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Understanding Three-Dimensionally Interconnected Porous
Oxide-Derived Copper Electrocatalyst for Selective Carbon Dioxide
Reductiont

Thuy-Duong Nguyen-Phan,**° Congjun Wang,>® Chris M. Marin,®® Yunyun Zhou,? Eli Stavitski,° Eric
J. Popczun,® Yang Yu,® Wengian Xu,® Bret H. Howard,® Mengling Y. Stuckman,®? Iradwikanari
Waluyo,¢ Paul R. Ohodnicki Jr.2 and Douglas R. Kauffman*2

In this work, we have investigated a hierarchical CuO-derived inverse opal (CuO-10) catalyst with high CO selectivity up to
80 - 90% and minimal H, evolution at moderate potentials for CO, electroreduction. The three-dimensionally (3D) structured,
porous catalyst was composed of small CuO nanoparticles and exhibited a peak CO Faradaic efficiency (FE) of 72.5% (+1.8),
complete suppression of H, formation, and good stability over 24 hours operation at -0.6 V versus the reversible hydrogen
electrode (RHE). In situ Raman, X-ray absorption spectroscopy and X-ray diffraction measurements indicated reduction of
the catalyst into metallic Cu® oxidation state with dominant Cu(111) orientation under electrocatalytic conditions. We
suggest that rapid depletion of CO, and protons at the highly roughened catalyst surface likely increased the local pH during
the electrolysis. The combination of C; favoring Cu(111) surfaces and reduced local proton/CO, availability facilitated
selective conversion of CO, into CO and reduced H, and C, products. Our work provides additional understanding of the
structure-property relationships of 3D porous electrocatalysts for CO, reduction applications by evaluating the
crystallographic orientation, oxidation state, and crystallite size of a CO-selective CuO-IO catalyst under realistic working

conditions.

Introduction

Electrochemical CO, reduction (EC-CO,RR) is a promising
approach to convert CO, emissions into industrially-relevant
and value-added chemicals and fuels.”” However, due to slow
kinetics and multi-electron transfer pathway, EC-CO,RR usually
requires significant overpotentials and can suffer from poor
product selectivity and competitive hydrogen evolution
reaction (HER). The development of highly active, selective and
robust CO, conversion catalysts is of vital interest to overcome
these drawbacks. The activity and selectivity towards specific
products strongly depend on electrocatalyst morphology,
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surface roughness, nature of electrochemically active sites,
electronic configuration, transport limitations, local pH
environment at the electrode surface, etc.28

To date, numerous materials have been studied, including
metals, oxides, and carbonaceous composites.1® Expensive
metals such as gold and silver can selectively convert CO, into
C0,46:19.20 which is a commodity chemical used in a variety of
processes, including  methanol and Fischer-Tropsch
synthesis.?22 Copper-derived materials have also attracted
much attention due to their low cost, high abundance, and
ability to produce hydrocarbons or oxygenated
hydrocarbons,?8-1823-29 gnd efforts have recently focused on
structural control to improve their product selectivity. A
number of different structures and dimensions of copper-based
catalysts have been investigated, such as nanoparticles,
nanofoams, nanowires, prisms, dendrites, etc.>1823-30 CuO-
derived hierarchical nanostructures composed of nanowires
exhibited selective CO and HCOOH production with a total FE of
82.5% at -0.55 V vs. RHE that was attributed to the 3D porous
structure of catalysts.?° Mesoporous Cu,O-derived foams were
also found to selectively produce C,H; and C,Hg with a
maximum C, FE reaching 55% at -0.9 V vs. RHE due to the
presence of dominant (100) surface sites for C-C coupling and
temporal trapping of gaseous intermediates inside the
mesopores.3° Despite this progress, it is still challenging to fully
understand the nature of electrochemically active sites because
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the product selectivity of copper catalysts strongly depends on
their structure, morphology, and oxidation state.10-15.18,24,31

