following expressions:

U, = kmCFABulk (v1)
VEpads = kFA,adsCFAsgvz (v2f)
VEades = kFA,deseFAB (v2r)
Vpadiff = kFA,diff‘gFAB‘gv2 (v3)
vp = ke, 6, (v4)
Up = kPeFALevz (vs)
LoHads = kOH,adsCHzoev (veéf)
Von,des = komdefon (vér)
V= kleCOLHOH (v7)
Up = kDCFAggv (v8)

Above, vacant sites and formate/formic acid equilibrium are

defined by
0,=1—15160c0 — s — 20, — Ooy (4)

Crag = KyCpa, (s)

where the coverage of linear-bound CO * is corrected to
account for the fast equilibrium of the harder-to-oxidize bridge-
bound COg*, estimated by the relation 6, ~ 0.258 HCOL.I The
concentration of deprotonated formic acid (formate) is
represented by Cg,, and is determined as a function of the
solution pH by the equilibrium constant K.

The resulting system of ODEs from population balances and
coupled process variables is given as

dog,
" = Uppads — Vkades — VEAdiff
dt ' ! ! (6)
do,
== Uppgr — Yp — Up
dt / (7)
YOco, _
dt L (8)

https://dx.doi.org/10.1021/acs.iecr.0c04414
Ind. Eng. Chem. Res. 2020, 59, 19999—20010


pubs.acs.org/IECR?ref=pdf
https://dx.doi.org/10.1021/acs.iecr.0c04414?ref=pdf

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

a 1.3 1

1.0 A

Current (mA/cm?)

2 3 4
Time (s)

Figure 1. Rotating disk voltammetry of the current response from a sine waveform potential modulation (a) versus time and (b) versus voltage during
the electro-oxidation of 0.1 M formic acid in 0.1 M HCIO, at a Pt disk electrode. Cycle-time averaged current was determined by integrating the charge
passed per cycle. Epc = 0.7 Vyyg, A = 0.6 V, f= 1 Hz. The forward (anodic) sweep in panel (b) is the solid line and the reverse (cathodic) sweep is the

dotted line. Rotation rate = 2500 rpm.
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Figure 2. Rotating disk chronoamperometry of polycrystalline Pt RDE tip with 0.1 M formic acid in 0.1 M HCIO, for 300 s at f= 0.1, 1, and 10 Hz at
various Epc and A. Rotation rate = 2500 rpm. Discrete data points for the 0.1 Hz experiment are marked.

dboy
— = — U — U
dt ‘OH,ads OH,des I (9)
dCFAS ka ZSTOT
T - ?(CFABulk - CFAS) - (UFA,adS + VD)
(10)
o 1, .
- = (iror = Jg )
dt  Cp (11)

The resulting Faradaic current density can then be represented

by

jf = FSTOT(VFA,ads + Vg + Loppes T U+ 20p — Up — VOH,des)

(12)

B RESULTS AND DISCUSSION

Voltammetry Studies. As a first step to understanding
where such an oscillatory enhancement regime may exist,
rotating disk chronoamperometry experiments were performed
on a Pt disk applying a sinusoidal potential waveform at DC
offset potentials ranging from 0.4 V to 0.9 V (Ep(), frequencies
ranging from 0.1 Hz to 10 Hz, and amplitudes ranging from 0 V
to 0.6 V. Experiments were limited to this waveform frequency
range because of a maximum data point readout acquisition

20003

frequency of 4 kHz in the digital system (ensuring minimum 400
points per cycle). Prior to each experiment, the potential was
held at 1.0 V for 30 s to limit the buildup of CO*, which could
skew initial oxidation currents. A stable example of the
subsequent current response at 0.7 + 0.6 V and f = 1 Hz is
shown in Figure 1. The current versus potential plot (Figure 1a)
shows a stable response to the sinusoidal waveform and is
analogous to a cyclic voltammetry experiment at 2.4 V/s over a
potential range of 0.1—1.3 V. Oxidation peaks appear on both
the forward and reverse sweeps: the higher peak in the forward
sweep is attributable to a combination of the direct, indirect, and
formate pathways, while the secondary peak in the reverse sweep
is thought to be primarily attributable to the direct pathway.”
In order to compare cases with potential modulation to the
fixed-potential controls, the average Faradaic current was
determined by integrating the total charge passed per cycle
(Q.) and normalizing by the period of the oscillation. This
procedure effectively cancels out current resulting from
capacitive and pseudocapacitive processes such as the
charging/discharging of the electrochemical double layer,
underpotential deposition/stripping of H*, and oxidation/
reduction of the Pt surface during the potential modulation.
Regions with possible parasitic faradaic currents that are due to
hydrogen and oxygen evolution reactions (HER and OER,
respectively) were also assessed in control experiments. First, all

