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Abstract
Converting CO2 into fuels and chemicals using renewable electricity as the power
source requires efficient electrochemical CO2 reduction catalysts. Copper can reduce CO2
to multiple products of interest, but it is inefficient because of poor selectivity for CO2 vs
H2O reduction. Oxide-derived Cu, a nanocrystalline form of Cu prepared by reduction of
Cu2O precursors, has greatly improved selectivity for CO2 reduction at modest reducing
potentials. This GCEP project aims to elucidate the structural origin of the CO2 reduction
properties of oxide-derived Cu and apply these insights to the synthesis of improved
catalysts. To test whether the catalytic properties of oxide-derived Cu arise from its
microstructural features, alternative nanocrystalline Cu electrodes were prepared by
reduction of CuX and Cu2S precursors (X = halide), electrodeposition from Cu(II) baths,
and vapor deposition. A few of these preparations yielded nanocrystalline Cu electrodes
significantly improved CO2 reduction selectivity relative to bulk Cu and an optimized
electrodeposited material had selectivity was close to oxide-derived Cu. Thermally
annealing active catalysts at 200 °C compromised their CO2 reduction selectivity without
effecting large grain growth, indicating that selectivity is linked to metastable
microstructural features. Poisoning studies were used to probe the active sites for CO2
reduction on oxide-derived Cu. Treatment of oxide-derived Cu with sulfide eliminated its
ability to reduce CO2 to CO but did not eliminate HCO2– production, suggesting that
these products come from different active sites. Ongoing work includes high-resolution
TEM studies to determine the microstructural differences between active and thermally
deactivated nanocrystalline Cu electrodes and temperature programmed desorption to
probe surface structures.
Introduction
The prospect of halting the accumulation of CO2 in the atmosphere would be greatly
improved by the development of scalable CO2 recycling technologies. Economically
feasible production of fuels and chemicals from CO2 and renewable energy would create
a strong incentive to capture CO2 from point sources or directly from air. A particularly
attractive CO2 recycling strategy is to power a CO2-fixing electrolytic device with a
source of renewable electricity. This strategy enables the use of both wind and solar
energy and the electrolytic catalysts (H2O oxidation and CO2 reduction) can be optimized
independently of renewable energy collection, in contrast to photoelectrochemical
approaches. The greatest challenge to electrochemical carbon fuel synthesis is to develop
efficient, selective, and robust CO2 reduction cathodes.
Copper is an attractive material for CO2 reduction catalysis because it can produce
multiple products of interest and it is relatively inexpensive. Unfortunately, like nearly all
known CO2 reduction catalysts, Cu is energetically inefficient and has a strong preference
for H2O reduction, which lowers the yield of CO2 reduction in aqueous conditions.1
Modifying Cu to improve its efficiency and control selectivity is essential for developing
this material into a viable cathode. Copper nanoparticles synthesized by conventional
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methodologies have thus far proven to be comparable to bulk Cu in their catalytic
properties. We developed a nanostructured form of Cu called “oxide-derived Cu” that has
substantially improved selectivity for CO2 vs H2O reduction at modest reducing
potentials. The material is prepared by a reductive phase transformation from Cu2O to
metallic Cu. Developing oxide-derived Cu into a practical cathode for fuel-synthesizing
devices will require understanding which structural features are essential for catalysis and
amplifying these features in improved variants.
Background
Copper is the most heavily studied material for CO2 reduction catalysis.
Polycrystalline and numerous single-crystal Cu electrodes have been evaluated in CO2saturated aqueous bicarbonate (HCO3–) solutions at ambient temperature.1-5 These studies
have revealed a complex, potential-dependent product distribution. At low overpotential,
H2O reduction to H2 outcompetes CO2 reduction. At moderate to high overpotentials,
CO2 reduction to CO and HCO2– become significant products. At very high
overpotentials, methane and ethylene are the major products, followed by smaller
amounts of oxygenates including ethanol and acetate. In CO-saturated solutions without
CO2, methane, ethylene and oxygenates are also formed but only at similarly negative
potentials.6-8 The requirement for large overpotentials to favor CO2 or CO reduction vs
H2O reduction compromises the energetic efficiency of Cu and promotes electrode
deactivation. This problem pertains not only to polycrystalline Cu and low-index surfaces
but also to numerous high-index and highly stepped surfaces that have been evaluated as
single crystal electrodes.5 These results indicate that either the canonical surfaces of Cu
are all relatively inactive for CO2 reduction at low overpotential, or that active surfaces
readily rearrange to inactive structures in situ. Computational studies have provided
insight into possible reduction pathways on Cu and identified possible potentialdetermining steps.9,10 In addition to bulk Cu surfaces, a recent study observed that Cu
nanoparticles ranging in size from 2 nm to 15 nm have comparable or worse selectivity
for CO2 vs H2O reduction than polycrystalline Cu.11 Very small (< 5 nm) Cu
nanoparticles showed a greater propensity for H2O reduction, suggesting that surface
atoms with low coordination numbers promote H2 formation.
