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Electrochemical ethylene production rates are enhanced by
pushing favourable local electrolyte conditions to occur at higher
current densities and lower relative overpotentials. In particular
the combined influences of electrode morphology and buffering
on electrode pH and CO, conditions are assessed.

Electrocatalytic reduction of carbon dioxide (CO,) to produce
valuable carbon-based fuels and feedstocks is an important
step in utilizing intermittent renewable energy.! As compared
to promising photocatalytic CO, reduction,”™ the electro-
catalytic approach is attractive due to its higher throughput
and energy conversion efficiencies, despite requiring an exter-
nal energy source. Several carbon-based compounds can cur-
rently be produced via the electrocatalytic CO, reduction reac-
tion (CO,RR) including carbon monoxide (CO),>” methane
(CH,),® formates,”'® methanol,"" and ethylene."*"* Among
these products ethylene (C,H,) benefits from a large existing
global market and price point compared to other one- and
two-carbon products. To date, copper (Cu), Cu-based materials
and N-doped carbon'* are the only known catalysts that can
produce C,H, with encouraging efficiencies.

Significant research efforts have focused on increasing the
Faradaic efficiency (FE) of C,H, on Cu-based catalysts via
material-based mechanisms. The use of an oxide-derived Cu
catalyst has recently proven to have superior reaction kinetics
for C,H, production with multiple authors reporting FE’s
greater than 40%.">° The record FE of 60%, however, belongs
to a plasma-activated Cu oxide-derived surface configuration.'?
Nanostructure engineering of Cu metal offers an additional
path to high C,H, FE. Various surface morphologies have been
devised using Cu-based catalysts including nanoparticles,”**"
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nanocubes,'®?* and nanowires,>>>* with the highest FE for

C,H, reaching 41%.

In addition to varying catalyst design, both experimental and
theoretical research has pointed to the reaction environment as
a primary factor in C,H, selectivity on oxide-derived Cu. Most
notable is the local pH at the electrode surface which varies as a
function of current density and buffering capacity.>>>® On a Cu-
oxide derived catalyst a higher local pH has been shown to
inhibit the surface protonation pathway of adsorbed CO
towards methane, resulting in an increase in CO-CO
coupling leading to C2+ product formation.”**” A way to locally
influence local pH is confinement which has also been shown
to influence selectivity with both shallow nanopores®® and
deeper micropores*>*® enhancing C,H, and ethane (C,H,) for-
mation, in addition to maintaining high concentrations of reac-
tion intermediates within the pores. Similar mass transport
manipulations on the microscale were also meticulously studied
in the context of CO formation where H, formation was sup-
pressed via diffusional gradients, albeit at low current densities
<1 mA ecm™>.*' Confined structures, however, simultaneously
restrict transport of CO, reagent from the bulk electrolyte limit-
ing the use of this approach for attaining higher currents.

Despite increases in selectivity and understanding the
underlying mechanisms of C,H,; production via CO,RR,
maximum C,H, production rates under ambient conditions
(1 atm, 298 K) have been limited to low partial current densities
(<15 mA cm™?). Reaching higher C,H, partial currents requires
more than increasing the mass transport of CO,, however, due
to competing CH, and hydrogen (H,) production, both of which
increase significantly with overpotential. Using a simplified sup-
porting model and a roughened electrode Kas et al. began to
address the entangled reaction processes by manipulating
pressure and electrolyte buffering to preferentially switch selecti-
vity between CH, and C,H,.*” Interestingly the C,H,/CH, ratio
was increased by two separate means, (i) by using low buffering
concentrations to increase local pH and suppress CH, and,
(ii) by oversupplying CO, using high pressure to increase
CO surface coverage, promoting CO dimerization®® and C,H,4
formation. Similarly Varela et al. varied electrolyte concen-
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tration on a mechanically polished electrode surface finding
that while H, and CH, formation increase with buffering, the
C,H, production rate remains relatively constant indicating
the increased proton availability promotes competing reac-
tions while maintaining C,H,.** In parallel, Xiao et al. identi-
fied onset potentials for both C,H, and CH, on Cu (111) at
different pH values. While the onset potentials for each
product were equal at a pH of 7, the onset potential for CH,
was suppressed by ~250 mV at a pH of 12, suggesting that
CO,RR can be driven towards C2 products only over a narrow
range of operating potentials.>® These findings are similarly
supported by the experimental findings of Schouten et al.*®
and highlight the numerous contributing factors that must be
taken into account to simultaneously improve C,H, selectivity
and current density on oxide-derived Cu catalysts.