Inverse opal (I0) materials have been widely studied for
applications in catalysis, photonics, photovoltaic devices,
energy conversion, and energy storage.3! The three-
dimensional (3D) interconnected, highly porous structure of 10s
are arranged in hexagonal close packed framework, offering
large surface area and better adsorbability of reactant
molecules.?%27:31,32 Despite these benefits, only few studies on
IO catalysts for EC-CO,RR have been reported.*#2627.31 Porous
mesostructured Au and Ag IO catalysts have shown improved
CO selectivity due to the generation of pH gradients that
reduced proton availability at the catalyst surface and
suppressed competitive H, evolution.*® Zhang and coworkers?®
found improved CO selectivity (~45%) for cube-like Cu-10, but
the oxidation state and crystallographic orientation during EC-
CO,RR were not investigated. However, larger 10 pore size
significantly decreases CO FE while enhancing H, and C,
formation. 26:27

Substantial efforts have been devoted to characterizing Cu-
based electrocatalysts during EC-CO,RR working
conditions;®121517.1831 however, in situ investigations of C;
selective Cu-10-based catalysts are still needed to understand
their enhanced selectivity. Here, we investigate the
performance of a hierarchical oxide-derived copper inverse opal
(CuO-10) catalyst that is constructed from ~15 nm Cu-oxide
nanoparticles arranged in a 3D porous framework. The catalyst
demonstrated impressive CO selectivity and strong suppression
of H, evolution over a wide potential window, achieving a peak
FE of 72.5% (+1.8) at -0.6 V vs. RHE, and demonstrating good 24-
hour durability. In situ characterization techniques, including
Raman, X-ray absorption spectroscopy (XAS), and synchrotron
X-ray diffraction (SXRD) under working conditions showed that
the catalyst reduced to metallic Cu® with a dominant (111)
surface under electrocatalytic conditions. We attribute the high
C; selectivity and suppressed HER to a combination of the
dominant presence of a Cu (111) surface®?!! and a high local pH
depleting the local concentration of protons available for H,
production. This work provides additional insight into the
catalytic-activity of copper-based 10 catalysts, and further
demonstrates that catalyst morphology can function as a
catalyst design principle for selective CO, conversion.

Experimental
Synthesis of as-prepared hierarchical CuO inverse opal

All chemicals were purchased from Sigma-Aldrich and used as
received without further purification. Hierarchical CuO inverse
opal materials were prepared by infiltration of copper precursor
solution with poly (methyl methacrylate) (PMMA) opal film (see
ESIT for synthesis detail of PMMA latex and opal template). 20
uL of copper precursor solution including 0.625 g of copper (Il)
nitrate trihydrate (Cu(NOs),.3H,0), 0.375 g of citric acid
monohydrate (CgHgO;.H,0), and 10 mL of absolute ethanol
(C,HsOH, 200 proof) was penetrated slowly into 10°-tilted
PMMA opal and naturally evaporated overnight. The infiltrated
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film was subsequently annealed in air at 400 °C with ramping
rate of 1 °C min? for 4 h to completely remove PMMA and
reassemble hierarchical CuO inverse opal (namely CuO-10) as a
negative replica of bare PMMA opal.

Electrochemical CO, reduction measurement

Electrochemical CO, reduction experiments were carried out in
a gas-tight, two-compartment H-cell separated by a Nafion 117
proton exchange membrane. Each compartment was filled with
50 mL of aqueous 0.1 M KHCOs; electrolyte (99.99%, Sigma-
Aldrich) and contained 100 mL headspace. Here ultra-pure
deionized water (DIW) with 18.3 MQ cm resistivity (Barnstead
EASYpure LF) was used in all electrochemical experiments to
minimize the effect of any trace metal impurities from water on
the EC-CO;RR performance.333% The catholyte was continuously
purged with CO, (99.999%, Butler gas) at a flow rate of 20 mL
min (pH ~ 6.8) during the experiments and stirred at 200 rpm.
The counter and reference electrodes were Pt wire and Ag/AgCl
(saturated NaCl, BASi®), respectively. The catalyst ink was
prepared by dispersing 4 mg of as-prepared CuO-IO (scraped
down from the glass substrates) in 200 pL of methanol and 10
pL of Nafion® 117 solution binder (Sigma-Aldrich, 5%). Working
electrodes were fabricated by drop-casting the prepared ink
onto PTFE-coated carbon paper gas diffusion layer (Toray paper
060, Alfa Aesar). The as prepared CuO-I0O loading on carbon
paper was kept at 2.84+0.1 mg cmge, 2 (based on geometric area)
unless otherwise noted.

