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Abstract: Efficient electroreduction of carbon dioxide has
been a widely pursued goal as a sustainable method to
produce value-added chemicals while mitigating greenhouse
gas emissions. Processes have been demonstrated for the
electroreduction of CO, to CO at nearly 100% faradaic
efficiency, and as a consequence, there has been growing
interest in the further electroreduction of carbon monoxide.
Oxide-derived copper catalysts have promising performance
for the reduction of CO to hydrocarbons but have still been
unable to achieve high selectivity to individual products. A
pulsed-bias technique is one strategy for tuning
electrochemical selectivity without changing the catalyst.
Herein a pulsed-bias electroreduction of CO was investigated
on oxide-derived copper catalyst. Increased selectivity for
single-carbon products (i.e., formate and methane) was
achieved for higher pulse frequencies (< 1 s pulse times), as
well as an increase in the fraction of charge directed to CO
reduction rather than hydrogen evolution.

Introduction

Developing viable routes to convert waste CO; to value-
added chemicals is receiving increasing interest as a
strategy to decrease greenhouse gas emissions.! Several
technoeconomic analyses have indicated that with sufficient
performance improvements, several products could be
commercially produced through electrochemical CO;
reduction.> 3 Copper is one of the few catalysts that has
shown high activity for producing hydrocarbons and
oxygenates through the carbon dioxide reduction reaction
(COzRR).# Oxide-derived copper (OD-Cu), wherein an
oxidized Cu surface is subsequently electrochemically
reduced, possesses a high electrochemically active surface
area with a high density of grain boundaries, which has led
to increased activity compared to planar Cu.> ¢ However,
designing catalysts for very high CO;RR selectivity to a
single product is hindered by the scaling relations which
limit the degree to which the binding energy can be
simultaneously optimized for the various intermediate
reactions in a multi-step reaction.” For a simple single-
carbon product like CO, several other catalysts have been

able to achieve near 100% faradaic efficiency (FE) from
CO; at high current density.®

Thus, a promising approach to mitigate the limitations of
the CO;RR scaling relations is the further direct
electrochemical reduction of CO in a second electrocatalytic
system. Cascade electrolysis systems have been
demonstrated by first reducing CO, to CO with Au or Ag,
then subsequently flowing the CO to a second electrolyzer
or catalyst for a more selective secondary reduction.% 10
With OD-Cu, for instance, the grain boundary active sites
promote adjacent CO binding and subsequent C-C bond
formation, leading to higher FE for C2 products like ethanol
and acetate compared to conventional Cu for the
electrochemical CO reduction reaction (CORR).!!* This
approach has motivated significant recent study of CO
reduction,*? 13 which has yielded advancements like > 90%
FE for CORR at a partial current density of over 600 mA
cm?, enabled by CO gas flow-through electrolyzer
designs.*

Beyond maodifications to the catalyst, the reaction
branching pathway can also be tuned by affecting the
dynamics at the electrochemical interface by pulsing the
applied bias to the electrolyzer. This approach manipulates
a complex interplay between the pulsing frequency and
vertex potentials with the balance between reaction kinetics
and mass transfer as well as the charging and discharging
of the electrode double-layer capacitance.'® For potential
pulses in the multi-second time range, improved CO,; mass
transport to the electrode during the rest pulse enabled
modestly enhanced FE for CH, and C, products.¢-18 In the
sub-200 ms pulse time range, the charging/discharging of
the electrode capacitance favored CO;RR intermediate
desorption and resulted in tunable and selective syngas
(H2+CO) formation.'® Pulsed-bias CO;RR activity was also
shown to depend strongly on the electrode geometric
surface area, with the differences attributed to induction
time and the rate of double-layer charging.’® Pulsed-bias
electrolysis has further been demonstrated to have the
added benefit of mitigating catalyst poisoning from
contaminants or byproducts by repeated reduction/oxidation
of the electrode interface to release or convert the
undesired adsorbed species.? 2! Despite the increasing
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interest in electrochemical CO reduction, however, few if
any reports exist on the ability of pulsed-bias conditions to
direct the selectivity of CORR. Herein, we have
investigated the effects of variable electrolysis parameters
on the product distribution for reducing CO with a highly
nanostructured OD-Cu catalyst surface.

