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Electroreduction of carbon monoxide to liquid fuel
on oxide-derived nanocrystalline copper

Christina W. Li, Jim Ciston? & Matthew W. Kanan'

The electrochemical conversion of CO, and H,O into liquid fuel
is ideal for high-density renewable energy storage and could pro-
vide an incentive for CO, capture. However, efficient electrocata-
lysts for reducing CO, and its derivatives into a desirable fuel'* are
not available at present. Although many catalysts*"' can reduce CO,
to carbon monoxide (CO), liquid fuel synthesis requires that CO is re-
duced further, using H,O asa H* source. Copper (Cu) is the only known
material with an appreciable CO electroreduction activity, but in bulk
form its efficiency and selectivity for liquid fuel are far too low for prac-
tical use. In particular, H,O reduction to H, outcompetes CO reduc-
tion on Cu electrodes unless extreme overpotentials are applied, at which
point gaseous hydrocarbons are the major CO reduction products'>">.
Here we show that nanocrystalline Cu prepared from Cu,O (‘oxide-
derived Cu’) produces multi-carbon oxygenates (ethanol, acetate and
n-propanol) with up to 57% Faraday efficiency at modest potentials
(-0.25 volts to 0.5 volts versus the reversible hydrogen electrode) in
CO-saturated alkaline H,O. By comparison, when prepared by tra-
ditional vapour condensation, Cu nanoparticles with an average crys-
tallite size similar to that of oxide-derived copper produce nearly
exclusive H, (96% Faraday efficiency) under identical conditions.
Our results demonstrate the ability to change the intrinsic catalytic
properties of Cu for this notoriously difficult reaction by growing
interconnected nanocrystallites from the constrained environment
of an oxide lattice. The selectivity for oxygenates, with ethanol as the
major product, demonstrates the feasibility of a two-step conversion
of CO, to liquid fuel that could be powered by renewable electricity.

Cu electrodes have been thoroughly evaluated in both CO, (refs 7,
14, 15) and CO reduction'>"*'*" electrolyses. In CO,-saturated aqueous
solutions, polycrystalline Cu foil produces a mixture of compounds that
are dominated by H, at low overpotential, by CO and HCO,™ at high
overpotential and by hydrocarbons and multi-carbon oxygenates at the
most extreme potentials'®". When supplied with CO in the absence of
CO,, Cu produces hydrocarbons and multi-carbon oxygenates, but very
negative potentials are still required to promote CO reduction over H,
evolution'>". Large overpotentials preclude energetically efficient elec-
trolysis and favour hydrocarbons over liquid oxygenates. We recently
discovered that oxide-derived Cu (OD-Cu) has much higher selectivity
for CO, electroreduction over H, evolution than does polycrystalline Cu
(ref. 20). Because CO reduction activity may be obscured in the presence
of alarge excess of CO,, we questioned whether OD-Cu would reduce CO
with greater efficiency than other Cu materials when supplied with CO
directly. Here we show that OD-Cu reduces CO with high Faraday
efficiency atan overpotential >0.6 V lower than that of polycrystalline
Cu foil. This improvement results both from an increase in the intrin-
sic CO reduction activity and from a decrease in intrinsic H,O reduc-
tion activity on OD-Cu. The major CO reduction products are ethanol
and acetate, which correspond to 8¢™ and 4e” reductions with H,O as
the H" source (equations (1) and (2), where E is the equilibrium potential).

2CO+7H,0+8e~ -»CH3CH,OH+8HO ™

1
E=0.18 V versus RHE )

2CO+3H,0+4e” -»CH3CO, +3HO™
E=0.50 V versus RHE

(2)
By comparing OD-Cu to electrodes comprised of commercial Cu nano-
particles, we show that CO reduction activity is not a consequence of
nanocrystallite size or morphology; instead, we propose that grain boun-
daries participate in the catalysis.

OD-Cu electrodes were prepared by annealing polycrystalline Cu
foil in air at 500 °C to grow a thick Cu,O layer on the surface and sub-
sequently reducing this oxide to form Cu® nanocrystallites. We used
two reduction methods to vary the properties of the material. To obtain
OD-Cu 1, the Cu,O precursor was reduced electrochemically in aque-
ous solution at ambient temperature. This procedure had previously been
found to yield nanocrystalline Cu with maximal selectivity for CO,
reduction®. To obtain OD-Cu 2, the Cu,O precursor was reduced with
H, at 130 °C. The OD-Cu electrodes were compared to commercial Cu
nanoparticles that had been synthesized by vapour condensation. Cu
nanoparticle electrodes were prepared by drop-casting suspensions of
the nanoparticles and fluorinated binder onto metal substrates.