https://dx.doi.org/10.1021/acs.iecr.0c04414
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Figure 3. Heat maps showing the averaged current density over the final 60 s of rotating disk chronoamperometry experiments and normalized by the
current density during the potentiostatic experiments at each Epc. Data points shown correspond to increments of A = 0.2 Vand f=0.1, 1, and 10 Hz.
Vertical lines correspond to A = Ep(waveform reaching 0 V). HER onset begins slightly positive of 0 V and begins to detract from the formic acid
current. Suppression of HER is seen at 10 Hz for all A < Ep (blank electrolyte runs in Figure S2).

waveform conditions presented in the RDE cell were examined current density decreases, resulting from the HER becoming
in blank electrolyte (no formic acid). These show the region of increasingly prominent. This effect is most prominent at low
HER onset near 0 V, but rule out the contribution of additive frequency, where HER is so dominant that the net current is
oxidation currents from the OER (see Figure S2 in the negative. Per Figure S2, higher frequency appears to suppress
Supporting Information). For conditions that do not create HER, so its contribution likely also decreases during the
H,, linearity of CO, production rate versus net current (as well conditions yielding the highest formic acid oxidation rates.
as lack of O,) were confirmed using gas chromatography in a To confirm that potential modulation reduces deactivation
gas-tight batch cell under conditions comparable to those used compared to the potentiostatic base case, a potential-
in the RDE experiments (see Figure S3 in the Supporting modulation experiment was repeated at Epc = 0.7 V, f = 0.1—
Information). H, was not assayed, but it was always found that 10 Hz, A = 0—0.6 V over a longer time period of 1 h. Results for
net currents decrease when waveforms reach 0 V, and thus these A =0, 0.4, and 0.6 are summarized in Figure 4. As expected, the
conditions are not ideal for enhancing selective oxidation. A
comparison of the effect of several Epc, amplitudes, and 2.0
frequencies on the net current over 300 s is shown in Figure 2. &
The increase in Faradaic current density was observed to be —
most sensitive to increases in the frequency of the applied £ oo

O e 0.7+0.4V, 0.1Hz
potential waveform. Increasing the amplitude was also found to < T e == =1 ___ 07504y, 11z
increase the resulting current, but only until the lower potential £ 104 T 07204V, 10k
bound (E;) fell at or below 0 V, where the onset of the HER g o ZZ:’:ZZX Z‘Hl“z
began to skew current in the negative direction. The decay of the = — orsosy. Lo
current density over time was most influenced by the higher © 0351
potential bound (Ey), with resistance to deactivation onsetting
at an Ey value near 1.0 V, as seen by a reversal in trend to rising o
initial activity (as opposed to decay) and resulting stable T o 600 1200 _ 1800 _ 2400 3000 3600
currents at all frequencies. Time (s)