Results and Discussion

First the behavior of OD-Cu for CORR under potentiostatic
conditions without pulsed bias was established (see
Experimental). After in situ reduction of the OD-Cu, current
density vs. potential (J-E) behavior was measured to confirm the
near absence of the peak corresponding to copper oxide
reduction (Fig. S1). Fig. 1 shows the CORR product FEs and
overall current density as determined at the end of a 60 min
electrolysis. The results are the average of three redundant
measurements at each potential. The product FE values (Table
S1) are consistent with other reports for potentiostatic CORR on

OD-Cu.*>22 Minimum H; production was observed at -0.30 V vs.

RHE, with a FE of 44.1%. Peak C,. product formation occurred
at -0.35 V vs. RHE, with FEs of 19.7% and 4.6% for ethanol and
acetate, respectively, as well as trace propanol with a FE of
0.35%. At -0.40 V vs. RHE, the gaseous C, products ethylene
and ethane were detected at a combined FE of 8.0%. At -0.25
and -0.30 V vs. RHE, the total FE to measured products was
significantly below 100%, and we attribute the balance to
continued restructuring and reduction of the electrode as well as
unquantified acetaldehyde. Acetaldehyde, which is known to be
an intermediate product on the way to ethanol formation,?? is
highly volatile. Although the low concentration makes it difficult
to quantify by GC with the dynamic flow mode used herein, a
static-headspace method has permitted quantification by
others.?? It was recently reported that acetaldehyde is a major
product (~60% FE) at low overpotentials on nanoflower Cu,*?
making this a likely source for much of the missing charge in Fig.
1. Furthermore, a moderate drop in current density occurred
during the 60 min electrolysis (Fig. S1), most likely due to a
partial loss of the Cu wire mesh-like nanostructures over time as
has been seen in other OD-Cu studies.> 1*

A small amount of formate, HCOO:, (< 1.7% FE) is
reported in Fig. 1 as an electrochemical CORR product on OD-
Cu. The presence of formate as a product is noteworthy
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Fig. 1. Product distribution for CORR on OD-Cu in CO-saturated aqueous 0.1
M KOH. Overall current density (diamonds) is the value after 60 min. Values
are the average of three measurements at each potential.
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because other groups have reported that it may arise via a non-
electrochemical route in CORR, perhaps as a hydration
product.’* Some formate is clearly generated through a non-
electrochemical route, as it has been demonstrated to form
under CORR conditions at open-circuit voltage (OCV) with a Cu
electrode.'? We performed additional control experiments to
further elucidate the behavior of HCOO- production on OD-Cu
for CORR. Figure S2 shows the total formate production rate on
OD-Cu at relevant potentials, including where no faradaic
current passed, as well as the formate produced in the absence
of an electrode. Only 0.09 pymol of HCOO" was detected without
the OD-Cu catalyst, which increased to 0.95 ymol for OD-Cu at
0 V vs. RHE and reached as high as 3.99 ymol at -0.35 V vs.
RHE.

While some formate is likely produced through a non-
electrochemical CO hydration, this route alone cannot
explain the observed potential-dependence of HCOO-
concentration. Instead, it is proposed that electrochemically
generated OH" from alkaline hydrogen evolution at higher
localized concentration in the vicinity of surface-adsorbed
CO on the electrode accelerates the rate of CO hydration to
formate (see Sl). Faradaic efficiency for formate by an
indirect electrochemical route was therefore determined by
subtracting the baseline molar production of HCOO" in the
0.1 M KOH electrolyte with an OD-Cu electrode at open-
circuit from the value measured at a given applied bias.
Variation in the HCOO" production under pulsed-bias
conditions was even more pronounced, further indicating
that a purely non-electrochemical route was not sufficient to
explain the generation of formate. The formate production
route, along with the proposed reaction pathways and
cathodic half-reactions for the other products for alkaline
CORR on OD-Cu are shown schematically in Figure 2.