Here we assess the importance of varying electrode surface
area, morphology and CO, availability in concert with electro-
lyte concentration to increase C,H, partial current densities on
oxide-derived Cu. A primary focus is to promote C,H, selecti-
vity by operating within local environments that suppress the
primary competing CO,RR product, CH,, which both con-
sumes CO, reagent and reduces overall C,H, selectivity. Where
possible the Cu-oxide derived electrodes should then be oper-
ated in a narrow potential window immediately after the onset
of C,H, production with the surrounding microenvironment
at an elevated local pH. Using an updated electrochemical
model accounting for surface mass transport as guidance for
our experiments, we operate several electrode morphologies
within the expected overpotential window for C,H, production
and show a shift in the peak C,H, selectivity towards higher
overall current densities. The impact of buffering on CO, avail-
ability is also addressed. Finally, the opportunities and funda-
mental limitations of C,H, production on Cu-oxide derived
catalysts in fully aqueous systems is discussed.

Results and discussion

To create electrodes with varying active surface areas but
similar surface characteristics we first electrodeposited thin
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Cu layers onto a cleaned Cu foil surface. Operating in galvano-
static mode with a current density of 3 A cm™? thin micro-
porous foams were formed as the result of simultaneous Cu
deposition and H, evolution.?” Four types of porous Cu struc-
tures were deposited using this method, with deposition dur-
ations of 2 s (Porous 1), 4 s (Porous 2), 8 s (Porous 3) and 16 s
(Porous 4). A bare Cu foil surface (Flat) was also used in
testing. Following the deposition process all five samples were
oxidized using a wet-chemical etching technique to provide a
uniformly oxidized surface (see Experimental section). SEM
images of the samples after wet-oxidation can be seen in
Fig. 1a—e with varying levels of roughness and porosity. The
surface area of the samples with increasing deposition times
was compared by plotting charging current densities vs. scan
rates to measure the double-layer capacitance (Fig. S1T) and
using under potential deposition of lead (Pb) (Fig. S2). Both
methods show an increasing trend in electrochemically-active
surface area with increased deposition time in agreement with
the SEM images. To confirm that the oxidation states of each
of our five samples were identical to one another, X-ray photo-
electron spectroscopy (XPS) measurements were performed
before and after the reaction (Fig. S31). In each case, it is
found that after the reduction reaction the copper oxidation
state from the wet-oxidation process was reduced. Similar to
the findings of other researchers we then conclude that the
formed oxide layer is reduced to bare Cu at the beginning of
the CO, reduction process, giving an oxide-derived Cu reaction
surface.’>?***° Further details about the electrode deposition
and oxidization process can be found in the Experimental
section while SEM images of each electrode as electrodepo-
sited, after wet-oxidation and after 30 min of CO,RR can be
found in Fig. S4 of the ESL.}

Prior to CO, reduction we characterized the bulk mass
transport properties from gas evolution on each catalyst to aid
in our analysis of the experimental results (see ESI{).*' The
mass transport properties of a particular surface are important
as they influence both the availability of CO, reagent and the
energetic efficiency of the reaction. The latter is important as
enhanced mass transport can reduce the overpotentials
needed to reach higher current densities allowing for CH, to

o%
20 40 60 80 100 120 20 40
Bubble diameter (um)

20 40 60 80 100 >120
Bubble diameter (um)