CO, reduction experiments were performed at ambient
temperature and pressure using a SP-300 potentiostat (BioLogic
Science Instrument). All potentials were referenced against the
reversible hydrogen electrode (RHE) and the uncompensated
resistance was automatically corrected at 85% (iR-correction)
using the instrument software.®111214 Typical working
electrode 30-40 Q. Short-term
chronoamperometric experiments were conducted for 30 min
at each applied potential sequentially between -0.2 V and -1.2
V vs. RHE. Long-term chronoamperometric experiments were
conducted for 24 hours at -0.6 V vs. RHE. The total and partial
current densities were normalized to the exposed geometric
area. Each data pointis an average of at least three independent
experiments on different fresh electrodes. The evolved gas
products were quantified by PerkinElImer Clarus 600GC
equipped with both FID and TCD detectors, using ShinCarbon ST
80/100 Column and He as a carrier gas. The GC was calibrated
regularly using a calibration mixture of gases with known
composition. The liquid products in the catholytes were
determined by Dionex ICS-5000+ ion chromatography using
ED50 conductometric detector, ASRS suppressor in auto-
generation mode, AS11-HC column and KOH eluent with a
gradient of 0.4 - 30 mM in 45 min run. The calculation of
Faradaic efficiency for each product is described in the ESIT.

resistances were

Materials characterizations
Scanning electron microscopy (SEM) imaging was performed on
a FEI Quanta 600F microscope operated at 10-20 kV equipped

This journal is © The Royal Society of Chemistry 20xx
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with an energy-dispersive X-ray (EDX) detector. High-resolution
transmission electron microscopy (HR-TEM) and EDX analysis
were carried out on a FEl Titan G2 80-300 kV operated at
accelerating voltage of 300 kV. The CuO-10 sample was scraped
down from the glass substrates, suspended in ethanol, drop-
casted onto a holey carbon support Au grid, and naturally dried
in air.

In situ Raman spectroscopy during EC-CO,RR was performed
on a Horiba LabRam HR-Evolution spectrometer with 785 nm
laser as excitation source, a 10x long working distance objective,
and a custom-made Teflon cell with a quartz window. 5 pL of
the catalyst ink, composed of CuO-10, Nafion and methanol,
was drop-cast onto a glassy carbon working electrode. A Pt wire
and Ag/AgCl were used as counter and reference electrodes,
and iR-correction was applied in all measurements. 5 mL of 0.1
M KHCOs; was continuously purged with CO, during the
measurements and sequential Raman spectra were collected at
various constant applied potentials. Ex situ measurement of
fresh and post-reaction electrodes were recorded with 633 nm
laser source and 100x working distance objective.

Hard X-ray absorption spectroscopy (XAS) characterization
was performed at the 8-ID (ISS) beamline of the National
Synchrotron Light Source Il (NSLS-1l) at Brookhaven National
Laboratory. In situ Cu K-edge XAS experiments during CO,
electrolysis were carried out wusing a custom-made
polycarbonate cell which consisted of three interconnected
chambers for working, Ag/AgCl reference, and Pt wire counter
electrodes. A Kapton window in the working electrode chamber
allowed the passage of X-rays (Fig. S17, ESI). The cell was filled
with 7 mL of aqueous 0.1 M KHCOs electrolyte and saturated
with CO, gas using a constant flow rate of 10 mL minl. The
fabrication of the CuO-10 working electrode was identical to the
electrochemical measurement in H-cell, although the in situ cell
was an open design and not gas tight. /In situ Cu K-edge XAS
spectra were collected using a Passivated Implanted Planar
Silicon detector during the application of various cathodic
potentials (vs. RHE, iR-corrected). Cu foil was used for energy
calibration. Reference samples, including bulk Cu,O and CuO
powders, were diluted with boron nitride and pressed into
pellets for ex situ measurement. These materials were also
collected for energy normalization (at 8979 eV) and model
fitting for X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine (EXAFS) data
processing. All Cu K-edge data were collected in fluorescence