For the pulsed-bias CORR experiments, the main
parameter investigated for its effect on the product
distribution was the pulse frequency. A square-wave pulse
between a cathodic potential, Ec, at -0.35 V vs. RHE and a
rest potential, E:, at 0 V vs. RHE was used consistently
throughout the study (Fig. 3a). The Ec value was selected
as the potential for maximum CORR FE, including to C;
products (Fig. 1). At the E: potential, no steady-state
faradaic current passes, which allows time for CO diffusion
without promoting the local oxidation of the CORR products
that might occur at more anodic potentials. Pulsed-bias CO
measurements applied the potential square wave for 60
min, of which only half that time was spent at the active Ec
reductive condition. After switching potentials, a transient
current decayed over ~1 s before reaching a pseudo-
steady-state current within the pulse. An example pulsed-
bias current density vs. time profile is shown in Fig. 3b.
Within each pulse, the current is a combination of non-
faradaic capacitive charging current and the faradaic
currents directing charge to CORR, the hydrogen evolution
reaction (HER), and Cu reduction/oxidation. It is difficult to
determine an unequivocal and quantifiable deconvolution of
the faradaic and non-faradaic components of the charge
passed. Although double-layer capacitive charging can be
fit with an RC circuit exponential fit, the underlying baseline
faradaic current is likely not constant and thus difficult to
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Fig. 3. (a) Pulsed-bias waveform alternating the OD-Cu potential between the

cathodic potential, Ec, at -0.35 V vs. RHE and a rest potential, E;, at 0 V vs.

RHE. (b) Example pulsed-bias current density response for 1 s pulse times.

accurately quantify. Thus, rather than calculate FEs in
pulsed-bias conditions, the selectivity in these experiments
is reported as the product distribution by charge. Moreover,
OD-Cu morphology after pulsing was investigated by SEM
and capacitance measurements (Figs. S3-6, Table S2).
With no clear trend in surface roughness observed with
pulsing times, we attribute the variations in product
distribution to the dynamic interfacial electrochemistry
rather than changes in the catalyst.

Pulsing times varied from 10 ms to 50 s, covering the
wide range of pulse frequencies reported in previous
pulsed-bias studies on Cu for CO,RR.**?! Figure 4 shows
the resulting product distributions measured at each pulse
time along with the total measured charge required to
produce all the detected products (Table S3). Each of the
values are the average of three individual measurements.
The total measured charge was determined by calculating
the required charge to produce all the measured products
from CO and H;O reactants.

With increasingly longer pulses, the product distribution
would be predicted to asymptote towards the values
observed for non-pulsed continuous electrolysis as steady-
state conditions increasingly dominate each pulse.'®
However, the observed CORR products for 50 s pulse

Time

times deviated appreciably from the values measured for
continuous electrolysis (Fig. 4a). In particular, a lower
fraction of ethanol and acetate was observed for long pulse
times relative to the no-pulse condition. A control
experiment was therefore conducted with a 30 min
continuous electrolysis followed by 30 min at OCV with
continued CO bubbling (i.e., a 1800 s pulse). The 1800 s
pulse product distribution was consistent with the values
measured for 50 s pulse times and also had notably lower
fractions of ethanol and acetate compared to the no-pulse
condition. We therefore attribute the reduced measured
fraction of these liquid C, products to changes occurring
during the rest periods of the pulsed electrolysis. Gaseous
CH4 and H; products, however, were observed in similar
amounts. The discrepancy between the observed liquid
products for long pulses and non-pulsed electrolysis is likely
attributable to the volatility of ethanol and acetate, leading
to the gradual vaporization of these products into the output
CO stream at concentrations below the GC detection limit in
the continuous dynamic flow mode used herein. Because
the NMR liguid product quantification measures the
accumulated product at the end of the experiment, the time
spent under active CO bubbling at the rest potential for
pulsed-bias conditions reduces the observed fraction of
volatile liquid products relative to a continuous electrolysis.
The reported product distribution by charge for ethanol and
acetate under pulsed-bias is therefore a lower limit, and the
actual fraction of C, species produced is assumed to be
higher. However, precisely accounting for the volatile
product with a static-headspace method is challenging for
CORR due to the low solubility of CO, which makes steady-
state reduction difficult in the absence of active CO
bubbling.