To better understand the trends across modulation Figure 4. Rotating disk chronoamperometry of polycrystalline Pt RDE
conditions and to better contrast with the proceeding modeling tip with 0.1 M formic acid in 0.1 M HCIO, for 3600 s at Epc = 0.7V, f=
work, the relative increase in current density was estimated by 0.1-10 Hz, and A = 0—0.6 V. Rotation rate = 2500 rpm.
normalizing the average current density during the final 60 s of
the experiment against the current density under potentiostatic
conditions obtained in the same manner at each Epc. This is potentiostatic current continues to decay over the course of the
summarized in the form of heat maps, and select comparisons experiment, falling by an additional ~60% between 300 s and the
are shown in Figure 3 (the full range of Epc and controls run 1-h mark. Oscillating at A = 0.2 (Figure S4 in the Supporting
with no formic acid present can be found in Figures S1 and 52, Information) resulted in no difference) Compared to the
respectively, in the Supporting Information). Each heat map potentiostatic case at 0.7 V. In contrast, the best oscillatory
shows a similar trend with the peak increase in current density case for stability among the modulation parameters tested was
found as the amplitude approaches the value of Ep,¢ at f= 10 Hz. found at 0.7 & 0.6 V at f = 10 Hz. This condition resulted in an
While the normalized currents might be thought of as an ~31-fold increase, compared to potentiostatic operation at 0.7
“enhancement factor”, this must be qualified by two V, and an ~27-fold increase in current density, compared to the
observations. First, the potentiostatic current is still actively best potentiostatic case at 0.6 V (see Figure S4). In addition,
decaying at 300 s; the observed current under oscillatory while there was still some deactivation in the best potential-
conditions is considerably more stable, and thus the enhance- modulated case, the current density only decreased by ~7%
ment increases over time. Second, at amplitudes approaching, or from 300 s to the 1-h mark, suggesting that there is room for
greater than, Epc, the net oxidation current decreases as the optimization, both toward rate and stability.
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Figure 5. Simulated potential oscillation based on the microkinetic model adapted from Calderon-Cardenas et al. showing (a) a comparison of
experimentally observed (black) versus simulated current density (blue), (b) simulated TOFs for the formation of CO, via each pathway (legend:
black, total; red, direct; blue, formate; and green, indirect), and (c) fractional surface coverages of all intermediates (legend: red, FA}; green, FA¥; gray,
free sites; black, COy *; and blue, OH*; CO§ (not shown) is governed by 65 = 0.258 O 1,). The forward (anodic) sweep is the solid line and the
reverse (cathodic) sweep is the dotted line. Parameters: f= 0.1, 1, and 10 Hz, E,c = 0.7 V,and A = 0.6 V.
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Figure 6. Simulated heat maps at Epc = 0.7 V showing the cycle-average surface coverage of (a) OH*, (b) CO¥, (c) free sites, (d) FA¥, and (e) FA}.

The same scale bar applies for panels (a)—(c). Data points shown correspond to increments of A = 0.05 V (+ Ep¢) and f=0.1,0.25,0.5,0.75, 1, 2.5, S,
7.5, and 10 Hz, resulting in a 15 X 9 grid.

Microkinetic Modeling. To further understand the oxidation activity and increased resistance to deactivation, a
mechanism behind the ~30-fold increase in formic acid microkinetic model (MKM) was adapted from Calderdn-
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grid.

Cardenas et al.' and modified to include the mass transport
effects of our RDE experiments with a diffusion layer
(summarized in Scheme 3). The output from a simulated
oscillation experiment at 0.7 & 0.6 V at f = 1 Hz is shown in
Figure S. Because of the fact that the MKM does not explicitly
account for nonreactive, pseudocapacitive processes such as H
underpotential deposition/stripping and the oxidation/reduc-
tion of the Pt surface (past OH* formation), the model is only
able to provide a qualitative understanding of the underlying
processes that likely occur during a stable oscillation experiment.
Deviations caused by these pseudocapacitive processes reflect an
increasing ratio of their respective contribution in parallel to the
reaction and are most pronounced at higher frequency—i.e., the
reaction is occurring with fewer turnovers per cycle on top of
these backgrounds, despite the higher rates netted by more
cycles per unit time. Nonetheless, the simulated current density
at 0.1 Hz shows consistency with experimental data (Figure Sa),
and some qualitative features are still seen at 1 Hz before the
pseudocapacitances (which contribute no net current) begin to
dominate the measurements at 10 Hz.