All three types of electrodes exhibited similar morphologies when
imaged by scanning electron microscopy (SEM) (Fig. 1a, d, g). Particle
sizes ranged from about 30 nm to 100 nm, and the particles formed aggre-
gated films. Low-resolution transmission electron microscopy (TEM)
confirmed the range of particle sizes observed via SEM (Fig. 1b, e, h).
High-resolution TEM of OD-Cu 1 and OD-Cu 2 showed interconnected
nanocrystalline networks with distinct grain boundaries between nano-
crystallites (Fig. 1f, i). In contrast, the Cu nanoparticle electrode appeared
as an aggregation of overlapping particles (Fig. 1c). Differential capaci-
tance measurements yielded electrochemical roughness factors of 135,
48 and 26 for OD-Cu 1, OD-Cu 2 and the Cu nanoparticle electrode,
respectively (Extended Data Fig. 5 and Extended Data Table 2). X-ray
photoelectron spectroscopy indicated that the surfaces were comprised
of both Cu’ and Cu, O, the latter resulting from air exposure during the
X-ray photoelectron spectroscopy sample preparation (Extended Data
Figs 1, 2 and 3). Grazing incidence X-ray diffraction patterns for all of
the electrodes exhibited peaks at the expected positions for an ideal Cu
lattice, indicating no uniform expansion or compression of the unit cell
(Fig. 1j, k, 1). The patterns differed substantially in their peak widths,
however. Using the Scherrer equation, both OD-Cu 2 and the Cu nano-
particle electrode exhibited average crystallite sizes (D) > 100 nm, while
OD-Cu 1 had a smaller (D) of 31 nm. Additional high-resolution graz-
ing incidence X-ray diffraction patterns were collected for OD-Cu 1
and OD-Cu 2 with synchrotron radiation to determine the amount of
microstrain in each sample using Williamson-Hall analysis. This ana-
lysis yielded microstrain values of 0.2% and 0.05% for OD-Cu 1 and
OD-Cu 2, respectively (Extended Data Fig. 4).

CO electroreduction activity was measured under steady-state con-
ditions by performing constant-potential electrolyses for multiple hours
in 0.1 M KOH saturated with 1 atm of CO at ambient temperature. The
concentration of CO in solution is only 1 mM under these conditions.
Solution-phase and gas-phase products were quantified by nuclear magnetic
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Figure 1 | Physical characterization of Cu nanoparticle and OD-Cu
electrodes. Top row, the Cu nanoparticle electrode. Middle row, the OD-Cu 1
electrode. Bottom row, the OD-Cu 2 electrode. a, d, g, SEM images.

resonance (NMR) spectroscopy and gas chromatography, respectively.
Electrolyses were performed at a range of applied potentials E between
-0.25V and -0.5V versus the reversible hydrogen electrode (RHE).
The modest reducing potential and low CO concentration provides a
stringent test of a catalyst’s selectivity for CO versus H,O reduction. Under
these conditions, polycrystalline Cu foil exhibited low geometric current
densities and H, was the only detectable product. These results are con-
sistent with previous results in KOH, in which much more negative
potentials (-0.7 V versus RHE) and a high flow rate of CO through the
solution were required to attain 22% total Faraday efficiency for CO
reduction, with only 7% Faraday efficiency for oxygenates". A maxi-
mum CO reduction Faraday efficiency of 65% was reported for poly-
crystalline Cu foil at -0.9 V versus RHE in a mixed KCl and KHCO;
electrolyte, although only 10% Faraday efficiency corresponded to the
formation of oxygenates'.

Larger geometric current densities were obtained with OD-Cu and
Cu nanoparticle electrodes as a result of their roughness factors, which
facilitated product quantification and comparison of their selectivities
(Fig. 2 and Extended Data Table 1). For the Cu nanoparticle electrode,
the Faraday efficiency for H, was =94% at all potentials examined; the
small remainder of the current corresponded to acetate, ethanol and
ethylene formation. The high selectivity for H,O reduction on this elec-
trode mimics that of a Cu foil electrode. In contrast, OD-Cu electrodes
had a much greater propensity for CO reduction. OD-Cu 1 attained a
total CO reduction Faraday efficiency of 57% at —0.3 V, whereas OD-
Cu 2 attained 48% at -0.4 V. These values declined at more negative
potentials, but this decline was simply the result of the catalysts reach-
ing the mass-transport-limited current density for CO reduction (see
below). For both materials, ethanol and acetate were the nearly exclusive
CO reduction products at the more positive potentials, whereas ethyl-
ene production emerged at more negative potentials. OD-Cu 2 also
produced substantial amounts of propanol, which was only observed
for OD-Cu 1 under higher CO pressure (see below). In addition to the
reduction products, OD-Cu electrodes also produced small amounts of
formate, the product of CO hydration.
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b, e, h, Low-magnification TEM images. ¢, f, i, High-resolution TEM images.
j» k, 1, Grazing incidence X-ray diffraction patterns.