For non-pulsed CORR electrolysis at -0.35 V vs. RHE,
the faradaic efficiency for H, was 68.2%, and the total FE
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condition refers to a potentiostatic measurement at -0.35 V vs. RHE for 60 min.

for CORR was 28.8% (Fig. 1, Table S1). Accounting for
faradaic current to undetected products, this is equivalent to
a product distribution by charge of 70.3% for HER and
29.7% for CORR (Fig. 4a, Table S2). Vaporization of
volatile liquid products during the rest period accounted for
a decrease in the charge fraction of CORR, with a product
distribution by charge for CORR of 13% for the 1800 s
pulse time, and corresponding increase in HER to 87%.
The HER charge fraction increased to as high as 92.4% at
25 s pulses, then decreased with decreasing pulse times to
29.3% for 10 ms pulses (Fig. 4a, Table S2). CORR became
the dominant reaction over HER at 100 ms and shorter
pulses, accounting for ~70% of the charge, although the
total charge was lower in this pulse frequency range. While
the partial charge for CORR products increased from 4.1 C
at 25 s pulses to as high as 8.8 C at 100 ms pulses, the
partial charge for HER decreased from 50.1 C to 3.6 C
between the same conditions, respectively (Fig. 4c). Thus,
the decrease in the total measured charge at shorter pulses
can primarily be attributed to a decrease in the rate of HER.
Interestingly, this finding is the reverse trend of the results
observed in our previous pulsed-bias work on CO;RR on
Cu in neutral aqueous KHCOg;, in which the rate of H;
formation increased with shorter millisecond pulses.'® In
that work, an increase in HER relative to CO,RR at short
pulse times was attributed to the constantly changing
electric field due to double layer charging/discharging
leading to desorption of the CO;, reduction intermediates
and subsequent promotion of HER. In the present case, CO
binding and reduction is instead competing with alkaline
HER, in which water-splitting occurs through a OH-
intermediate rather than a H*. We thus speculate that the
non-faradaic current from charging/discharging which
dominates short pulses in the ms regime could have a
different effect on the binding energy and species
adsorption which acts to inhibit HER in this situation. In
addition, a less reductive potential (-0.35 V vs. RHE) was
used for CORR in the present work compared to the
potential (-1.0 V vs. RHE) applied for CO;RR in the
previous study, leaving less driving force for HER to
overcome competing effects in the present study.*®

Besides changing the relative rates of HER to CORR,
pulsing frequency also had an effect on the charge
distribution of carbonaceous products. For pulsed-bias
electrolysis, a general trend was observed in which shorter
pulses corresponded to a lower charge fraction of the
CORR products being directed towards C, species (Fig.
4b). Only minor variation was observed in the CORR
product distribution for pulse times > 5 s, which can be
attributed to the majority of the active Ec period being in
pseudo-steady-state for pulses of this duration. For pulses
< 1 s, however, more significant variation in the CORR
product distribution occurred (Fig. 4a). The charge fraction
of C, products was notably lower in the sub-second pulse
range, reaching as low as 3.0% of the CORR products for
10 ms pulse times (Fig. 4b). While some pulsed-bias
CO;RR studies have reported notable enhancements in
selectivity toward C, products at pulses in the 1 — 5 s
range,'®1® pulsing at 100 ms and below decreased C,
product formation.’® The short pulse time CORR results
herein are consistent with previous reports in which the
non-faradaic component is dominant at sub-second pulse
times and the continuously changing interfacial energetics
affect species adsorption and prevent the pseudo-steady-
state needed to promote adjacent adsorbed CO* species
capable of C-C bond formation to C; products.