The MKM reveals the respective TOF for each oxidation
pathway and how it contributes to the simulated current density
(Figure Sb); the onset potential of each pathway was consistent
with experimental results at f = 0.1 Hz, with the direct and
formate paths operable near the onset of measurable current and

the indirect path lighting off much later, ~0.8 V.” In addition, the
model enables an analysis of the fractional surface coverage for
each of the reaction intermediates (Figure Sc). Beginning at
~0.1 V and following along the anodic sweep (solid line), just
over a third of the surface is covered in CO,* (with a smaller
additional contribution from equilibrated CO}, not shown).
The total CO* population is much lower than the potentiostatic
steady state (see Figure 6b), while almost half of the surface is
vacant and available for the potential-dependent adsorption of
either FA¥ (bridge-bound formate) or OH*. As potential rises
and FA builds up on the surface and (thermally) reorients to
form FA{, the formate pathway becomes operative as a minor
route (onsetting at ~0.5 V), with the kinetically favorable direct
pathway still dominating between 0.4 and 1.0 V. At ~0.8 V, the
combination of increasing amounts of OH* and large
overpotential results in the indirect pathway lighting off, clearing
the surface of the strongly bound CO* typically associated with
deactivation under potentiostatic conditions. At even higher
overpotential (>1.1 V), the surface is effectively blocked by a
combination of OH* and FA§, and the reaction rate decreases
dramatically. This trend remains along the cathodic sweep
(dotted lines) until ~0.6 V, where OH* begins to undergo
reductive desorption. As more vacant sites become available, the
strongly bound FA{ again undergoes the non-Faradaic reaction
to FA#, which, in turn, is increasingly reduced to CO*. This

20006 https://dx.doi.org/10.1021/acs.iecr.0c04414

Ind. Eng. Chem. Res. 2020, 59, 19999—20010


https://pubs.acs.org/doi/10.1021/acs.iecr.0c04414?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c04414?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c04414?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c04414?fig=fig7&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://dx.doi.org/10.1021/acs.iecr.0c04414?ref=pdf

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

finding suggests that the increase in activity observed during
potential oscillations cannot be attributed solely to the notion
that periodically raising the potential “clears” the surface of
strongly bound intermediates, but that the clearing facilitates the
formation of new, oxidizable FAf and CO* species, eventually
resulting in an increased flux through both the indirect and
formate pathways. Oxidation via the formate pathway is also
increased, albeit to a significantly lesser extent.

The cycle-averaged attributes output by the MKM are
summarized utilizing heat maps, with fractional surface
coverages shown in Figure 6 and TOFs via each pathway
shown in Figure 7 for Epc = 0.7 V. (Additional heat maps for
each MKM output at Epc = 0.4—0.7 V can be found in Figures
S5—S18 in the Supporting Information). The surface coverages
of the primary intermediates (CO* and OH*; see Figures 6a and
6b) are generally found to decrease as the fand A values increase,
but the resulting increase in vacant sites, relative to
potentiostatic conditions (Figure 6c), does not completely
align with the activity “hotspot” region experimentally observed
at high A values (approaching Ep at high, constant f). While the
highest activity is reached at Epc = A, activity begins rising at
lower values of A, where the vacancy coverage is actually still
quite low. Examining the surface coverages of formate species
(Figures 6d and 6e) reveals that the relative abundance,
particularly of FAf, actually increases in the region of high f
and intermediate A values, suggesting that increased formate
adsorption and flux through the formate path are present at A =
0.3—0.5 V in the “hotspot”. This finding is consistent across all
simulated Ep values (Figures S10—S14 in the Supporting
Information) and provides evidence that the increased oxidation
rate during oscillation is not solely the result of maintaining
more reaction sites for the direct pathway to proceed.

Evaluating how the TOF through each oxidation pathway
changes over this range of A and f provides more insight into
how the net reaction rate is increased under oscillation
conditions (see Figure 7). The simulated total TOF (Figure
7a) aligns well with the previously presented experimental TOF
versus A and f (Figure 3), further suggesting that the model
captures a majority of the important processes involved in the
mechanism. It is clear from the model that, while the direct
pathway is still the primary route for formic acid oxidation
(Figure 7b), flux through both the indirect (Figure 7c) and
formate (Figure 7d) pathways increases at values of A and f,
where potential modulation results in the highest observed
reaction rates. Together with the findings from the surface
coverage simulations at other Ep values, this suggests that the
increased oxidation rate can be attributed to the acceleration of
all three pathways (~20% of the oxidation proceeding through
the formate and indirect pathways at 0.7 + 0.6 V, f= 10 Hz). The
resulting catalytic cycle is summarized in Scheme 4. Beginning at
low potentials (<0.4 V), the Pt surface is covered primarily in
CO%*, accompanied by significantly less FA¥, as well as a portion
of the surface free of adsorbates. As the potential rises, solution-
phase formic acid is able to undergo direct oxidation while a
portion is oxidatively absorbed alongside OH*, and while FA{ is
oxidized via the formate pathway. At potentials >0.9 V, the CO*
is removed via the indirect pathway and the resulting surface is
effectively poisoned by both OH* and FA§, thus shutting down
all pathways of oxidation. As the potential is then reversed and
lowered to more reducing potentials, the OH* is reductively
desorbed, thus freeing surface sites for FA# to reorient to FAf
while allowing the direct pathway to proceed again. As the
potential returns below ~0.4 V, a majority of this FA undergoes