50% [ I

0%
60 80 100 120
Bubble diameter (m)

20 40 60 80 100 120
Bubble diameter (um)

20 40 60 80 100 120
Bubble diameter (um)

Fig. 1 (a—e) SEM Images of five different flat and electrodeposited Cu electrodes that have undergone a wet-chemical oxidation process. Scale bars
are equivalent to 20 um, inset scale bar in (a) is 3 pm. (f—j) Images of gas product bubbling during CO,RR on various Cu electrodes taken using a
dark field optical microscope. Scale bars are equivalent to 200 pym. Below each bubble image is a histogram showing the distribution of bubble

diameters.
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Fig. 2 Predicted local electrode CO, concentration using a diffusion
based model and variable-diffusion thickness for five Cu-oxide derived
electrodes of varying morphology in 0.1 M KHCOs.

be suppressed over a larger current range during C,H, pro-
duction. Using a dark field microscope we observed gas evol-
ution from each morphology and measured the diameters of
the released bubbles in order to calculate the bubble-induced
mass transport in each case. At current densities over 10
mA cm™? bubble-induced mass transport dominates over the
effects of moderately a stirred beaker resulting in a varying
diffusion layer thickness that can be approximated using the
bubble size distribution from a gas-evolving electrode. This
addition represents the primary modeling deviation from the
widely utilized model by Gupta et al>>*> The measured
bubble-size distributions are shown in Fig. 1f-j in addition to
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still images of the gas evolution on each structure. By pairing
these results with the diffusion layer modeling aspects of
other established models,***** the local pH and CO, concen-
tration at the electrode surface is approximated as a function
of current density and product selectivity. Using a prescribed
selectivity distribution of 50% H,, 30% C,H,4, 10% CHy, 5%
HCOOH and 5% EtOH the predicted mass transport kinetics
of each morphology can be compared by predicting the local
CO, concentration as a function of current density as shown in
Fig. 2. From Fig. 2 the Porous 2 sample provides the greatest
mass transport while the Flat, Porous 1 and Porous 4 samples
result in the worst.

As a baseline for comparison to our porous samples we first
performed reduction experiments on our Flat Cu sample (see
Experimental section for details). The FE’s of C,H, for several
current densities were obtained in KHCO; concentrations of
0.1 M, 0.2 M, 0.3 M and 0.5 M and are plotted in Fig. 3a. As
shown in Fig. 3a and b the C,H, selectivity decreases with
increased buffering concentration while CH, selectivity increases
as has been similarly demonstrated elsewhere.’®** It is important
to note that despite a drop in C,H, selectivity the overall pro-
duction rate remains relatively constant (see Fig. S51). Using our
model accounting for mass transport on the flat electrode we pre-
dicted the local pH and CO, concentration in Fig. 3d and e using
the same prescribed selectivity as in Fig. 2 and compared the
results against our experimental operating voltages.

At 0.1 M KHCOj; the potentials at which both CH, and C,H,
were detected is —1.1 V vs. reversible hydrogen electrode (RHE)
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Fig. 3 (a) CoH, selectivity versus current density for various KHCOs concentrations on a flat oxide-derived Cu catalyst. (b) CH,4 selectivity versus
current density for various KHCO3z concentrations on a flat oxide-derived Cu catalyst. (c) Applied potential for each current density and electrolyte
concentration. Predicted (d) local electrode pH and (e) local electrode CO, concentration using a diffusion based model and variable-diffusion thick-
ness. The inputted selectivities used to calculate the gas evolved from the electrode and electrons consumed for (d) and (e) are 50% H,, 30% C,Ha,