structure

modes and subsequently analyzed using IFEFFIT freeware
package.3®

Synchrotron X-ray diffraction (SXRD) measurements were
conducted at beamline 17-BM-B (A =0.24136 A, 51.4 keV) of the
Advanced Photon Source at Argonne National Laboratory. Ex-
situ SXRD analysis of powder samples was conducted by loading
samples into Kapton capillaries, and two-dimensional
were collected by a Perkin Elmer
in situ SXRD cell

experimental conditions were identical to those used for in situ

diffraction patterns

amorphous silicon detector. The and

This journal is © The Royal Society of Chemistry 20xx
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XAS experiments, and SXRD patterns were collected during the
application of cathodic potentials. The data acquisition was
performed with QXRD and the diffraction ring was integrated
using GSAS-Il package.3® The instrument parameters were
calibrated using a Si standard; the phase determination and
compositional fraction were subsequently determined by
Rietveld refinement using GSAS-II.

Results

Materials characterizations

The electron microscopy images in Fig. 1A and Fig. S2-S4t (ESI)
show a three-dimensional interconnected backbone of as-
prepared CuO-I0 with an average cavity size of 1805 nm. The
HR-TEM micrograph in Fig. 1B reveals the CuO-I1O structure is
composed of 15~ 20 nm CuO nanoparticles with lattice spacings
of 0.272 nm, 0.252 nm, and 0.232 nm that can be indexed to
(110), (002), (200)
respectively.

and planes of polycrystalline CuO,

The synchrotron XRD pattern of CuO-l1O in Fig. 1C displays
several diffraction peaks representative of monoclinic CuO
(space group C2/c) with lattice constants a = 4.7119 A, b =
3.4350 A, c=5.1164 A. Neither cuprite Cu,0 nor metallic copper
phases were found, and the mean CuO crystallite size of ca. 15
nm closely matched particle sizes determined from HR-TEM
imaging. Cu K-edge XANES spectra (Fig. 1D) reveal that the line
shape, and the positions of pre-edge (1s — 3d transition, at
8977 eV), shakedown feature (1s — 4p transition, at 8986 eV)
and white line (at 8998 eV) for CuO-l0 resemble the CuO
standard, indicating Cu?* oxidation state. Two maxima centered
at 1.53 and 2.52 A in corresponding Fourier transformed k2-
weighted EXAFS spectrum (Fig. S5, ESI) are ascribed to Cu-O
bond in the nearest neighbor shell and Cu-Cu in the next near
neighbor coordination, respectively.!41> Additional XPS, Auger
and Cu L-edge XAS data in Fig. S6T (ESI) also confirmed the
presence of CuO.

Electrochemical performance

The CO, electroreduction activity of as-prepared CuO-10 was
evaluated using chronoamperometry between -0.2 Vand -1.2 V
vs. RHE as shown in Fig. 2A. Impressive C; selectivity was
demonstrated over an extremely wide potential range, with
only minor C,H, (< 5%) and H, between -0.9 V and -1.2 V and
trace ethane -1.2 V (<0.1% FE) (Table S17, ESI). Total geometric
current densities of CuO-HIO catalyst were comparable to other
oxide-derived copper electrocalysts (Fig. S8t, ESI), but the C;
product selectivity was much higher than expected for copper-
based catalysts.8-10,12-14,23,26,27 Nethane and formic acid were
the dominant products below -0.4 V, while CO production
increased to a maximum Faradaic efficiency (FE) of 72.5% at -
0.6 V and maximum CO selectivity up to nearly 90% was
observed between -0.7 V and -0.8 V (Fig. S97, ESI). We point out
that some potentials had less than 100% FE, which may stem
from some fraction of the current going to copper oxide
reduction and/or the production of liquid products that were
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Fig. 1 (A) SEM image, (B) HR-TEM micrograph, (C) SXRD pattern (orange pattern is for simulated CuO), and (D) XANES Cu K-edge of as prepared CuO-10. Orange, gray and blue

spectra in (D) are bulk CuO, bulk Cu,0 and Cu foil standards.

either below the detection limit or not detectable by ion
chromatography (Fig. S10t, ESI). Nevertheless, we observed an
average C, FE of 7842% was observed between -0.2 to -1.1V vs.
RHE (Fig. S11t, ESI), which decreased to approximately 60% at -
1.2V vs. RHE due to the increased HER at large overpotentials.
The CO yield strongly increased from ~ 30 pmolco 8catalyst* h™* at
-0.2V to 60 ~ 70 mmolco 8eatalyst* ' at potentials more negative
than -1.0 V (Table S1t, ESI).