Scheme 4. Proposed Catalytic Cycle for the Oscillatory
Electro-oxidation of Formic Acid on a Pt Electrode Based on
Microkinetic Model Simulations and Experimental
Observations”

CO, + H*/e” H

0% ™0 OH OH H'/e
> 0.9Vpue \ H0
co,
K0 G HGe
“*™S0 C OH o) o]

H*/e”
H,0
“The color of each arrow corresponds to the major pathway(s) at

each step (red, direct: blue, formate: green, indirect) and the
magnitudes represent the relative flux through the respective pathway.

a net reduction to form CO* and the cycle begins again. These
low-potential processes thus actually facilitate the formation of
intermediates for both the formate and indirect pathways,
resulting in an accelerated rate for both upon increasing the
potential again. While enough of the surface is kept free of
adsorbates to allow the direct pathway to continue to proceed
and the total activity to be maintained over time, this finding
suggests that the observed increase in formic acid oxidation
cannot solely be attributed to maintaining a “clear” reactive
surface; all of the pathways collectively proceed at higher rates
than observed under potentiostatic conditions.

B CONCLUSIONS

This work explored applying methods of potential-modulated
stimulation of electrocatalytic activity (PSEA) to the electro-
oxidation of formic acid via a sinusoidal potential modulation.
Rotating disk chronoamperometry experiments revealed that
applying a wave with Epc > 0.5 Vand an A > 0.5 V resulted in a
current density that was higher than that observed under optimal
potentiostatic conditions; furthermore, the PSEA approach
improved resistance to deactivation as a result of the buildup of
spectator adsorbates. The largest increase in activity was
observed during an hour-long experiment at 0.7 + 0.6 V with f
= 10 Hz and was found to be ~30-fold higher than the
potentiostatic experiment at 0.7 V, holding all other factors
constant. The resistance to deactivation during modulation was
characterized by a decrease of only 7% between S and 60 min of
continuous operation, compared to a 60% decrease under the
most active potentiostatic conditions (0.6 V). A microkinetic
model was utilized as a qualitative means of understanding how
the underlying reaction pathways contribute to the increase in
activity. While a majority of the increased activity is due to the
periodic clearing of strongly bound CO* from the surface, the
model suggests that the potential oscillations actually increase
the rates of both the indirect and formate pathways by
facilitating the initial formation of FA§¥, and subsequently
CO*, during the cathodic sweep. Based on these findings, we
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suggest that high fidelity kinetic modeling, combined with
advanced optimization techniques, could be used to customize
waveforms to achieve even higher activity, stability, and
selectivity in formic acid oxidation and many other reactions.
PSEA methods thus show promise as a means of accelerating
electrocatalytic reactions, as well as for aiding in discernment of

mechanistic aspects of these reactions.

B ASSOCIATED CONTENT
@ Supporting Information

The Supporting Information is available free of charge at

https://pubs.acs.org/doi/10.1021/acs.iecr.0c04414.

Heat maps showing cycle-averaged currents during the
final 60 s of a 300 s experiment with 0.1 M formic acid
(Figure S1) and without formic acid (Figure S2); GC
confirmation of linearity between CO, and charged passes
(Figure S3); complete data set for chronoamperometry
experiments run for 3600 s (Figure S4); and all cycle-
averaged attributes found in model simulation results
(Figures S5—S18) (PDF)
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