We reported oxide-derived Cu (OD-Cu) and its CO2 reduction activity in 2012 and
very recently reported CO reduction to liquid fuels with this material.12,13 OD-Cu is
prepared by reducing a relatively thick Cu2O precursor, either via electroreduction or
treatment with H2 at 130 °C. Compared to Cu foil and Cu nanoparticles, OD-Cu has
lower intrinsic (surface area–normalized) H2O reduction activity and higher intrinsic CO
reduction activity. As a result, OD-Cu attains higher selectivity for CO2 reduction to CO
and HCO2– at low overpotentials and higher selectivity for CO reduction to ethanol and
acetate at moderate overpotential. OD-Cu also produces only multi-carbon products from
CO2 reduction at high overpotential, in contrast to the predominant methane formation on
other Cu materials. An independent study of CO2 reduction with OD-Cu observed similar
results to our original report and demonstrated that the selectivities were maintained at
higher current densities.14 The intrinsic activities and consequent selectivities of OD-Cu
are sensitive to the properties of the Cu2O precursor and the way in which it is reduced.
For example, OD-Cu produced by H2 reduction has appreciable selectivity for propanol
formation in CO reduction whereas the material produced by electroreduction does not.
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Transmission electron microscopy (TEM) and grazing incidence X-ray diffraction studies
have revealed that OD-Cu materials are nanocrystalline, meaning that they are comprised
of continuous networks of nanocrystals linked by grain boundaries (Figure 1).13 Our
current model is that the grain boundary network is important for the catalytic properties
of OD-Cu. In other words, the origin of the catalytic properties of OD-Cu is a
microstructural phenomenon. Grain boundary surface terminations may contain active
sites that are not otherwise stable15 and the grain boundaries impose irregular shapes on
the nanocrystals that may affect the step density on the particle surfaces that are distal
from the grain boundaries.

Figure 1: Schematic depiction of the synthesis of oxide-derived Cu and its nanocrystallinity.

Results
The insight from TEM and X-ray diffraction studies that OD-Cu electrodes are
nanocrystalline prompted us to examine alternative routes to nanocrystalline Cu. These
studies were intended to provide additional evidence for a microstructural origin to the
catalytic activity of OD-Cu and assess whether alternative preparations yield more active
nanocrystalline material. We have also performed preliminary studies with
nanocrystalline forms of other metals to assess the generality of microstructural effects in
CO2 catalysis.
Nanostructured copper electrodes prepared from precursors other than copper oxide
One possible route to nanocrystalline Cu is to perform a reductive phase
transformation from a different precursor. We prepared thin films of CuCl, CuBr, CuI,
and Cu2S on Cu foil and reduced these precursors to the corresponding halide-derived or
chalcogenide-derived Cu electrodes using similar methods as for OD-Cu. The electrodes
were evaluated under standard CO2 reduction conditions and compared to OD-Cu and
polycrystalline Cu foil. Both the chloride-derived and bromide-derived Cu electrodes
showed substantially improved selectivity for CO2 vs H2O reduction at low overpotential
compared to polycrystalline Cu, although neither were as effective as OD-Cu. Iodidederived and sulfide-derived Cu were essentially completely inactive for CO2 reduction.
Nanostructured copper electrodes prepared by electrodeposition
Electrodeposition is a well-established method for preparing nanocrystalline metal
films.16,17 The average crystallite size in electrodeposited films can be systematically
varied using different bath conditions and deposition parameters. Under optimized
deposition conditions, Cu films deposited from Cu2+ baths showed enhanced selectivity
for CO2 reduction at low overpotential and enhanced CO reduction activity relative to
bulk. The films were generally less active than oxide-derived Cu. The results provide
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additional indirect evidence that nanocrystalline networks are responsible for the catalytic
activity of OD-Cu.
Nanostructured electrodes prepared by vapor deposition
Electrodes prepared by reducing Cu(I) precursors or by electrodeposition have high
mass loadings and are difficult to configure with practical flow-based or gas diffusion
electrolyzers. We are developing methods to remove OD-Cu from the Cu foil substrate
and disperse it so that it can be added to carbon supports. Alternatively, it would be
advantageous to prepare nanocrystalline Cu directly on carbon supports. The oxide
reduction method is not readily adapted for the preparation of thin nanocrystalline Cu on
carbon. Vapor deposition methods can be used to prepare nanocrystalline metal films on
a variety of substrates.18 We hypothesized that nanocrystalline metal films deposited
prepared by vapor deposition would recapitulate the catalytic properties of oxide-derived
metal electrodes. Preliminary studies have achieved some success using this approach
with Au, but to date Cu electrodes prepared by vapor deposition have not exhibited
enhanced catalytic properties relative to bulk Cu.
Future Plans
Future studies will continue to test the contention that the catalytic properties of ODCu are derived from microstructural features that are trapped during the Cu2O reduction.
The surfaces of OD-Cu will be probed using temperature programmed desorption and
vibrational spectroscopy. Microstructural features will be probed using high resolution
TEM. We will continue to develop alternative routes to nanocrystalline Cu electrodes and
evaluate these materials for CO2 reduction. Vapor deposition of nanocrystalline Cu will
be performed at low temperatures to trap metastable grain boundary structures. These
studies will be aided by additional experiments with vapor-deposited Au electrodes.
Finally, mechanical deformation and compaction techniques will be used to transform Cu
foil into a nanograined material and create nanocrystalline Cu from Cu nanoparticles.
Comparison of the CO2 reduction properties of Cu foil before and after deformation and
Cu nanoparticles before and after compaction will test the ability to change catalysis by
engineering grain boundary networks.
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None to report
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