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Manipulating the Hydrocarbon Selectivity of Copper
Nanoparticles in CO, Electroreduction by Process

Conditions

Recep Kas,® Ruud Kortlever,” Hasan Yilmaz, Marc T. M. Koper,” and Guido Mul*®

The formation of ethylene in CO, electroreduction over rough
copper electrodes is often explained by the presence of specif-
ic surface crystal steps, edges and defects. We demonstrate
that an identical electrode covered with copper nanoparticles
can yield either predominantly ethylene or methane, depend-
ing on the electrolyte concentration and applied CO, pressure.
Calculations of the pH near the electrode surface suggest that
ethylene formation is favored by a relatively high (local) pH.
Furthermore, the conditions leading to the formation of signifi-
cant amounts of methane result in rapid deterioration of hy-
drocarbon production rates, whereas electrode performance in
conditions favoring ethylene production can be sustained for
hours. This study substantially alters the mechanistic interpre-
tation of formation of ethylene over rough copper surfaces
and implies that applied process conditions inducing pH varia-
tions near the electrode surface need to be taken into
consideration.

Electrochemical CO, reduction to CO, formic acid, hydrocar-
bons and alcohols is currently being extensively investigated,
with the aim of achieving an efficient temporary storage of
electricity produced by renewable energy sources. Many
polycrystalline metal electrodes have been analyzed in aque-
ous, organic, and ionic liquid electrolytes for the conversion of
CO, to valuable products.”® Electroreduction to CO and
formic acid is achieved with high selectivity at low overpoten-
tials in ionic liquids using nanocrystalline metal electrodes,
albeit with low current densities.®” Recent theoretical and ex-
perimental findings demonstrate that also in aqueous phase
electrolytes high CO, over proton reduction selectivities can be
obtained.®'? Copper is a unique electrocatalyst in that hydro-
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carbons can be produced at ambient pressure. Although
long chain hydrocarbons and a variety of products in minor
quantities have been reported, the dominant products are
methane and ethylene.'*' Various studies have demonstrated
that the product distribution of electrochemical reduction pro-
cesses over copper electrodes varies remarkably, depending on
the preparation of the copper electrode.®'® Recently oxide-
derived metal nanoparticles have received a lot of attention
due to a higher energy efficiency, selectivity and stability com-
pared to polycrystalline metal electrodes."®' Generally,
copper nanoparticles have been reported to show a high fara-
daic selectivity towards ethylene, as compared to smooth crys-
talline copper surfaces producing methane.'® Furthermore,
ethane formation was reported by Kanan and co-workers.'”
The selectivity differences observed in various studies discus-
sing copper-induced CO, reduction are usually correlated to
crystal morphology or roughness of the electrodes, the latter
associated with an abundance of specific crystal steps or de-
fects.'"2" Still, completely different selectivities have been ob-
served on similar morphologies with variation in rough-
ness,'®"®22 which suggests that the selectivity might have an
alternative origin than solely intrinsic catalytic properties. To
validate this hypothesis, we studied the effects of electrolyte
concentration and CO, pressure on the selectivity of methane
and ethylene on identical copper nanoparticles in a continuous,
pressurized reactor. The selectivity differences experimentally
observed are discussed on the basis of the calculated local pH
near the electrode surface, and recent (theoretical) findings de-
scribed in the literature.

Copper nanoparticles on copper substrates were prepared
by electrodeposition of cuprous oxide (Cu,0) from copper lac-
tate solutions and subsequent reduction in 0.1m KHCO; (see
Figures SI1, SI2, and SI3 in the Supporting Information, Sl). The
performance of these electrodes was tested at an applied po-
tential of —1.8 V (vs. Ag/AgCl) in a pressurized autoclave under
a continuous flow of CO,, while the gas phase products were
analyzed by gas chromatography (GC). The local pH and con-
centration of species near the electrode surface were calculat-
ed using the numerical approach introduced by Gupta et al.”*