10% CH,, 5% HCOOH and 5% EtOH.
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at low overall current densities (Fig. S6). As the local electrode
PH increases with current density we then expect the onset
potential of CH, to shift to higher overpotentials while the
onset potential of C,H, remains fixed. As current is increased,
however, we observe both CH, and C,H, production increasing
towards a peak selectivity. As seen in Fig. 3a and b, however, as
the total current approaches 50 mA cm™> the C,H, partial
current density remains relatively constant while CH, pro-
duction greatly decreases. Observing Fig. 3d the drop in CH,
corresponds to the predicted local pH of 12 at an operating
potential of —1.4 V, 300 mV greater than our observed C,H,
onset potential of —1.1 V. These results indicate that while
CH, may be partially suppressed at higher current densities
for the Flat electrode at 0.1 M KHCOj3, the operating potentials
needed to obtain a higher local pH (via current density) is
misaligned with what would be required to achieve a signifi-
cant ratio of C,H,/CH,. In the elevated electrolyte concen-
trations our simulations show that the current densities
needed to reach high local pH conditions also do not
sufficiently align with the required applied potentials to mean-
ingfully suppress CH, production. Furthermore, as seen in
Fig. 3¢, higher buffering concentrations result in overall more
active catalysts for both H, and CH, formation due to an
increased concentration of proton donors.** Higher buffering
further lowers polarization losses due to pH gradients contri-
buting to more efficient overall reactions.>®

Of additional interest is the predicted local CO, concen-
tration of the Flat samples as a function of current density
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and buffering capacity. As seen in Fig. 3e at 0.1 M KHCO;
concentrations the system is expected to become CO, limited
at 90 mA cm™> for the prescribed selectivity distribution; at
higher KHCO; concentrations this limiting CO,RR current
density increases. The simulation results in Fig. 3e then indi-
cate that the availability of CO, is significantly affected by the
higher local pH present within the diffusion region at higher
currents, despite the relatively slow hydration kinetics of the
CO, to bicarbonate reaction. Thus while low electrolyte con-
centrations have experimentally allowed for favorable C,H,/
CH, ratios, the findings in Fig. 3e highlight the necessity of
increased buffering concentrations to also obtain signifi-
cantly higher current densities in fully aqueous reaction
systems.

Learning from the limitations of our Flat catalyst, a more
energetically efficient catalyst can be used to better align the
local electrode pH with the onset potential of C,H,. A similar
set of experiments to the Flat sample were then undertaken on
our electrodeposited oxide-derived Porous catalysts with
increased surface roughness and mass transport character-
istics. Similar to the Flat sample experiments, gas is collected
after 30 minutes of CO, reduction, but the selectivity towards
C,H, is maintained for at least 45 minutes (a sample test is
shown in Fig. S71). The operating potential also remains stable
at the applied current density while minimal change in the
morphology is observed before and after CO,RR (Fig. S4t). As
seen in Fig. 4a each of the porous structures result in the peak
C,H, selectivity shifting to greater overall current densities.

){f
5 = 01M —8—Flat
< 25 |- = Porous1
£ Porous2)|
= —o— Porous3
% 20 ¢ —{— Porous4|
3 15 |
°
5 10 f
3 57
<t
IN 0 . N T
© 2 475 15 125 -1
V vs RHE (V)
(d) 14
0.1 M —8—Flat
12 —&—Porous1
< 10 } Porous2
5 —— Porous3
< B —#— Porous4
<t
5 °
4 F L)
2 |
0 1 1 1 1 1

0 25 50 75 100 125 150
Current density (mA cm-2)

Fig. 4 Impact of mass transportation and electrode surface area on each electrode morphology in 0.1 M KHCOs. (a) C,H4 selectivity and (b) CoH4
to CH, ratio on each catalyst as a function of current densities. (c) CH4 current density and (d) C;H4 current density versus applied potential. Solid

