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CO, electroreduction to ethylene via
hydroxide-mediated copper catalysis
at an abrupt interface
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Carbon dioxide (CO,) electroreduction could provide a useful source of ethylene, but
low conversion efficiency, low production rates, and low catalyst stability limit current
systems. Here we report that a copper electrocatalyst at an abrupt reaction interface
in an alkaline electrolyte reduces CO; to ethylene with 70% faradaic efficiency at a
potential of —0.55 volts versus a reversible hydrogen electrode (RHE). Hydroxide ions
on or near the copper surface lower the CO, reduction and carbon monoxide (CO)-CO
coupling activation energy barriers; as a result, onset of ethylene evolution at —0.165 volts
versus an RHE in 10 molar potassium hydroxide occurs almost simultaneously with CO
production. Operational stability was enhanced via the introduction of a polymer-based
gas diffusion layer that sandwiches the reaction interface between separate hydrophobic
and conductive supports, providing constant ethylene selectivity for an initial

150 operating hours.

he efficient electrochemical conversion of

carbon dioxide (CO,) into valuable carbon-

based fuels and feedstocks enables the

urgently needed storage of intermittent re-

newable electricity and, ultimately, a net re-
duction of greenhouse gas emissions (I-5). Much
effort has been devoted to advance the prospects
of producing ethylene, a chemical feedstock in
high demand, from CO, electroreduction (6-13).
The CO, reduction reaction (CO,-RR) has reached
lower activation overpotentials and increased
faradaic efficiencies via tuning of catalyst mor-
phologies (4, 5, 10, 14, 15), manipulation of oxi-
dation states (3, 16, 17), and introduction of
dopants (2, 18-20). For CO, conversion to ethyl-
ene, Cu oxide catalysts have achieved peak fara-
daic efficiencies of 60% by suppressing competing
reactions and operating in a narrow reaction
window (13, 21-23). Separately, ethylene currents
of 150 mA cm™2 have been achieved at selectiv-
ities of 36% and potentials of —0.58 V versus a
reversible hydrogen electrode (RHE) on Cu nano-
particles in a flow cell configuration with al-
kaline electrolytes (12).

Despite advances in individual metrics (table
S1), large negative potentials are required to
reach substantial ethylene selectivities, in part
because of the 200- to 300-mV overpotential gap
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between the formation of necessary CO inter-
mediates and that of ethylene (24). Additionally,
selective ethylene production has not yet been
sustained at commercially relevant current den-
sities (>100 mA cm ). Stable and highly selective
ethylene production at lower overpotentials is ur-
gently needed to enable the renewable electricity-
powered synthesis of fuels and feedstocks.

We first pursued experimental and theoretical
insights into the direct influence of hydroxide
(OH") ions, as distinct from bulk pH effects
alone, on CO, reduction at a Cu catalyst surface.
In CO, reduction applications, metal oxides have
been proposed as active sites even when present
in residual or subsurface forms (16, 25, 26). Hy-
droxide ions adsorbed or proximate to metal
catalysts may play a similar role in modulating
active catalytic sites. Further, the reaction rate
of the competing hydrogen evolution reaction
is suppressed in alkaline electrolytes because
of slow Kinetics of the first water reduction step
(the Volmer step), lowering adsorbed hydrogen
surface coverage and influencing the subsequent
Heyrovsky and Tafel steps (27-30).

The direct molecular effects of hydroxide on
CO, reduction have yet to be studied in detail, in
part because canonical H-shaped electrochemi-
cal architectures (H cells) are limited by the low
availability of CO, at pH >10 in aqueous electro-
lytes. CO, dissolved in an alkaline electrolyte will
rapidly react, forming a neutral-pH carbonate
mixture. Although high-pH conditions can be lo-
cally generated in H cells via rapid proton con-
sumption [first from proton reduction, then from
water reduction (31)], this operation provides
information about production at high currents
and does not directly elucidate CO, reduction
onset potentials.

In contrast, a gas diffusion layer positioned
immediately adjacent to the catalyst layer allows
for CO, to diffuse a short distance to the catalyst
surface and react before it is converted to bi-
carbonate. Thus, it is possible for CO, reduc-
tion to occur under alkaline conditions. We took
the view that a flow cell in which the catalyst is
deposited onto a gas diffusion layer has the po-
tential to substantially increase the local concen-
tration of gaseous CO, and enable clarification of
the influence of hydroxides in CO,-RRs.