In Figure 1a, the faradaic efficiency (FE) of hydrocarbons at
—1.8V (vs. Ag/AgCl) as a function of electrolyte concentration
is shown for similarly prepared electrodes with an initial oxide
thickness of 6 um. The high ethylene over methane ratio
(~30) observed at low electrolyte concentration changes to
methane being the dominant product at high electrolyte con-
centration. The geometrical current density under various con-
ditions is shown in Figure 1b. The high roughness factor of the
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Figure 1. a) Product distributions and b) current densities of CO, reduction as a function of electrolyte concentration, and c) as a function of CO, pressure. FE
of the products versus time graphs are shown in d) 0.1 m KHCO; 1 atm CO, and e) 0.5 m KHCO; 1 atm CO,, and f) as a function of pressure and electrolyte

concentration (applied potential for all: —1.8 V vs. Ag/AgCl).

electrodes (a roughness factor of ~16 was determined, Fig-
ure SI4), results in the identified high local current densities ob-
served. Figure 1c shows the change in hydrocarbon selectivity
as a function of pressure in 0.5 M KHCO,;. At 9 atm, the selectiv-
ity is comparable to that observed at 1 atm and 0.1 m KHCO;,
with FEs of 44% ethylene and 2% methane. In addition, formic
acid was detected in the aqueous phase at both low and high
pressures of CO, (Table SI1). Complete reversibility in selectivity
is demonstrated by experiments on one and the same elec-
trode (Figure SI7). Based on the results shown in Figure SI7,
any permanent morphological changes that might occur as
a result of exposure of the copper surface to high electrolyte
concentrations, high currents, and high CO, pressures can be
excluded.

Figures 1d and 1e show the FE of hydrocarbons and hydro-
gen versus time at an applied voltage of —1.8V (vs. Ag/AgCl)
in 0.1m and 0.5 M of KHCO,, respectively. The electrode shows
no sign of deactivation over the course of 4h at 0.1m of
KHCO;, whereas the same electrode producing predominantly
methane in 0.5m KHCO; deactivates significantly in time with
respect to CO, reduction efficiency. Hydrogen production is
not affected and in fact slowly increases as a function of the
reaction time. In Figure 1f, the change in quantity of hydrocar-
bons is given as a function of time for different electrolyte con-
centrations (0.1-0.5M) and pressures (1-9 atm). The time
needed to reach steady-state reactor conditions (CSTR approxi-
mation) increases as a function of increasing pressure. The de-
activation of the electrode at low pressures (1 and 2 atm),
when methane is the dominant product, is clearly visible
by the continuous decrease in FE at steady-state reactor
conditions.

In Figure 2, the calculated pH at the electrode surface is
shown as a function of electrolyte concentration for current
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Figure 2. Estimated (local) pH at the electrode surface as a function electro-
lyte concentration at different current densities and pressures and corre-
sponding bulk pH (independent of current density) for different electrolyte
concentrations.

densities of 5, 10 and 15 mAcm™2 at 1 and 9 atm. The origin of
the high local pH near the electrode surface is the release of
OH™ during CO, reduction and hydrogen evolution, which in-
creases as a function of increasing current density.”? An in-
crease in KHCO; concentration results in an increasing bulk pH
and decreasing local pH at the electrode surface, due to the
buffer capacity of the electrolyte. An increase in CO, concen-
tration induced by high pressures contributes to the buffer ca-
pacity of the solution by forming bicarbonate through reaction
with OH™, and consequently, a high CO, pressure leads to
a lower local pH at similar bicarbonate concentrations
(Figure 2). It should be noted that for the calculations, it was
assumed that nanoparticles form individual diffusion spheres.
The overlap of these diffusion spheres results in the formation
of an approximate continuous diffusion layer.”” So the elec-
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trode can be considered as planar, and the diffusion equations
can be written accordingly.”’ The only limitation in this ap-
proach is that the current densities are evaluated per geomet-
rical area of the electrode, while the electrochemically active
surface area is much larger for rough surfaces.