Control experiments with different CuO-10O catalyst loadings,
varied catalyst layer thickness, and a graphite counter electrode
produced similarly high CO selectivities (Fig. S12-13%, ESI),
which rules out a strong loading-dependence or unintentional
contamination from the Pt counter electrode impacting the
measured product distribution.3” Finally, the bare carbon paper
demonstrated almost exclusive H, production with only trace
CO and CH,4 detected from -0.7 V to -1.2 V (Fig. S14T, ESI).

Long-term CO, electrolysis demonstrated consistent CO
selectivity for the CuO-l10 catalyst. As shown in Fig. 2B, an
average 67+2 % CO FE was found over 24 hours at -0.6 V with a
stable current density of ca. 2.5 mA cm2 and no detectable H,
evolution (Fig. S15%, ESI).
membrane or deposition of other trace metal impurities from
water can impact catalyst activity and stability.3334 XPS analysis

Pt crossover through Nafion

4| J. Name., 2012, 00, 1-3

of post-reaction electrodes after long-term runs at -0.6 V using
Pt wire and graphite counter electrodes ruled out significant
deposition of trace Pt, Zn, Pb or Fe elements onto the electrode
surface (Fig. S16, ESI). Post reaction electron microscopy in Fig.
S17t (ESI) revealed the catalyst preserved its general inverse
opal structure. The sustained CO selectivity and current density
over 24-hour operation indicates the CuO-1O catalyst is a robust
CO,-to-CO conversion catalyst.

For comparison, we also tested the EC-CO,RR performance of
commercially-available bulk CuO powder (~ 1-5 um) and non-
10, ~50 nm diameter CuO nanoparticles (NPs) with similar
catalyst loading. The morphology, crystallographic orientation
and oxidation state of these oxide materials were determined
by SEM, SXRD and XAS measurements (Table S2-S31 and Fig.
S18t, ESI). The potential-dependent Faradaic efficiencies for all
products in Fig. S19-S207 (ESI) show that unlike CuO-10, these
more traditionally structured CuO catalysts produced mostly H,
(FE ~50 - 70%) with small yields of CO (FE < 20%) at moderate
negative potentials and ~20% FE of ethylene at high
overpotentials. The product distribution obtained over these
catalysts is similar to those of many copper catalysts reported
before.11.12.1424.2528 As shown in Fig. 2C-2D and Fig. S21t (ESI),
the CuO-I0 demonstrated substantially higher FEs and

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 (A) Potential-dependent Faradaic efficiencies for CO, reduction products over CuO-1O catalyst in CO, saturated 0.1 M KHCOs. (B) Long-term electrocatalytic performance of
CuO-10 catalyst at -0.6 V vs. RHE. Comparisons of (C) CO Faradaic efficiency (FE) and (D) CO partial current density (jco) at various negative potentials for CuO-10, ~50 nm CuO NPs,

and bulk CuO powder.

selectivities towards CO, and CO partial current density (jco)
compared with the CuO NPs and bulk CuO catalysts. The 141 mV
dec! Tafel slope for CO production at CuO-10 was close to the
120 mV dec! expected for a rate determining step involving the
initial electron transfer to CO, (Fig. S22, ESI).10.13,26,29,31 Tafe|
slopes for the CuO NPs and bulk CuO were 178 and 184 mV dec”
1, respectively.

In situ measurements

The Pourbaix diagram for the Cu-H,0 system32 indicates CuO
should reduce to metallic Cu under EC-CO,RR at potentials more
negative than -0.5 V, which is consistent with the cyclic
voltammogram (CV) of CuO-IO in CO, saturated 0.1 M KHCO3
(Fig. 3A). The oxidation state of Cu-based catalysts during CO,RR
is still debated in the literature,14151824283940 gnd we
conducted in situ XAS, Raman spectroscopy, and XRD
experiments to monitor the oxidation state, surface structure,
crystallite size, and crystallographic orientation of CuO-10 under
electrochemical potential control.