The higher Faraday efficiency for CO reduction on OD-Cu electro-
des compared to a Cu nanoparticle electrode reflected higher intrinsic
COreduction activity. Figure 2b and ¢ shows the geometric and surface-
area-normalized current densities for CO reduction (jcoredn) Versus E
for the three electrodes. The difference in intrinsic activity between two
electrodes corresponds to the ratio of their normalized current densities
in the absence of mass-transport contributions to the kinetics. The rate
of CO transport from bulk solution through the diffusion layer to the
electrode surface determines the maximum attainable geometric jcoredn
(ref. 21). The Cu nanoparticle electrode did not reach a mass-transport
limit between —-0.3 V and -0.5 V, as shown by the exponential increase
in jcoredn across this potential range. Its Tafel slope was 112 mV dec
(where ‘dec’ means decade, or one order of magnitude). On account of
their higher activity, the geometric jcoredn 01 OD-Cu electrodes quickly
reached a plateau value of 0.5 mA cm ™ as the overpotential was increased
(Fig. 2b), indicating that this value is approximately the mass transport
limit with only 1 mM CO in solution. At -0.3 V, before the onset of the
mass transport contributions, normalized joorean Was 23-fold higher
for OD-Cu 1 and 43-fold higher for OD-Cu 2 than for the Cu nano-
particle electrode (Fig. 2c). To determine the dependence of jcoredn ON
E for OD-Cu electrodes in the absence of mass-transport effects, addi-
tional electrolyses were performed in the range -0.25V > E > -0.35V
(Extended Data Fig. 8). A Tafel slope of approximately 113 mV dec™*
was obtained.

The electrodes also differed in their intrinsic activities for H,O reduc-
tion. Figure 2d and e shows the normalized current density for H,O
reduction (jy) in CO-saturated and N,-saturated 0.1 M KOH, respec-
tively. All three electrodes exhibited an H,O reduction activity 2-fold
to 5-fold lower in the presence of CO than in the presence of N,,
indicating some poisoning of the sites for H,O reduction by CO binding™.
In CO-saturated electrolyte, normalized ji;, was similar for the Cu nano-
particle electrode and OD-Cu 2, but was 2-fold to 6-fold lower for OD-
Cu 1. The suppression of H,O reduction contributes to the higher Faraday
efficiency for CO reduction on OD-Cu 1. In N,-saturated electrolyte,
ji2 was suppressed 4-8-fold on OD-Cu 1 and 2-6-fold on OD-Cu 2
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Figure 2 | Comparison between OD-Cu 1, OD-Cu 2 and Cu nanoparticle
electrodes in electrolyses performed in 0.1 M KOH saturated with 1 atm CO
at ambient temperature. a, Faraday efficiencies for CO reduction products
ethanol (EtOH), acetate (AcO"), n-propanol (n-PrOH), ethylene (C,H,) and
ethane (C,Hp) at selected potentials versus the reversible hydrogen electrode.
The remaining Faraday efficiency in all cases corresponds to H, evolution. The
current density for the Cu nanoparticle electrode at -0.25 V was too low for
product quantification. b, Geometric current densities for CO reduction.

¢, Surface-area-normalized current densities for CO reduction. d, Surface-area-
normalized current density for H, evolution under 1 atm of CO. e, Surface-
area-normalized current density for H, evolution under 1 atm of N,.

compared to the Cu nanoparticle electrode. The similar Tafel slopes
for H, evolution suggest that OD-Cu electrodes have a lower density of
active sites for this reaction.

To confirm that the geometric jcoredn at 1 atm CO is limited by the
kinetics of CO mass transport, OD-Cu 1 was evaluated in an electro-
lysis performed in 0.1 M KOH saturated with 2.4 atm of CO. At poten-
tials between -0.3 V and -0.5 V, geometric jooredn Was 1.8-2.4-fold higher
under these conditions (Fig. 3a). The Faraday efficiency for CO reduc-
tion at E < 0.3 V was also substantially improved (Fig. 3b). These results
indicate that practical current densities may be possible in this moderate
overpotential regime by further increasing CO transport to the catalyst.