We deposited a 100-nm-thick Cu catalyst onto
a carbon-based gas diffusion layer (fig. S1), allow-
ing CO, reduction under extremely alkaline con-
ditions with the benefit of diffusion of CO, across
the gas-liquid interface (Fig. 1A). In an Ar en-
vironment, the onset potential for H, remained
relatively constant in the KOH concentration
range of 1 to 10 M (Fig. 1B). In a CO, environ-
ment, the onset potential for the CO,-RR shifted
markedly to more positive potentials with in-
creasing KOH concentrations (Fig. 1B). A simi-
lar experiment on a hydrogen-evolving catalyst
showed only a minor anodic shift when Ar was
replaced by CO, (fig. S2), agreeing well with the
applied Nernst shift as predicted by a reaction-
diffusion model (fig. S3). In 10 M KOH, forma-
tion of CO was then observed at a potential 140 mV'
lower, close to the thermodynamic potential of
—0.11 V versus an RHE (Fig. 1C), and the reaction
reached >50% selectivity at —0.18 V. Notably,
ethylene formation in 10 M KOH occurred at
similar potentials: We detected ethylene at ap-
plied potentials as low as —0.165 V versus an
RHE, only 0.245 V higher than the thermody-
namic CO,-to-ethylene electroreduction potential.
This observation is in contrast to our findings
with 1 M KOH and prior reports in which the
onset potentials of CO and C,H,, formation were
separated by 200 to 300 mV (12, 24), with one
reported ethylene onset occurring at —0.34 V ver-
sus an RHE (9).

Tafel analyses (Fig. 1E) of ethylene produc-
tion from CO, on the Cu catalyst gave slopes
of 135 and 65 mV decade (dec) *in 1and 10 M
KOH, respectively. Similar slopes for ethylene
were also observed in CO reduction on the Cu
catalyst (fig. S4), suggesting that the increased
hydroxide concentration changes the overall
rate-determining step. In contrast to the case
of the CO,-RR, however, the ethylene onset po-
tential when ethylene is produced directly from
CO does not shift to lower potentials, implying
a further and distinct effect of hydroxide on re-
action kinetics.

In the CO,-RR the onset potential gap be-
tween CO and C,H, is attributed to the need to
build up coverage of surface-adsorbed CO (*CO)
across the catalyst surface before CO dimeri-
zation becomes energetically favorable. As the
electrolyte pH is increased, the penetration
distance of CO, into the electrolyte is notably
diminished through direct interaction with
hydroxide molecules—a point revealed from a
reaction-diffusion model analysis (Fig. 1D) anal-
ogous to studies presented in prior reports (32).
In 10 M KOH, the CO, present in the electrolyte
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resides mainly within the first 120 nm of the
catalyst layer. This arrangement requires CO,
reduction to take place near an abrupt reaction
interface, in contrast with the more distributed
reaction interface feasible in 1 M KOH. With
little competition from H, at these potentials
(Fig. 1B), the more localized, and hence con-
centrated, CO, reaction intensity boosts *CO
coverage even at modestly negative potentials.
This effect improves the reaction kinetics for CO
dimerization. This hydroxide-mediated abrupt
reaction interface then kinetically allows CO and
C,H,, to form at similarly low potentials (Fig. 1C).
The observed 300-mV shift in ethylene forma-
tion from 1 to 10 M KOH is also larger than the
pH-dependent shift (59.1 mV/pH unit) observed
both experimentally and theoretically for CO
reduction to ethylene, where the initial CO,-to-
CO step is avoided (33-36).

We characterized the catalyst during and after
CO,-RRs in different electrolytes. We used scan-
ning electron microscopy (SEM), transmission
electron microscopy (TEM), and in situ x-ray ab-
sorption spectroscopy (XAS). In situ XAS of
100-nm samples (fig. S5) showed that at the
open-circuit potential, Cu becomes oxidized when
submerged in 5 M KOH, most likely via formation
of surface hydroxides. However, when a negative
potential of —0.16 or —0.96 V versus an RHE is
applied, the observed spectra closely match those
of fully-reduced pristine Cu foil (fig. S5). We
conclude that, under the applied reducing po-
tential used during the CO,-RR, the surface is
primarily Cu® and remains consistent over the
range of potentials and concentrations of inter-
est. The SEM and TEM characterization of the
sample after CO,-RRs in 1, 5, and 10 M KOH elec-
trolyte showed similar Cu morphologies and crys-
talline structures, from which we argue that
structure morphology did not play a predomi-
nant role in the enhanced CO,-RR we observed
at high KOH concentrations (figs. S1 and S6).