curves are guides for the eye.
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The ratio of C,H,/CH, product formation similarly increases
with Cu deposition time as seen in Fig. 4d with each sample
showing multi-fold increases over the Flat sample. The
increase is attributed to the decreased overpotentials needed
to reach higher currents as seen in Fig. S8t resulting in a
higher local pH closer to the onset potential of C,H,. As the
onset potential of CH, production is shifted to higher overpo-
tentials with increasing local pH, electrodes with larger rough-
ness and porosity also allow for favorable C,H, formation over
a broader current density range as shown in Fig. 4d. While the
Porous 3 and 4 structures exhibit high C,H,/CH, ratios, the
overall C,H, selectivity and current density is low. Similar to
the Flat structure we hypothesize this may be due to poor CO,
availability in the Porous 3 and 4 samples at currents above
50 mA cm > as calculated from our mass transport model
(Fig. 2). Additionally, while our modeling analysis assumes a
rough planar electrode, the CO, concentration within deeper
pores would likely be lower than our predicted value due to a
larger overall diffusion thickness from the bottom of the
cavity. Thus while higher surface areas from porous materials
are shown to be desirable from an energetic efficiency and
C,H,/CH, perspective, they should be balanced with sufficient
mass transport to supply the necessary reagent to maintain
higher CO,RR currents. The Faradaic efficiencies are then
highly nanostructure-dependent, with both morphology-
induced mass transport and surface area influencing the local
reaction environment.

Observing the Porous 2 sample, a partial C,H, current of
23 mA cm > is achieved (Fig. 4b). We attribute the higher
selectivity and partial current to the increased mass transport
which allows a higher local CO, concentration to be main-
tained at the electrode as current is increased. As shown by
Kas et al. when increasing system pressure, increased CO,
availability subsequently increases CO surface coverage. With
greater surface coverage of CO the maximum formation rate of
C,H, would then be expected to increase,**** highlighting the
importance of maintaining ample CO, concentration at the
electrode surface. For all samples the overall partial C,H,
current eventually saturates at higher overpotentials as shown
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in Fig. 4b while the selectivity begins to decrease. The Tafel
slopes for the target products are shown in Fig. S9.1

From the results of our experiments in 0.1 M KHCO; and
our modeling results in Fig. 3d and e, the electrolyte concen-
tration plays a large role in local pH and CO, availability which
in turn impacts C,H, production. Previously for the Flat
sample increasing buffering resulted in decreased C,H, for-
mation due to a misalignment between the local pH and the
onset potential of C,H,. For our more electrochemically active
Porous samples, however, higher total current densities are
possible at lower overpotentials potentially allowing for high
buffering capacities to be used, thereby increasing current den-
sities where CO, is predicted to become limited. Each of the
electrodes were subsequently run at an elevated KHCO;3 con-
centration of 0.2 M with increased overall current densities.
The resulting C,H, selectivity curves shown in Fig. 5a mimic a
similar overall trend as the 0.1 M KHCO; tests in Fig. 4a, with
the peak selectivity again shifting further to higher current
densities in order of increasing deposition time. In the higher
buffering environment three of the five samples also reach a
C,H, selectivity of ~30% with the Porous 2 and 3 samples
achieving a high partial C,H, current of greater than 35
mA cm™ 2. The best performance, however, belongs to a Porous
2 sample operated in 0.2 M KHCOj; electrolyte concentration
using a total current density of 120 mA em™?, achieving an FE
for C,H, of 29.7% and a jou, of 35.6 mA cm™>, a 3.4-fold
increase in C,H, current density as compared to the Flat
sample. Additionally all Porous samples exceed their peak
partial C,H, current density as compared to the 0.1 M
buffering case as seen in Fig. 5c. The increase in partial C,H,
current is in contrast to our Flat sample and the findings of
Varela et al. where the higher buffering is expected to increase
the availability of proton donors, increasing reaction kinetics
for H, and CH, formation, but not C,H,. We conclude the
increased CO, availability from the higher electrolyte concen-
tration also increases CO surface coverage increasing CO-CO
dimerization and C,H, currents, similar to that found when
increasing CO, partial pressure by Kas et al. Finally, as shown
by the simulation in Fig. 3d, the additional buffering capacity
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also requires a higher current density to reach a higher local
pH which explains the observed shift in peak C,H, selectivity
to higher current densities.