Furthermore, with the decreased HER and C;
production at sub-second pulse times, the production of C;
methane and formate species increased as a result. The
partial charge for C; products varied from 2.6 C (0.4 C to
formate, 2.2 C to methane) at 25 s pulses to 8.2 C (3.9 C to
formate, 4.3 C to methane) at 0.1 s pulses (Fig. 4c, Fig.
S7). If the strong component of non-faradaic current
throughout the short pulse times inhibits HER and C-C
bond formation, reduction of the single adsorbed CO
becomes the preferred route. Full reduction and protonation
of the CO leads to CH4.2® As mentioned above, some
formate is produced through a non-electrochemical
hydration step, but the potential dependence of the formate
concentration indicates an electrochemical pathway exists
as well (Fig. S2). Increased formate production at short
pulses is consistent with the favored reduction of a single
adsorbed CO, as near-surface OH" reacts with the CO to
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make formate (see Sl). At longer active cathodic pulse
times, these reaction rates compete with diffusion of CO
from the bulk to the electrode, permitting greater HER
relative to CORR.

Conclusions

Herein, a pulsed-bias technique on a nanostructured Cu
surface was investigated using the pulse time as a parameter
for affecting the CORR selectivity. The 50% duty cycle used
for pulsed-bias conditions resulted in appreciable loss of the
volatile C, liquid products to the gas phase relative to a
continuous process. Using pulses from 0.01 — 50 s, the
selectivity to CORR was significantly enhanced at sub-second
pulse times mainly due to a decrease in the rate of the
competing HER, which is a different behavior than previously
observed for CO; reduction in neutral electrolyte.
Additionally, the shorter pulses greatly enhanced the
direction of charge to C; relative to C; products, reaching a
ratio as high as 97:3 at 10 ms pulse times. Consequently, sub-
second pulse conditions had significantly higher fractions of
the total charge resulting in the production of methane and
formate. Further study with variable duty cycle and applied
potential E. during the cathodic pulse may yield additional
conditions for controlling the selectivity of CORR on Cu.
Pulsed-bias studies such as these are a promising way to
achieve an additional systems-level control over the
electroreduction reaction as a way to complement the design
of catalyst materials for high selectivity.

Experimental Section
Membranes and Chemicals

All reagents were used as received, except for KOH
(reagent grade, Amresco) which was purified using the K
form of Chelex 100 (received as the Na form, Sigma-
Aldrich). All electrolyte solutions were prepared in 18 MQ-
cm water. The anion exchange membrane used in the
electrochemical cell was 100 um thick Selemion (AGC
Engineering Co., Ltd.), pretreated by soaking in a bath of 1
M KOH for over 24 hours to ensure there were negligible
membrane contaminants in the electrolyte.?*

Electrode Fabrication

Oxide-derived copper (OD-Cu) electrodes were prepared
from Cu foil (0.127 mm thick, 99.9%, Alfa Aesar) following a
published method.® ! The Cu foil was sonicated for 30 min
in acetone and isopropanol for cleaning and then
electropolished in 85% phosphoric acid (Macron Fine
Chemicals) at 2.0 V vs. a secondary Cu foil for 5 min under
vigorous  stirring. Both sides of the foil were
electropolished. The foil was then rinsed in 18 MQ-cm
water and dried under nitrogen. The Cu foil was
subsequently placed in a muffle furnace under ambient air
for thermal oxidation with a 1.5 h ramp up to 500 °C, 12 h at

10.1002/cssc.202000464

WILEY-VCH

500 °C, and then a 10 h ramp down to room temperature.
The CuOy foil was then placed in the electrochemical cell
with ~ 3 cm? exposed to the 0.1 M KOH electrolyte and
reduced at -0.5 V vs. RHE for 45 - 60 min until the current
density reached a steady-state value for 5 min at £ 5 mA
cm?2. Previous XPS and XRD characterization has
demonstrated a surface of Cu(ll) present as Cu,O after
thermal oxidation, converting to primarily Cu(0) after the
electrochemical reduction step, with the return of a thin
oxide layer and Cu(ll) and Cu(l) due to residual anodic
surface oxidation during pulsed-bias operation.5: 15