To supplement these experimental findings,
we used density functional theory (DFT) to as-
sess the impact of hydroxide ions on the thermo-
dynamic and activation energy barriers of the CO
dimerization step. CO dimerization is the rate-
determining step for C, products at high pHs
and low applied potentials (22, 35). We per-
formed this analysis on Cu(111), (100), and (110)
surfaces, including explicit water molecules in
the computational studies (figs. S7 to S10 and
tables S2 to S11). The DFT results suggest that
the presence of hydroxide lowers the binding
energy of CO on the Cu surface. On all surfaces,
hydroxide is found to also increase the charge
imbalance between carbon atoms in adsorbed
OCCO, further stabilizing this intermediate
through a stronger dipole attraction within
OCCO. The combined differences lead to an
overall decrease in the activation energy barrier
for the CO dimerization step, lowering the energy
barrier by 156 meV on Cu(100) with an OH™ sur-
face coverage of two OH™ ions per 16 Cu atoms
[a 2/16 monolayer (ML)] (fig. S9).

With the decreased Tafel slope and matching
onset potentials of CO and C,H, in 10 M KOH,
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high ethylene selectivities at low overpotentials
become feasible. By increasing the reaction rate
over a fixed electrochemically active surface area,
we can control the relative kinetics of CO de-
sorption and dimerization to drive ethylene for-
mation. As seen in Fig. 1D, the abrupt reaction

interface and the use of high KOH concentra-
tions contribute to achieving this goal by limiting
CO, penetration to a fraction of the catalyst layer,
reducing the specific active area where the CO,-
RR occurs. Therefore, we sought to similarly
constrain the electrochemically active surface
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Fig. 1. Experimental studies of the effect of hydroxide on CO, reduction, hydrogen evolution,
and CO-CO coupling. (A) Schematic of the cathode portion of a gas diffusion electrode for CO,.

(B) Linear sweep voltammetry scan in various KOH electrolyte concentrations showing low overpotential
CO; reduction in high KOH concentrations. E, electrode potential. (C) CoH4 and CO faradaic efficiencies
showing the reduction of Co,H,4 onset potential with increasing KOH concentrations. Values are means,
and error bars indicate SD (n = 3 replicates). (D) Modeling of the cumulative CO, distribution across

the catalyst layer at 0 mA cm™ and different KOH concentrations. (E) Partial ethylene current densities
and Tafel slope with increasing KOH concentrations. j, electric current density.
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area of the catalyst layer by using thermal evap-
oration to tune the thickness of the CO, re-
duction interface in the flow cell configuration
(Fig. 1A). We used deposition thicknesses of 10
and 25 nm and compared with a thermally de-
posited thickness of 1000 nm, all deposited on
a carbon-based gas diffusion layer. For further
comparison, we deposited commercial Cu nano-
particles (particle size, <50 nm) at a loading
concentration of 1000 ug/cm? by using a drop-
casting technique. We characterized nanopar-
ticle size and surface morphology by SEM and
scanning TEM for particle sizes ranging from
15 to 40 nm (figs. S11 and S12). Ex situ x-ray
photoelectron spectroscopy (XPS) of all three
samples showed the presence of C, Cu, and O
(fig. S13). The Cu peaks indicated a mixture of
metallic Cu and Cu?*. X-ray powder diffrac-
tion confirmed the crystalline structure of the

samples. The catalyst loadings, analyzed with
the use of inductively coupled plasma atomic
emission spectrometry (ICP-AES), were ~11, 28,
and 1100 pg for the thermally deposited 10-, 25-,
and 1000-nm samples, respectively. In CO,-RR
tests in an H cell configuration using 0.1 M
KHCOj; electrolyte, these samples exhibited
C,H, faradaic efficiency comparable to that of
reported Cu and oxide-derived Cu catalysts
(fig. S14 and table S13).