A proposed reaction scheme for electrochemical CO, reduc-
tion is given in Scheme 1. Hori et al. reported that methane is
the dominant product when electropolished polycrystalline
copper is used at —1.8V (vs. Ag/AgCl) in bicarbonate solu-
tions.”® Concerning the pathway leading to the formation of
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of the overall reaction. As a result, a reaction that involves elec-

tron transfer but no proton transfer is pH-dependent on the

RHE scale. The formation of ethylene has been found to be es-

pecially high in the presence of Cu(100) terrace sites, although

there is no clear agreement between long-term electrolysis ex-

periments and shorter-term voltammetry measurements on
the optimal (100) terrace width.*>>3

The identification of two potential pathways for ethylene

formation, that is, through a HCO/COH intermediate or CO di-

merization, is in agreement with the results of the present

study. The formation of ethylene

through the CO coupling mecha-

nism is favored at low concen-

trations of electrolyte due to the

correspondingly high local pH

near the electrode surface

(Figure 2). Such an effect was

H independent . . .
O/H pH dependent F}Of;:aﬁg’ﬁ?&ﬁo_m oo also emphasized in previous
formation 25 29313 L /H Il studies where electrolytes with
L o/ c (|: ¢ low buffer capacity favor ethyl-
| ﬁ ﬁ ene formation on smooth
ﬁ \Z [31,34] _
- Deactivation o Fopper electrodes.' Increas
‘|3 —> due to graphitic H o S ing the buffer capacity of the so-
—— carbon 3940 O=C\ N\ lution favors the pathway to-
v - H | wards methane, as a result of
H\c/ (R - the lower pH at the electrode
[ g surface. The remaining ethylene
H . . .
G cH. Wl H Y H FE (Figure 1a) might now origi-
H (|3/ H/c c\o nate from either the HCO/COH

3 . . .
H\(':/H “a“\\oa\\iw 0o \ intermediate, or still from CO

L. 6 S | Kinstialy favored —— dimerization.

ﬁ > v product 3 Higher CO, pressures, even
CH, CH;0H CzH, though calculated to result in

Scheme 1. Reaction scheme for CO, reduction.

methane, density functional theory (DFT) calculations on
Cu(211) and Cu(100) surfaces indicate that the protonation of
CO to CHO on the electrode surface is the rate-determining
step for methane formation.”” This is in agreement with exper-
imental observations that methane formation from CO reduc-
tion involves a concerted proton-electron transfer, making its
rate pH-dependent on the NHE scale (but pH-independent
on the RHE scale).®3" Schouten et al. showed that at high
potentials, the formation of methane and ethylene from
CO occur via a shared intermediate (presumably HCO or COH)
on Cu(111) and Cu(100) surfaces, with identical pH
dependence.®!

An alternative route to ethylene, a rate-determining CO cou-
pling mechanism, is proposed to take place on Cu(100) surfa-
ces at low overpotential in alkaline media.”! This step does not
include simultaneous proton transfer and is therefore pH-inde-
pendent on the NHE scale but pH-dependent on the RHE
scale, in the sense that the reaction is favored in alkaline
media."®3" The RHE is the thermodynamically relevant poten-
tial scale to compare pH-dependent reactions because it auto-
matically corrects for the pH-dependent equilibrium potential