Cu K-edge XANES and EXAFS were collected at various
potentials in CO, saturated 0.1 M KHCOs. The EXAFS spectra in
Fig. 3B shows the CuO-10 was in the Cu?* oxidation state under
open circuit. A reduction of the Cu-O and Cu-Cu scattering peaks
of CuO at 1.53 A and 2.52 A, and the emergence of the first Cu-

This journal is © The Royal Society of Chemistry 20xx

Cu coordination shell in metallic Cu at 2.21 A indicate the onset
of Cu-oxide reduction at an applied potential of -0.2V vs.
RHE.1415 apparent with
increasingly cathodic potentials, and comparison with the bulk

These changes became more
Cu foil reference indicates near complete reduction beyond -
0.6V vs. RHE. These potential-dependent spectroscopic changes
are consistent with the Cu-oxide reduction peak centered at
approximately -0.45 V vs. RHE in Fig. 3A, and they agree with
the Cu-H,0 Porbaix diagram3® and similar behavior recently
reported by Velasco-Vélez et al.?® The associated Cu K-edge
XANES spectra collected at different potentials and while being
held at -0.6V are presented in Figs. S23 and S24% (ESI).

XAS is a bulk technique, and some studies have suggested the
presence of residual surface or sub-surface oxides during EC-
CO,RR  that could impact EC-CO,RR activity
selectivity.814151824 To address this question, we also employed

and

in situ Raman spectroscopy as a more surface sensitive
technique to probe the surface structure changes of CuO-10
during the application of electrochemical potentials. Ex situ
Raman spectrum in Fig. S251 (ESI) shows three indicative Ag, By,
and B,z modes for fresh CuO-IO electrode. As shown in Fig. 3C,
we monitored the wavenumber region associated with the
predominant A, feature of CuO at 294 cm™! to track oxidation

J. Name., 2013, 00, 1-3 | 5
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Fig. 3 (A) Cyclic voltammetry of fresh CuO-10 electrode in CO, saturated 0.1 M KHCOs. (B) Potential-dependent k?-weighted R-space EXAFS analysis (no phase correction) from -0.2
Vto-1.2 V vs. RHE (collected at 30 min at each potential). (C) /n situ Raman spectra for tracking surface structure of CuO-10 during EC-CO,RR at -0.6 V (using 785 nm laser source).
(D) SXRD patterns of CuO-10 electrode under open circuit and steady state at -0.6 V vs. RHE (*indicates residual carbon paper features and Kapton window from background

subtraction).

state during CO,RR. The spectrum collected before reaction is
consistent with previous reports of CuO samples containing
~10nm grain sizes recorded with a 782 nm laser.?! This feature
gradually disappeared during the application of at -0.6 V vs. RHE
in CO,-purged KHCO3, and no other peaks associated with Cu,0
were found during the reaction in the region of 100-250 cm!
and 330-600 cm, Similar results were obtained at -0.8V and -
1.0 V vs. RHE (Fig. S26t, ESI). Metallic copper is Raman-inactive,
and the immediate decrease in intensity and subsequent
disappearance under electrocatalytic potentials strongly
indicate the reduction of CuO into Cu® on the electrocatalyst
surface. These results are also in good agreement with other
previous reports of Cu-oxide reduction,®12273%9 gpecifically,
those of Ren?® and Wang et al.3® who attributed the
disappearance of the A, mode during the application of
cathodic potentials to copper-oxide reduction and Cu°
formation. Raman spectrum collected once the catalyst
returned to open circuit showed the presence of mixed Cu,O

6 | J. Name., 2012, 00, 1-3

and CuO species (Fig. S277, ESI), which reflects the reversibility
of the Cu redox process.