The CO,-RR activities of the Cu samples were
evaluated in the flow cell reactor with 10 M KOH
(Fig. 2A and figs. S15 to S17). At less-negative
potentials (—0.4 V versus an RHE and potentials
closer to zero), the samples showed similar slopes,
indicative of similar levels of intrinsic activity.
The two thicker samples showed higher current
densities than the 10- and 25-nm samples at
similar potentials, indicating that the higher
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Fig. 2. Hydroxide-mediated CO, reduction performance on abrupt reaction interface
catalysts. (A) Geometric reduction current density as a function of applied potential with 10 M
KOH electrolyte on Cu samples of varying thickness. The 10-, 25-, and 1000-nm samples were
thermally deposited, and the 1000-ug sample used drop-casted nanoparticles. (B) C,H,4 faradaic

efficiencies in the current density range of 200 to 300 mA cm™

2 showing the increased CoH,

selectivity of the abrupt reaction interface samples (10 and 25 nm) compared with that of thicker
samples (1000 nm and 1000 ug) that allow for a more distributed reaction. (C) H, faradaic
efficiencies showing lower H, generation on abrupt interface catalysts. (D) Optimization of
electrolyte for high CoH, selectivity on a 25-nm sample: 10 M KOH (at 275 mA cm™), 5.5 M KOH
with 4 M Kl (at 500 mA cm™), and 3.5 M KOH with 5 M Kl (at 750 mA cm™). Values are means,

and error bars indicate SD (n = 3 replicates).
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catalyst loading distributes the reaction beyond
25 nm, as predicted in Fig. 1D. At more-negative
potentials, however, the reaction rates on the
thinner samples were higher than those on the
thicker samples, resulting in similar current den-
sities at —0.54 V versus an RHE. When we an-
alyzed product selectivities in 10 M KOH, we
found that the samples showed optimal ethyl-
ene production in the current range of 225 to
275 mA cm™? (Fig. 2B), as CO selectivity de-
creased with current density (fig. S16). Both
the 10- and 25-nm samples showed an ethylene
faradaic efficiency higher than 60%, with the
25-nm sample peaking at 66% ethylene and ex-
hibiting ethanol at 11% and acetate at 6% (figs.
S16 and S17). Overall, the 25-nm sample showed
a total C, selectivity of 83% at 275 mA cm ™2
and a low potential of —0.54 V versus an RHE,
corresponding to a half-cell ethylene conver-
sion efficiency of 44% (table S1). The 25-nm
narrow reaction interface also enabled a high
ethylene mass activity of 6.5 A mg™ (table S1
and fig. S16).

The higher CO, reduction selectivities achieved
on the thinner catalyst layers were attributable
in part to a decrease in H, production as a pro-
portion of the total current density, from >15%
in the case of the 1000-nm sample to only 5%
(Fig. 2C). As shown in Fig. 1B, with the aid of a
large CO, supply and a low applied potential,
CO, reduction is favored over H, evolution. At
higher currents and potentials, the CO,-RR can
also suppress H, evolution by occupying sur-
face sites. In highly alkaline conditions, how-
ever, a portion of the 1000-nm catalyst layer is
largely devoid of CO, (Fig. 1D and fig. S3), leav-
ing H, evolution as the only possible reaction
pathway in this region at higher potentials.
These results indicate the need to limit the
thickness of the catalyst layer at higher current
densities and potentials to prevent unwanted
H, evolution. The effect of reduced CO, avail-
ability on CO,-RR selectivity could also be ob-
served at non-CO,-limited current densities
in 1 M KOH on the 25-nm sample by lowering
the partial pressure of CO, in the gas phase
(fig. S18).

Although the most efficient ethylene produc-
tion occurred in 10 M KOH, similar ethylene
selectivities were achieved at higher partial cur-
rent densities with a thinner catalyst layer and
lower KOH concentrations. By using a thin cat-
alyst to create a catalyst-mediated abrupt reac-
tion interface for the CO,-RR, we could partially
replicate the effect of using 10 M KOH to create
a hydroxide-mediated abrupt reaction interface
(Fig. 1D). Using a catalyst thickness of 25 nm,
we achieved ethylene selectivities of 66, 65, and
63% at total current densities of 275, 500, and
750 mA cm~2 in KOH concentrations of 10, 5.5,
and 3.5 M, respectively; in each case KI was
added to replace the missing potassium (Fig.
2D). KI was chosen because iodide in the elec-
trolyte is known to increase CO, reduction ac-
tivity by accelerating the hydrogenation of the
key adsorbed CO intermediate (37). We then
achieved an ethylene partial current density of
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473 mA cm 2 at only —0.67 V versus an RHE
(fig. S19).