ChemElectroChem 2015, 2, 354358 www.chemelectrochem.org

a lower local pH at equal con-
centration of KHCO;, lead to eth-
ylene most likely because of an
increase in local CO concentration and corresponding CO sur-
face coverage. This is also reflected by the increase in the
amount of desorbed CO from the surface with increasing pres-
sure (see Figure 1c¢). In addition, voltammetry studies (Figures
3a and 3b) show a significant reduction peak around —1.1V
(vs. Ag/AgCl) with an onset potential around —0.7 V in linear
sweep voltammetry curves in 0.1 and 0.5m KHCO; solutions,
respectively, specifically at CO, pressures larger than 2 atm. On
polycrystalline copper, usually no such characteristic peak is
observed for CO, reduction at 1 atm, and the cathodic current
mostly due to hydrogen evolution.®” Indeed, the peak was not
observed at 1atm, which is consistent with a previous
report."® The reduction peak emerging at elevated CO, pres-
sure is at similar potential as reported for phosphate buffers
and high bicarbonate concentrations, in which the CO, reduc-
tion peak was attributed to bicarbonate reduction and CO
adsorption.*>3¢
To gain more insight, long-term product analysis was per-
formed at —1.1 (vs. Ag/AgCl) as a function of increasing pres-
sure (Figure 3¢). At high pressures, more time is needed to
reach steady-state reactor behavior (CSTR approximation), but

356 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CHEM


http://www.chemelectrochem.org

LA

AP %
g

ChemPubch

CHEM

Current Density (mA cm2) L
Current Density (mA cm?) &
3

T T T T T T
-1.0 -0.9 -0.8 -0.7 -1l -1.0

Potential vs Ag/Agcl (V)

T
-1.1

09
Potential vs Ag/Agcl (V)

. o
Communications
c)
-5.0 100
o —am
—1 al
—9atm 5'4‘5 180
—1atm < e®®0cccce
£ -4.04 o 0 =
= 1 N
= il o’ <
g Ja0 ©
0O 3.0 1 w
< PPN Y
= -2.54
8 . ' ' " 40
T T 20 = ; , . .
08 07 0 20 40 60 80 100
Time (min)

Figure 3. Linear polarization curves for copper nanoparticles in: a) 0.1 MKHCO, and b) 0.5 m KHCO; at different pressures and a scan rate of 50 mVs™'.
c) Change in current density (line) and FE (scattered) of CO production in 0.1 M KHCO; at an applied potential of —1.1 V (vs. Ag/AgCl) at 1 and 9 atm.

more importantly, the FE of CO is boosted to 71% at 9 atm
compared to 20% at 1 atm under steady-state conditions. The
evolution of the reduction peak as a function of pressure fol-
lows a very similar trend with the selectivity in CO, reduction
(see Figure 1¢). As the pressure goes up, ethylene formation is
favored over methane at —1.8 V (Figure 1¢), in agreement with
the reduction peak detected at these higher pressures at
—1.1V attributed to the formation of CO (Figure 3b). The rate
for C—C coupling at —1.8 V is likely influenced by the surface
coverage and local CO concentration in addition to the ener-
getics of the reaction.™ The high CO selectivity of copper-
nanoparticle-containing electrodes at elevated pressures and
—1.1 Vis thus consistent with the high ethylene selectivity ob-
served at more negative potential (—1.8 V). From a practical
point of view, these experiments show that nanoparticle-cov-
ered Cu electrodes at moderate CO, pressures might be an al-
ternative candidate to Ag, or Au, if a high CO selectivity is
desired.

The proposed mechanism for ethylene formation via CO di-
merization raises the question why ethylene formation was not
observed at low potentials. The onset potential for ethylene
formation over nanoparticulate electrodes is around —0.5V
[vs. the reversible hydrogen electrode (RHE)] from CO, (Fig-
ure SI6), whereas ethylene formation from CO is already ob-
served at —0.2 V (vs. RHE) on Cu(100).” This suggests that the
first electron transfer, converting CO, into CO, is the overall
rate-determining step, which involves a concerted proton-cou-
pled electron transfer,”® lwhereas the ethylene/methane ratio is
determined by the thermodynamic and kinetic barriers associ-
ated with the different pathways and the reactant concentra-
tions (protons, dissolved CO) near the electrode surface. In ad-
dition, a high local pH may also affect the plots versus the RHE
scale, especially at high current densities or potentials. A local
pH of 11, for example, would bring an extra electrochemical
potential difference of ~0.25 V with respect to the bulk pH in
a 0.1 M KHCO; solution.