The electrolysis data provide some insight into the mechanism of CO
reduction on OD-Cu. The jcoyreqn Tafel slope is consistent with a rate-
limiting initial 1e” transfer to CO. The absence of C1 products indicates
that C-C coupling is rapid once the process of CO reduction initiates*
or that the initial e™ transfer is coupled to C-C bond formation between
a surface-bound CO and a CO from solution'®. The latter would account
for increased jcoredn at increased pressure if the active sites of OD-Cu
were saturated with CO at 1 atm (refs 24, 25). The formation of ace-
tate probably arises from attack of HO™ on a surface-bound ketene or
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Figure 3 | Comparison of CO reduction in 0.1 M KOH saturated with 1 atm
of CO versus 2.4 atm of CO. a, Geometric current densities for CO reduction.
b, Faraday efficiencies for CO reduction products at selected potentials.

other carbonyl-containing intermediate after C-C bond formation has
occurred. This contention is supported by the observation of substantially
increased acetate formation when the electrolysis is performed in 1 M
KOH (Extended Data Fig. 9).

The results above implicate the participation of grain boundary sur-
faces in the CO reduction catalysis on OD-Cu. Although OD-Cu 1 and
OD-Cu 2 differ in their bulk properties, both are distinguished from
Cu nanoparticle electrodes by having a high density of grain bound-
aries as a consequence of their formation from a solid phase. Given that
grain boundaries can support surface structures that are not stable on
an individual nanocrystal®®, the enhanced CO reduction activity on OD-
Cu electrodes relative to Cu nanoparticle electrodes is consistent with
the presence of highly active sites on their grain boundary surfaces. The
difference in their product distribution could reflect differences in grain
boundary structures resulting from electrochemical versus H, reduc-
tion of Cu,O. The results suggest that engineering the grain boundaries
by altering the oxide reduction method or by using an alternative pre-
paration of nanocrystalline materials could yield catalysts with higher
activity and selectivity for long-chain products. The participation of grain
boundary surfaces in catalysis has previously been proposed to explain
correlations between grain boundary density and methanol electroox-
idation activity with Pt nanoparticles’” and PtRu alloy nanoparticles.

Catalytic processes have been optimized over the past century to
reduce CO with H; to alkanes, methanol or higher alcohols. Although
many of these processes are efficient, they all require high temperatures
and pressures (typically 250-400 °C and 50-150 atm) and large-scale
reactors that are poorly matched to diffuse renewable energy sources™~*.
Moreover, H, is almost exclusively derived from fossil fuel sources at
present. Electrolytic syntheses enabled by the catalysis described here
could provide a more direct, versatile and energetically efficient route
to distributed liquid fuel production powered by renewable energy.
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METHODS SUMMARY

CO reduction electrolyses were performed in CO-saturated 0.1 M KOH electrolyte
ina two-compartment electrochemical cell. The headspace of the cathodic chamber
was continuously purged with CO into the sampling loop of a gas chromatograph
to enable periodic quantification of the gas-phase products. The solution-phase pro-
ducts were quantified by NMR analysis of the electrolyte at the conclusion of the
electrolyses. OD-Cu electrodes were prepared by electropolishing pieces of poly-
crystalline Cu foil (99.9999%) in 85% phosphoric acid and subsequently annealing
the electrodes in air at 500 °C for 1 h to form a thick Cu,O layer. The active OD-Cu
1 layer was formed in situ at the beginning of CO reduction electrolysis, requiring
10-12 C cm ™ of charge to fully reduce the Cu,O material. OD-Cu 2 was formed by
reduction of the Cu,O layer in flowing H, at 130 °C for 2 h.

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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METHODS

Materials. Potassium hydroxide (semiconductor grade, 99.99%) and HCIO, (67—
72% in water) were purchased from Sigma Aldrich; ortho-phosphoric acid (85% in
water) was purchased from Fisher Scientific; carbon monoxide (99.9%) and H,
(99.9%) were purchased from Praxair; copper foil (99.9999%, 0.1 mm thick) was
purchased from Alfa Aesar; copper wire (99.9%, 0.020inch diameter) was pur-
chased from McMaster; Cu nanoparticles (99.9%, 40 nm) were purchased from US
Research Nanomaterials. All chemicals were used without further purification.
Electrolyte solutions were prepared with deionized water (Ricca Chemical, ASTM
Type D).

Preparation of oxide-derived Cu 1. Copper foils were first electropolished in 85%
ortho-phosphoric acid at 4 V versus a titanium counter electrode for 5 min. After
rinsing with deionized water and drying under a stream of N, foils were placed ina
muffle furnace (Thermo Scientific) under an air atmosphere at 500 °C for 1 h. Elec-
trodes were then allowed to cool slowly to room temperature over several hours.
The active oxide-derived Cu material was formed in situ during CO reduction elec-
trolysis. Typically, 10-12 C cm > at about 7.5 mA cm > were passed to fully reduce
the Cu,O layer.