Although high electrochemical performance
is achieved with the traditional carbon-based
gas diffusion layer architecture, the stability
of catalysts on these substrates was poor. The
carbon-based gas diffusion electrode degrades
(fig. S20) within 1 hour of continuous CO,-RR
operation, regardless of catalyst thickness (25
and 1000 nm) or electrolyte concentration (1 and
7M KOH). We studied the stability of the carbon-
based gas diffusion electrode itself by carrying
out electroreduction on a gas diffusion layer
without a Cu catalyst. The results show that the
oxygen content in the gas diffusion layer doubled
and that the surface of carbon turned from hy-
drophobic to hydrophilic when a negative poten-
tial of —0.4 to —0.8 V versus an RHE was applied
(fig. S21). We concluded that the instability of
the Cu on a carbon-based gas diffusion electrode
arose because the gas diffusion layer became
flooded as its hydrophobicity was lost during
operation. Once the gas diffusion layer floods,
the pathways for the diffusion of CO, in the gas
phase toward the catalyst become obstructed
and high CO, reduction currents can no longer
be sustained.

To improve stability, we sought to develop a
new electrode configuration that decoupled the
hydrophobic and current collection requirements
of traditional carbon-based gas diffusion layers
(Fig. 1A). Instead of relying on a single multi-
functional layer, we separated the polytetra-
fluoroethylene (PTFE) and carbon nanoparticles
(NPs) into two layers that sandwich our Cu cat-
alyst while maintaining an abrupt reaction in-
terface (Fig. 3A). In this configuration (graphite/
carbon NPs/Cu/PTFE electrode) the pure PTFE
layer acts as a more stable hydrophobic gas
diffusion layer that prevents flooding, and the
presence of carbon NPs and graphite stabilizes
the Cu catalyst surface. To fabricate the new
polymer-based gas diffusion electrode, we sput-
tered a Cu catalyst layer onto a porous PTFE
membrane with a pore size of 220 nm (Fig. 3C).
Carbon black nanoparticles were then spray-
coated on top to electrically connect the catalyst
layer and provide a uniform distribution of cur-
rent density over the geometric surface (fig. S22).
An added graphite layer acted as an overall sup-
port and current collector. The thin Cu layer is
seen sandwiched between the two layers in a
cross-sectional SEM image showing that the
abrupt CO, reaction interface is conserved in
this configuration (Fig. 3B). XPS characteriza-
tion (fig. S22) revealed that the sample consisted
mainly of Cu® and Cu?".

The new electrode showed high CO,-RR se-
lectivity relative to H, evolution in 7 M KOH,
similar to the carbon-based gas diffusion elec-
trode (table S13). Although the addition of the
carbon NPs between Cu and graphite did not
affect the total current density (fig. S23), the
ethylene faradaic efficiency rose to 70% (Fig.
3D). The additional carbon support may con-
tribute to a more even distribution of current
across the Cu electrode while inhibiting the

Dinh et al., Science 360, 783-787 (2018) 18 May 2018

diffusion of OH™ to the bulk electrolyte, further
diminishing CO production to 3% (fig. S23). To
evaluate the possibility that carbon NPs could
act as a carbon source, we performed the CO,-
RR with isotopic *CO, as the feedstock. The

data show that all of the produced ethylene was
derived from *CO, (fig. S24).

The new graphite/carbon NPs/Cu/PTFE elec-
trode operated for 150 hours without a loss in
ethylene selectivity at current densities between
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Fig. 3. Structure and performance of the polymer-based gas diffusion electrode. (A) Schematic

illustration of the graphite/carbon NPs/Cu/PTFE electrode. (B) Cross-sectional SEM image of a

fabricated graphite/carbon NPs/Cu/PTFE electrode. (C) SEM image of Cu nanoparticles sputtered

on the PTFE membrane. (D) Comparison of ethylene faradaic efficiencies on graphite/carbon NPs/

Cu/PTFE and graphite/Cu/PTFE electrodes for CO,-RR in 7 M KOH electrolyte. Values are means,

and error bars indicate SD (n = 3 replicates).