From our results several important trends are extracted.
The first is in regards to the importance of increasing surface
roughness to drive CO, product formation towards C2 pro-
ducts rather than CH,. Under both 0.1 M and 0.2 M electro-
lyte concentrations higher C,H,/CH, ratios were obtained
with increasing electrode roughness and porosity as higher
currents are observed at lower overpotentials. Heightened
local pH values can then occur closer to the observed onset
potential of C,H,, suppressing CH,. Secondly, our experi-
mental and modeling results indicate that CO, limitations
occur as a result of operating under high local pH conditions,
affecting maximum CO,RR production rates. While surface-
derived mass transport effects can partially mitigate pH-
driven CO, limitations, as illustrated by the performance of
the Porous 2 sample, substantial increases in C,H, current
densities requires an increase in the electrolyte buffering
capacity. Finally, while higher electrolyte concentrations are
fundamentally needed to achieve higher efficiencies and pro-
duction rates of C,H,, increasing the concentration of HCO;~
can provide too strong a buffering affect to take advantage of
separating the onset potentials of C,H, and CH,.
Additionally, the increased proton availability can facilitate
competing H, and CH, reactions.

Maximizing the performance of C,H, production on oxide-
derived Cu then requires a number of contending factors to be
taken into consideration including operating potential, CO,
availability and catalyst activity. Under aqueous H-cell con-
figurations C,H, production will then always be confined to a
narrow operating region where C,H, is most favorable before
either competing reactions take over or the CO, reagent is
depleted by consumption or pH-driven conversion into car-
bonate. For efficient C,H, production it is then necessary to
design catalysts and systems that enable decoupling of these
underlying factors to provide further degrees of freedom to
increase selectivity and current density concurrently.
Catalytically this requires further pH-independent separation
of C,H, and CH, onset potentials through material design and
a better understanding of individual reaction mechanisms
through theoretical studies. System-based approaches, such as
flow cell devices, can also be used which allows for catalysts to
operate in a high pH media with ample CO,, providing a much
broader current range where optimal reaction conditions can

exist.*>*°

Conclusion

In this work we assessed the potential of increasing the partial
current density of C,H, on oxide-derived Cu within an H-cell
configuration. By creating electrodes with varying surface areas
and mass transport properties we were able to increase the
C,H, partial current to 35.6 mA cm™> on our Porous 2 sample,
a 3.4-fold increase over the Flat comparison. Highlighted by

4028 | Green Chem., 2017, 19, 4023-4030
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our experiments are the fundamental constraints of C,H, pro-
duction on a Cu-oxide derived catalyst due to the coupled
effects of the applied potential on current density and local
pH. When poorly aligned, low C,H,/CH, ratios are observed
while operating under high local pH conditions are shown to
additionally constrain CO, availability, hindering maximum
current densities. We hope the combined material and mass
transport analysis presented aids in disentangling the compet-
ing influences of CO, reduction on Cu-based catalysts and that
similar methods can be used in the testing of newly discovered
catalysts in the future.

Experimental section

Cu foil substrates with a 99.9% purity were purchased from
Sigma Aldrich. Cu foil was cleaned prior to wet oxidation or
electrodeposition. The sample was first sonicated in 3 M HCl
for 10 minutes, and then sonicated in isopropanol for
10 minutes. The samples were rinsed with deionized water
and dried in a flowing nitrogen gas stream following each of
the cleaning steps. All samples used in this work had a
working area of 0.09 cm>.

Electrodeposition of a Cu foam structure was performed as
described previously.”” Briefly, a two-electrode system in an
80 mL beaker was used for the deposition process. The
working electrode (substrate for deposition) and the counter
electrode were both Cu foil (99.9% purity, Sigma Aldrich).
A precursor solution that consists of 0.2 M CuSO,, 0.7 M H,SO,,
and 1.2 M (NH,),SO, was used. An electrochemical worksta-
tion (Autolab PGSTAT204) running in galvanostatic mode at a
current density of 3 A ecm™> was used for the deposition, and
deposition duration was varied and specified accordingly in
the main text.