Preparation of oxide-derived Cu 2. Copper oxide electrodes were prepared at
500 °C as described above. Instead of electrolytic reduction of the Cu,O layer,
electrodes were reduced under an H, atmosphere. Oxidized electrodes were placed
in a tube furnace (Thermo Scientific) with flowing H, at 100 cm® min~! (standard
cubic centimeters per minute) and heated at 130 °C for 2 h.

Preparation of Cu nanoparticle electrodes. 100 mg of commercially available Cu
nanoparticle powder, prepared by a wire electrical explosion method (99.9%, 40 nm,
US Nanomaterials), was ground in a mortar and pestle with 10 mg of polyvinyli-
dene fluoride to form a uniform powder. This powder was suspended in 10 ml of
isopropanol and sonicated for 1h. 200 ul of the Cu nanoparticle suspension was
drop-dried onto a 2-cm” Cu foil that had been etched for 30's in 50% HNO; and
rinsed in deionized water. The isopropanol was allowed to evaporate slowly at
room temperature. A Cu wire was subsequently attached to the back side using Ag
epoxy to make electrical contact and covered with insulating epoxy to protect it
from the solution during electrolysis.

Electrochemical measurements. A CH Instruments 760D or 660D potentiostat
was used for all experiments. A piece of platinum gauze (Sigma, 99.9%) was used as
the counter electrode. The electrolyte used for all CO reduction experiments was
0.1 M KOH saturated with CO with a pH of 13. Potentials E were measured against
an Hg/HgO reference (1.0 M KOH, Koslow Scientific) or an Ag/AgCl reference
electrode (3.0 M KCI, World Precision Instruments or BASi) and converted to the
RHE reference scale using:

E(versus RHE) = E(versus Hg/HgO) +0.140 V+0.0591 V x pH

E(versus RHE) = E(versus Ag/AgCl) +0.210 V+0.0591 V x pH

CO reduction electrolyses and product analysis. Ambient pressure electrolyses
were performed in a two-compartment electrochemical cell sealed to be gas-tight
with silicone stoppers. A piece of Selemion anion exchange membrane was used as
the separator. Each compartment contained 20 ml of 0.1 M KOH electrolyte. The
solution in the cathodic compartment was purged with CO for 20 min before the
start of electrolysis. The headspace of the cathodic compartment was approx-
imately 5ml. CO gas was delivered into the cathodic compartment at a rate of
5.00 cm® min~ " and vented directly into the gas-sampling loop of a gas chromato-
graph (SRI Instruments).

High-pressure electrolyses were performed in a modified two-compartment elec-
trochemical cell, in which a glass cap was clamped to the cathodic chamber with an
O-ring seal. A piece of Selemion anion exchange membrane was used as the sepa-
rator. Each compartment contained 30 ml of 0.1 M KOH electrolyte. A bleed valve
was placed at the gas outlet of the cathodic compartment, which allowed control of
the gas pressure while still permitting flow of gas out of the cell. The solution in the
cathodic compartment was purged with CO before the start of electrolysis until the
desired pressure of 2.4 bar = 0.07 bar was achieved. CO gas was delivered into the
cathodic compartment at a rate of 10.0 cm® min~ " and vented directly into the gas-
sampling loop of a gas chromatograph (SRI Instruments).

A gas chromatograph run was initiated every 30 min. The gas chromatograph
was equipped with a packed MolSieve 5A column and a packed HaySep D column.
Argon (Praxair, 99.999%) was used as the carrier gas. A flame ionization detector
with methanizer was used to quantify C;H, and C,Hg concentration and a thermal
conductivity detector was used to quantify H, concentration. The partial current
density of ethylene production jc,p4 Was calculated from the gas chromatograph
peak area as follows:

Peak area 2Fp, 1

x Fl te X -
ow rate RT Electrode area

Jjeons =
where o is a conversion factor based on calibration of the gas chromatograph with
astandard sample, po = 1.013 bar, Ris the gas constant, F is Faraday’s constant and
T=273.15K.