The observation that the deactivation of the electrodes de-
pends on the product made also suggests that methane and
ethylene are formed via different pathways. Poisoning has
been explained by cathodic deposition of metal impurities
during electroreduction by Hori et al.®” However, due to the
very high electrochemically active area of our electrodes, the
electrodes are likely not very sensitive to this type of poison-
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ing. In addition to metal deposition, several research groups
proposed the deactivation of copper electrodes by graphitic
carbon species formed via decomposition of intermedi-
ates.”®**? The product-selective deactivation repetitively ob-
served in the present study suggests that the COH intermedi-
ate, relevant in the pH-dependent pathway towards methane
on the NHE scale, may be the cause of the deactivation, since
the pH-independent CO dimerization mechanism appears to
be less sensitive to electrode poisoning.?*” There are various
previous papers showing that electrodes producing ethylene
are stable"®'®?*1 whereas slow deactivation is reported
on roughened electrodes where methane is the major
product.[‘6'39'4‘]

The fact that the selectivity is governed so sensitively by the
process parameters not only clarifies the formation of ethylene
on copper nanoparticles in the present study, but likely also
the ethylene selectivity observed on roughened copper surfa-
ces prepared ex situ by copper electrodeposition, anodization,
pulsed electrolysis, and thermal oxidation.!® 6718202239243 gy
roughened electrodes, the local current density is higher, lead-
ing to a very high local pH favoring ethylene formation, while
methane production is relatively low. Further increasing the
roughness also leads to ethane formation."*?? The pathway to-
wards ethane is currently under investigation, but likely related
to ethylene hydrogenation.

In summary, we demonstrate that ethylene formation over
copper oxide derived copper electrodes can be favored by 1) a
low electrolyte concentration and thus buffer capacity, 2) a
high local current density (such as on rough electrodes), and
3) high CO, pressures. In addition, the experiments show that
poisoning species are formed primarily in the methane forma-
tion pathway. Local concentrations of reactants (H*, CO)
should be taken into account when mechanistic interpretation
of CO, reduction results is addressed, in particular in the case
of roughened copper surfaces.

Experimental Section
Copper Nanoparticles Preparation

Cuprous oxide films were electrodeposited onto copper plates
(Alfa Aesar, 99.99%) from aqueous Cu?*-containing solutions pre-
pared using 0.4 M CuSO, (Sigma Aldrich, >99%) and 4 m lactic acid
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(Sigma Aldrich) at 60°C(1). The pH of the solution was carefully ad-
justed to pH 12 using solid NaOH pellets (Sigma Aldrich, 98 %) and
a 1M NaOH solution. After electrodeposition, the oxide films were
reduced back to copper at an applied potential of —1.2V (vs. Ag/
AgCl) in CO, saturated 0.1 M KHCOj; (99.99%, Sigma Aldrich). A typ-
ical current response to the applied potential is given in Figure SI2.
The potential (0.6 V vs. RHE) is enough to reduce Cu,0 back to
copper, which starts around 0.3V (vs. RHE).

Electrochemical CO, Reduction

Continuous electrochemical reduction experiments were carried
out in a stainless-steel autoclave under continuous stirring at
600 rpm using a magnetic stirrer. The complete operation system
is given in Scheme S1 of the SI. Pt mesh was used as the counter
electrode and was separated from the working electrode using
a proton-exchange Nafion 112 membrane (Sigma Aldrich). Home-
made Ag/AgCl in 3m KCl was used as the reference electrode,
which was refreshed and calibrated each week against a reversible
hydrogen electrode (RHE). A 50 mLmin~" flow rate of CO, (Linde
Gas Benelux 99.99%) was used before and during the reduction
process. The reactor effluent was sampled by GC every 6 min.
A thermal conductivity detector (TCD) and flame ionization detec-
tor (FID) were used to quantitatively analyze the gas-phase prod-
ucts. The time needed to reach the steady-state concentration
varied within the range of 25-45 min depending on the pressure,
so all experiments were conducted for at least 90 min (see the SI
for further details).
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