Wet oxidation of the Cu samples was performed as follows.
Cleaned flat Cu foils or electrodeposited Cu foam samples
were immersed into an oxidant solution consisting of 60 mM
HCI (Sigma Aldrich) and 60 mM H,0, (Sigma Aldrich) without
stirring for 60 seconds. The samples were immediately rinsed
in deionized water and dried again in a flowing nitrogen gas
stream.

The electrochemically active surface area was assessed by
capacitance measurements with different scan rates as shown
in Fig. $1.7*® CV scans are performed in 0.1 M KHCOj; satu-
rated with CO,. The change in electrochemically active surface
area was additionally assessed by the under potential depo-
sition of Pb (Fig. $21)."> An aqueous electrolyte containing
0.01 M Pb(NO3), and 0.1 M HCI was used.

The composition of the nanoparticles formed on the Cu
foil substrate after wet-oxidation were observed by X-ray diffrac-
tion (XRD) in Fig. $10.7 X-ray photoelectron spectroscopy (XPS)
were performed for each of the flat and porous samples before
and after CO,RR as shown in Fig. S3.f The spectra before
CO,RR show a Cu 2p3/2 peak of 932.41 + 0.1 eV and after
CO,RR a reduced peak of 932.15 + 0.08 eV. The XRD pattern of
the sample after wet-oxidation shows primarily Cu(i) oxide

This journal is © The Royal Society of Chemistry 2017
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present on the Cu substrate with minor amounts of Cu(u)
oxides also present.

An Autolab PGSTAT204 electrochemical workstation was
used for all electrochemical processes described in this work
with new samples used for each data point. The electro-
chemical workstation was run in galvanostatic mode at various
current densities and product gases were collected after
running for 30 min at the prescribed current. Gas product
detection was performed using a PerkinElmer Clarus 680 gas
chromatography system. For the Porous 2 sample the experi-
ments were also run in potentiostatic mode at the same poten-
tials found from the galvanostatic setup. The resulting current
densities are found to agree with the prescribed currents as
seen in Fig. S11.7

All CO, reduction experiments were performed in a three-
electrode system connected to the electrochemical workstation.
An Ag/AgCl (with saturated KCl as the filling solution) and
platinum foil were used as reference and counter elec-
trodes, respectively. Electrode potentials were converted to the
reversible hydrogen electrode (RHE) reference scale using
Erur = Eagiagal + 0.197 V + 0.0591 x pH. The KHCO; electro-
Iytes with concentrations 0.1 M, 0.2 M, 0.3 M and 0.5 M
saturated with CO, have pH values of 6.8, 6.9, 7.0 and 7.2,
respectively. The experiments were performed in a gas-tight two-
compartment H-cell separated by an ion exchange membrane
(Nafion117). 30 mL of electrolyte was used in both the anode
and cathode sides, and the gas phase headspace in both the
anode and cathode sides was approximately 20 mL. The electro-
lyte in the cathodic compartment was stirred at a rate of 500
rpm during electrolysis. CO, gas (99.99%, Praxair) was delivered
into the cathodic compartment at a rate of 20.00 standard cubic
centimeters per minute (s.c.c.m.) and was routed into a gas
chromatograph (PerkinElmer Clarus 680). The gas chromato-
graph was equipped with a Molecular Sieve 5A capillary column
and a packed Carboxen-1000 column. Argon (Linde, 99.999%)
was used as the carrier gas. The gas chromatograph columns
led directly to a thermal conductivity detector to quantify hydro-
gen, and a flame ionization detector equipped with a methani-
zer to quantify methane and ethylene.

Bubble release diameters were determined by visual obser-
vation of gas evolution from each of the three primary elec-
trode surfaces: flat copper, oxidized Cu with short deposition
time and oxidized copper with longer deposition (Cu foam
structure). Bubble diameters were recorded at the time of
release from a horizontal electrode surface witnessed from
above using a dark-field microscope similar to our previous
publication.**
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