Ethanol (EtOH), acetate (AcO") and n-propanol (n-PrOH) concentrations

were analysed on a Varian Inova 600-MHz NMR spectrometer. A 0.5-ml sample
of the electrolyte was mixed with 0.1 ml D,O and 1.67 parts per million (by mass
fraction) dimethyl sulphoxide (Sigma, 99.99%) was added as an internal standard.
The one-dimensional 'H spectrum was measured with water suppression using a
presaturation method (see Extended Data Fig. 7).
Activity versus potential plots. Each point in the Faraday efficiency and current
density versus potential plots (Fig. 2 and Fig. 3) was obtained by a separate elec-
trolysis with a freshly prepared electrode. Not all potential points were repeated,
but for those in which multiple repeats were run, the Faraday efficiency and current
density did not vary by more than +10%. In the ambient pressure experiments with
OD-Cu 1 electrodes, the electrode was first held at 0.5 V versus RHE for 45 min to
reduce the Cu,O layer. An aliquot was taken at the end of this period, and the
potential was then stepped to the indicated value (see Extended Data Fig. 6). Partial
current densities for C,H,, C;Hg and H, production were calculated from the gas
chromatograph spectra every 30 min and averaged over 2-3 h. In the high-pressure
experiments, the Cu,O layer was reduced at the same potential as the subsequent
bulk electrolysis, and the charge for oxide reduction was estimated by taking the
charge passed in the initial plateau period until the current fell below 5 mA cm . In
the H, Tafel experiments under N,, stepped electrolyses were run using a single
electrode for all potential points. In addition, the Tafel data under CO for OD-Cu 2
(Extended Data Fig. 8a) was also collected using stepped electrolysis, in which the
H, partial current density was calculated from gas chromatograph spectra every
12 min and subtracted from the total current density to give the partial current
density for CO reduction.

Surface-area-normalized current densities for OD-Cu 1, OD-Cu 2 and Cu nano-
particle electrodes (Fig. 2¢, d and e) were obtained by dividing the geometric current
densities by the electrode roughness factors. For OD-Cu 1, the roughness factor
used was 135, and for OD-Cu 2, the roughness factor used was 48, which are average
values of the roughness factors measured after 1 h and after 12 h of bulk electrolysis.
Equilibrium potentials. Equilibrium potentials for the half reactions of CO to
acetate and CO to ethanol were calculated from tabulated values of the standard
molar Gibbs energy of formation at 298.15 K (ref. 32) as in the example below. The
calculation assumes that gases are at 1 atm and liquids are in their pure form.

2C0O+2H,0-CH;CO,H(liquid) + 0,  358.7 kJ mol ™!

—29.4 kJ mol !
E=1.23 V versus RHE
E=0.38 V versus RHE at pH 0

CH;CO,H(liquid) —CH;CO,H(1 M)
2H,0-0,+4H" +4e~
2CO+4H™ +4e~ ->CH;CO,H(1 M)

applying the Nernst equation:

RT
E=038V—-—In {“(CHSCO)T} +0.059 VX pH = 0.50 V versus RHE at pH 13,
ayg+

4F

where acu,co,u is the activity of acetic acid and ay+ is the proton activity.

Ex situ analyses. Samples for ex situ analyses were removed from the electrolyte
solution, rinsed gently with deionized water and allowed to dry under N, flow. TEM
samples were prepared at the Evans Analytical Group and images were acquired at
the National Center for Electron Microscopy. TEM-ready samples for OD-Cu 1 and
OD-Cu 2 were prepared from a carbon ink coated area using an in situ focused-ion-
beam lift-out technique on a FEI Strata 400 Dual Beam focused ion beam/SEM. The
samples were imaged in a conventional FEI Titan 80-300 (S)TEM microscope and
ina Transmission Electron Aberration-Corrected Microscope (TEAM 0.5) operated
at 300kV in bright-field TEM mode and high-resolution TEM mode. SEM images
were acquired with an FEI Magellan 400 XHR Scanning Electron Microscope with
field-emission-gun source. X-ray photoelectron spectra were obtained with a PHI
VersaProbe II scanning X-ray photoelectron spectroscopy Microprobe. Grazing-
incidence X-ray diffraction patterns were acquired at the Evans Analytical Group
using a PANalytical X’Pert diffractometer with a Cu X-ray tube and parallel beam
optics. All patterns were acquired at an incidence angle of 4°. Additional high-
resolution grazing-incidence X-ray diffraction patterns for Williamson-Hall analysis
were acquired at beamline 2-1 of the Stanford Synchrotron Radiation Lightsource
using 11.5keV X-rays with Soller slits and a photomultiplier tube detector.