Electrochemical Measurements

Electrochemical CO reduction experiments were performed
with a BioLogic SP-200 potentiostat. The electrochemical
cell was made of polycarbonate plates and set up for a
three-electrode experiment with the OD-Cu foil as the
working electrode, Pt mesh as the counter electrode
separated from the cathode compartment by the
membrane, and a Ag/AgCl (CH Instruments, Inc.) in 3.0 M
KCI as the reference electrode.!® Potentials were calculated
from the equation VrHe = Vagiagei + 0.210 + 0.059*pH. The
pH of the 0.1 M KOH electrolyte was 13. Following
electrochemical reduction of the OD-Cu, the catholyte was
flushed and replaced with fresh 0.1 M KOH with a catholyte
volume of 7.5 mL. Prior to CORR measurements, the
electrolyte in both the cathode and anode chambers was
bubbled with CO (99.99%, Specialty Gases) at 10 sccm for
20 min and potentiostatic electrochemical impedance
spectroscopy (PEIS) was then used to measure the
uncompensated cell resistance. Typical resistances for the
cell ranged from 15 — 28 Q. The potentiostat was then set to
compensate for 85% of the uncompensated resistance
during the electrochemical CORR experiment, which was
conducted with a steady CO flow rate of 10 sccm through a
bubbler with 4 - 5 ym pores in the catholyte at the base of
the OD-Cu electrode. Electrochemical surface area
(ECSA) measurements were performed to obtain the
double-layer capacitance values of the OD-Cu electrodes
before and after pulsed-bias electrolysis.?®> A cyclic
voltammogram was produced at potentials without faradaic
current (0.02 to 0.26 V vs. RHE) and the non-faradaic
current was plotted versus the scan rate to calculate the
double-layer capacitance. The scan rates were 10, 20, 40,
60, and 80 mV s*. The roughness factor was estimated by
dividing the calculated OD-Cu electrode capacitance by the
approximate capacitance of atomically smooth Cu (29 uF).®

Product Analysis

CO reduction products were measured by gas
chromatography (GC, SRI 8610) and nuclear magnetic
resonance (NMR) spectroscopy for the gas and liquid
products, respectively. Both instruments were calibrated
with standard gases or liquid solutions. The concentration
of gaseous products was measured at 15, 30, 45, and 60
min. The liquid products were collected at 0 min and 60
min for each electrolysis experiment. The moles of each

This article is protected by copyright. All rights reserved.



ChemSusChem

liquid product were determined by taking the difference
between the final and initial concentrations. A 400 pL
aliquot of the catholyte was mixed with 100 pL of D,O that
contained ~100 ppm dimethyl sulfoxide (DMSO, ACS
grade, Amresco). The peak area of the DMSO internal
standard was compared to the peak area of each liquid
product in *H-NMR using a Varian 700 MHz cold-probe
while using a water peak suppression technique. For non-
pulsed experiments, the faradaic efficiency was determined
directly by comparing the charge required to produce the
measured products to the total charge passed as measured
by the potentiostat. Because of the constantly shifting
convolution of faradaic and transient non-faradaic (i.e.,
double-layer capacitive charging) currents during pulsed-
bias conditions, it is not straightforward to calculate faradaic
efficiency for pulsed-bias experiments. Instead, for pulsed-
bias experiments the selectivity was based on the product
distribution by charge, which was calculated by comparing
the charge required to produce a given product relative to
the charge required to produce all the measured products.
Thus, the product distribution by charge is the same as
faradaic efficiency except that it does not account for
charge passed which did not result in a detected product.

Catalyst Characterization

A scanning electron microscope (FEI NOVA nano-SEM
600) was used to image the surface morphology of the Cu
foil. A Bruker D8 powder X-ray diffraction (XRD) system
was used for crystal structure and phase analysis using
non-monochromated Cu-Ka radiation produced by an X-ray
tube operated at 40 kV and 40 mA. The sample XRD
patterns were scanned between 30-80° at a scan speed of
4 s per step with a step size of 0.02°.
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Variable pulsing frequency in a pulsed-bias electrochemical CO reduction affected selectivity and favored methane and formate at
short pulse times. Pulsed-bias electrosynthesis enables some control of product selectivity that can be complementary to catalyst

design. This type of CO reduction can be coupled to high efficiency reduction of CO, to CO for a two-step electrosynthesis of useful
products from CO,.
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