80
E B o g T, NN S
9
< 60
>
g .‘ A, 05
o A
o ®
: A
40
Q
s A
©
g ®
[T
T 20 -
ON [l Graphite/Carbon NPs/Cu/PTFE
A Graphite/Cu/PTFE
@ cCulCarbon GDE
0 T T T T T
0 1 30 60 2 120 150

Reaction time (h)

Fig. 4. Stability test of the polymer-based electrode. Long-term performance test of CO, reduction to
ethylene in 7 M KOH showing high selectivity stability of the graphite/carbon NPs/Cu/PTFE electrode
compared with that of a traditional carbon-based gas diffusion electrode (GDE). The stability of a graphite/
Cu/PTFE electrode is shown for comparison to highlight the importance of the carbon NPs as a
contacting and stabilizing layer. Insets show the cross-section SEM and energy-dispersive x-ray
spectroscopy mapping of the sample after 150 hours of continuous CO, reduction operation.

The stability test was performed at a constant applied voltage of —0.55 V versus the RHE. The current
gradually decreased from 100 to 75 mA cm™2 over 150 hours of operation.
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75 and 100 mA ecm™2 (Fig. 4 and fig. $25). This
performance demonstrates a 300-fold increase
in the operating lifetime compared with that of
the Cu/carbon gas diffusion layer. The graphite/
carbon NPs/Cu/PTFE design also provided lon-
ger, higher, and more consistent ethylene selec-
tivities than the same electrode configuration
without carbon NPs because of the more mecha-
nically and electrically connected catalyst layer
(figs. S25 and S26). Because CO, conversion to
hydrocarbons is usually carried out at very nega-
tive potentials (such as -1 V versus an RHE),
material restructuring—even in milder electro-
Iytes and at lower operating currents—can occur
over time, and few catalysts have demonstrated
sustained high ethylene selectivities over 1 hour
of operation (table S13). We propose that the low
overpotential required in our system may con-
tribute to avoiding excessive surface reconstruc-
tion (38) and may be a factor in the observed
stable selectivity for ethylene. The observed de-
crease in current density on the graphite/carbon
NPs/Cu/PTFE catalyst over extended operating
times is equivalent to a 20-mV increase in po-
tential (fig. S23).

The new electrode configuration shows prom-
ise as an easy-to-construct and highly stable
system that is compatible with a variety of dif-
ferent catalysts and operating conditions, as dem-
onstrated here by the long-term stability in 7 M
KOH. Stable testing in highly alkaline con-
ditions is also important practically, as a high-
conductivity electrolyte will likely be required
to reduce ohmic losses and boost the overall
efficiency of an entire cell. Operating in 10 M
KOH versus 0.1 M KHCOs3, for instance, results
in a decrease in ohmic overpotentials by a factor
of 47.

We combined the graphite/carbon NPs/Cu/
PTFE cathode with a NiFeO, (39) oxygen evo-
lution catalyst (fig. S27) to perform a full-cell
operation in 7 M KOH electrolyte (fig. S28). The
system delivers a full-cell energy efficiency for
conversion to ethylene of 34% [without the
benefit of ohmic resistance (iR) correction]
at an applied voltage of 2.4 V and an average
current density of 110 mA cm~2 over 1 hour of
operation.

The concept of forming an abrupt reaction
interface at a catalyst in highly alkaline media
enabled advances in the combination of ethyl-

Dinh et al., Science 360, 783-787 (2018) 18 May 2018

ene electroproduction current density, selec-
tivity, and operating lifetime. The resultant
electrical-to-chemical power conversion effi-
ciency, when coupled with the operating sta-
bility, indicates a promising platform for CO,
reduction applications.
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A very basic pathway from CO5 to ethylene
Ethylene is an important commodity chemical for plastics. It is considered a tractable target for synthesizing
renewable resources from carbon dioxide (CO 5). The challenge is that the performance of the copper electrocatalysts
used for this conversion under the required basic reaction conditions suffers from the competing reaction of CO 5 with
the base to form bicarbonate. Dinh et al. designed an electrode that tolerates the base by optimizing CO, diffusion to the
catalytic sites (see the Perspective by Ager and Lapkin). This catalyst design delivers 70% efficiency for 150 hours.
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