Surface area determination. Surface roughness factors for the OD-Cu electrodes
and Cu nanoparticle electrodes relative to polycrystalline Cu foils were determined
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by measuring double layer capacitances®'. Cyclic voltammetry was performed in
the same electrochemical cell as in bulk electrolyses with a Nafion proton exchange
membrane and 0.1 M HCIOy electrolyte. The geometric current density at a poten-
tial at which no Faraday process was occurring was plotted against the scan rate of
the cyclic voltammetry. The slope of the linear regression gives the capacitance. A

LETTER

representative set of cyclic voltammetries for OD-Cu 1 and OD-Cu 2 electrodes
are shown (Extended Data Fig. 5).
31.  Waszczuk, P, Zelenay, P. & Sobkowski, J. Surface interaction of benzoic-acid with

a copper electrode. Electrochim. Acta 40, 1717-1721 (1995).
32.  CRC. Handbook of Chemistry and Physics 9th edn, section 5 (CRC, 2013).
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Extended Data Figure 1 | Additional physical characterization of OD-Cu 1.  photoelectron spectrum of the Cu LMM region. ¢, High-resolution X-ray
a, X-ray photoelectron spectroscopy survey spectrum. b, High-resolution X-ray ~ photoelectron spectrum of the Cu 2p peaks. d, Low-resolution SEM image.
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Extended Data Figure 2 | Additional physical characterization of OD-Cu 2.
photoelectron spectrum of the Cu 2p peaks. d, Low-resolution SEM image.

a, X-ray photoelectron spectroscopy survey spectrum. b, High-resolution X-ray
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Extended Data Figure 3 | Additional physical characterization of Cu
d, Low-resolution SEM image.
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spectrum. b, High-resolution X-ray photoelectron spectrum of the Cu LMM

©2014 Macmillan Publishers Limited. All rights reserved



LETTER

a
| OD-Cu 1
OD-Cu 2
o J JL,L M
| | | | | | | |
30 40 50 60 70 80 90 100
206 (degrees)
° <D> =51 nm ¢ <D> = 63 nm
€=0.21% €=0.051%
0.010 i} 0.0040 .
— < 0.0035 |
§ 0.008 ®
> o 0.0030
3 0.006 3
] @ 0.0025 |
0.004 ' ' L ' 0.0020 - : L ' :
1.0 1.5 20 25 3.0 1.0 1.5 20 25 3.0
4sinf 4sin@
Extended Data Figure 4 | Additional grazing-incidence X-ray diffraction the points highlighted in red have been excluded. To calculate crystallite size
pattern data, collected using synchrotron X-rays at 11.5keV. a, X-ray and strain, the following relationships were used: B = KA/<<D>cosf) + 4¢tan0,

diffraction patterns for OD-Cu 1 and OD-Cu 2. b, ¢, Williamson-Hall plots for ~ where <D> is the average crystallite size, 4 is the wavelength, ¢ is the
OD-Cu 1 (b) and for OD-Cu 2 (c), where B = integral breadth of the peak,and  non-uniform strain (microstrain), and the Scherrer constant K= 1.
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Extended Data Figure 6 | Representative bulk-electrolysis data for CO
reduction on OD-Cu 1. a, Current density over time for the reduction of Cu,O
to form active OD-Cu. b, Current density over time (left) for OD-Culat-0.4 V
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versus RHE in 0.1 M KOH, saturated with 1 atm CO and Faraday efficiency
over time (right) for H, (green), C;H, (red), and C,Hg (blue). Efficiencies for
EtOH and AcO™ were obtained at the end of the electrolysis.
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Extended Data Figure 8 | Additional Tafel data collected in 0.1 M KOH, current density for H, evolution versus potential for OD-Cu 1, OD-Cu 2, Cu
saturated with 1atm CO. a, Geometric current density for CO reduction nanoparticles and polycrystalline Cu foil.

versus potential for OD-Cu 2 and Cu nanoparticles. b, Surface-area-normalized
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Extended Data Figure 9 | CO reduction bulk electrolysis data for OD-Cu1  for CO reduction versus potential. ¢, d, SEM images of OD-Cu 1 after
in 1 M KOH, saturated with 1atm CO. a, Faraday efficiency for various electrolysis in 1 M KOH.
products versus potential. b, Total current density and partial current density
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Extended Data Table 1 | Summary of CO reduction total geometric current densities and Faraday efficiencies for OD-Cu and Cu nanoparticle

electrodes

Faraday Efficiency / %

E versus RHE Jiot
v mA om* AcO” EtOH ProH C.H, C.Hs
OD-Cu 1in 0.1 M KOH, saturated with 1 atm CO
-0.25 0.0922 17.9 325 0.0 0.0 0.0
-0.30 0.285 13.6 42.9 0.0 0.6 0.0
-0.35 0.626 6.8 35.8 0.0 1.2 0.0
-0.40 1.30 35 26.1 0.0 32 0.5
-0.45 2.07 2.0 18.9 0.0 3.1 1.0
-0.50 3.03 1.1 12.8 0.0 46 0.7
OD-Cu 1in 0.1 M KOH, saturated with 2.4 + 0.07 atm CO.
-0.30 0.600 16.8 32.7 0.0 0.0 0.0
-0.35 1.28 14.3 33.2 0.0 0.0 0.0
-0.40 1.95 11.6 28.1 0.0 0.3 0.7
-0.45 2.79 10.3 28.7 0.0 0.7 1.3
-0.50 4.43 56 20.5 3.0 1.4 1.8
OD-Cu 2in 0.1 M KOH, saturated with 1 atm CO
-0.25 0.0432 17.3 13.7 0 0 0
-0.30 0.180 13.8 255 0 0 0
-0.35 0.416 12.8 30.4 0 0.69 1.1
-0.40 0.812 6.9 25.7 10.0 35 25
-0.45 1.22 1.7 15.1 5.0 438 14
-0.50 1.78 0.75 15.2 2.2 10.8 0.37
Cu nanoparticles in 0.1 M KOH, saturated with 1 atm CO

-0.30 0.031 5.7 0.0 0.0 0.0 0.0
-0.35 0.121 2.1 23 0.0 0.0 0.0
-0.40 0.302 2.0 3.7 0.0 0.0 0.0
-0.45 0.653 0.4 52 0.0 0.7 0.0
-0.50 1.95 0.4 27 0.0 24 0.0
-0.60 3.97 0.1 0.6 1.1 1.9 0.0

The remainder of the current is attributed to H, evolution.
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Extended Data Table 2 | Capacitance values and surface roughness factors measured using cyclic voltammetry for selected electrodes
discussed in this report

Electrode preparation Capacitance Surface roughness factor
Polycrystalline Cu 29 uF 1

Cu nanoparticles 0.77-0.96 mF 26-33

OD-Cu 1, after 1 h bulk electrolysis 4.6-4.8 mF 159-167

OD-Cu 1, after 12 h bulk electrolysis 3.0-3.2 mF 102-111

OD-Cu 2, after 1 h bulk electrolysis 1.8 mF 62

OD-Cu 2, after 12 h bulk electrolysis 1.1 mF 39

The surface roughness factor for electropolished polycrystalline Cu is defined to be 1.

©2014 Macmillan Publishers Limited. All rights reserved



	Title
	Authors
	Abstract
	Methods Summary
	References
	Methods
	Materials
	Preparation of oxide-derived Cu 1
	Preparation of oxide-derived Cu 2
	Preparation of Cu nanoparticle electrodes
	Electrochemical measurements
	CO reduction electrolyses and product analysis
	Activity versus potential plots
	Equilibrium potentials
	Ex situ analyses
	Surface area determination

	Methods References
	Figure 1 Physical characterization of Cu nanoparticle and OD-Cu electrodes.
	Figure 2 Comparison between OD-Cu 1, OD-Cu 2 and Cu nanoparticle electrodes in electrolyses performed in 0.1 M KOH saturated with 1 atm CO at ambient temperature.
	Figure 3 Comparison of CO reduction in 0.1 M KOH saturated with 1 atm of CO versus 2.4 atm of CO.
	Extended Data Figure 1 Additional physical characterization of OD-Cu 1.
	Extended Data Figure 2 Additional physical characterization of OD-Cu 2.
	Extended Data Figure 3 Additional physical characterization of Cu nanoparticle electrodes.
	Extended Data Figure 4 Additional grazing-incidence X-ray diffraction pattern data, collected using synchrotron X-rays at 11.5 keV.
	Extended Data Figure 5 Electrochemical surface area measurement.
	Extended Data Figure 6 Representative bulk-electrolysis data for CO reduction on OD-Cu 1.
	Extended Data Figure 7 Representative NMR spectrum for an OD-Cu 1 bulk electrolysis at -0.5 V versus RHE in 0.1 M KOH, saturated with 2.4 atm CO.
	Extended Data Figure 8 Additional Tafel data collected in 0.1 M KOH, saturated with 1 atm CO.
	Extended Data Figure 9 CO reduction bulk electrolysis data for OD-Cu 1 in 1 M KOH, saturated with 1 atm CO.
	Extended Data Table 1 Summary of CO reduction total geometric current densities and Faraday efficiencies for OD-Cu and Cu nanoparticle electrodes
	Extended Data Table 2 Capacitance values and surface roughness factors measured using cyclic voltammetry for selected electrodes discussed in this report