Finally, in situ XRD were collected under open circuit and at -
0.6 V vs. RHE to further probe the crystallographic orientation
and crystallite size during EC-CO,RR (Fig. 3D). CuO was
identified before reaction, which is consistent with both Cu K-
edge XAS/EXAFS and Raman measurements. Under steady state
operating conditions at -0.6 V vs. RHE, we found the presence
of Cu (111), (200), (220), (311), and (222) peaks indicative of
face-centered cubic Cu (space group Fm-3m), and we did not
observe any significant signatures associated with oxides under
working conditions (Fig. S24t and Fig. S28t, ESI). The results
identify metallic copper with lattice constant a = b = ¢ = 3.6102
A and mean crystallite size of 10-11 nm during EC-CO,RR, which
is consistent with pre-reaction TEM analysis. The peak intensity
ratio of Cu(111) to Cu(200) for an ideal polycrystalline Cu
surface was reported to be ca. 3.03.3° We have estimated that
the average relative intensity ratio of Cu(111) and Cu(200)
peaks at during EC-CO,RR at -0.6V vs. RHE is 3.58 (Fig. S28, ESI),
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implying the dominance of closed-packed Cu(111) surface or
preferential (111) orientation of the catalyst during the
reaction. Importantly, we observed that the crystallographic
orientation and crystallite size of operating catalyst did not
substantially change during five hours of measurement at -0.6V
vs. RHE (Fig. S28t, ESI). Similar to Raman measurements, we
also observed re-oxidation of the catalyst once it was returned
to open circuit after the application of cathodic potential (Fig.
S29t, ESI). Correlating these various in situ measurements
strongly implies that Cu® with a preferred Cu(111) orientation is
a dominant species present in the CuO-10O catalyst during EC-
CO,RR.

Discussion

The oxide-derived Cu-lO catalysts exhibited some of the highest
CO,-to-CO selectivity among several oxide-derived copper
electrocatalysts at low to moderate overpotentials (Table S4t,
ESI).>10.13,17,26-2342 Eor example, both Kanan,1° Ren?® and their
coworkers reported that oxide-derived copper catalysts with a
relatively high surface roughness could achieve selective CO
and/or HCOOH production at low overpotentials. Wang and
coworkers>'7:2% also achieved CO FEs around 60% between -0.3
V and -0.5 V vs. RHE using Cu,0-derived copper nanowires with
a surface containing small (<10 nm) crystallites, as well as oxide-
derived, 3D copper nanostructures.

In the present study, the selective EC-CO,RR performance
and strong HER inhibition demonstrated by the CuO-IO catalyst
may be attributed to both its 3D morphology and
crystallographic surface orientation. The CuO-IO catalyst is
composed of small nanoparticles arranged in a 3D
interconnected porous structure that offers a large surface-to-
volume ratio. The measured ECSA (2.96 cm?) and RF (30.8) of
CuO-10 were considerably larger than the ~50 nm diameter CuO
NPs and bulk CuO powder (0.37-0.55 cm? and RF = 5.3-7.8; Fig.
S30t and Table S5%, ESI). The preferential Cu(111)
surface/orientation is also expected to demonstrate higher C;
selectivity due to weaker binding of *CO and *COOH
intermediates, whereas Cu(100) facets have favored C,,
production owing to a lower energetic barrier for intermediate
hydrogenation.89:11,23,30,42-50

In the low and moderate overpotential range (-0.2 to -0.8V vs.
RHE), the CuO-I0O catalyst produced exclusive C; products and
almost no H, evolution. In this potential range, the highly
roughened, porous CuO-IO surface allowed rapid consumption
of both CO, and H*.2%42 The observed current density likely
increased the local pH sufficiently to reduce the number of
protons available for HER,*?>°! while the Cu (111) orientation
favored C; production over C, formation. 923,30,42,43,45,47,43,50

In the high overpotential range, large current densities can
increase the local pH at copper electrodes to 13 or higher.#243
These basic conditions can activate additional C, forming
reaction pathways and deplete the concentration of available
CO, molecules.*?4451.52 The effect of these two phenomena was
observed beyond -0.8V vs. RHE with increased H, evolution and
the emergence of C, product formation at the CuO-10 catalyst.
While we did observe hydrocarbon formation at large

This journal is © The Royal Society of Chemistry 20xx
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overpotentials, methane was substantially favored over
ethylene. These results are largely consistent with the expected
C, preference of Cu(111) facets.?23:30:42,43,45,47,49,50

Previous works have proposed C,, forming reaction pathways
on Cu (111).%84° C,H,4 formation can share the *COH pathway
with CH, production, go through a *CHO pathway followed by
c-C coupling, and/or undergo *CO
dimerization.121516,23,27,42,43,48 Strong suppression of C, products
along with favorable CH, formation at potentials beyond -0.9 V
vs. RHE indicate that CuO-derived Cu-lO promotes either the
CHO or COH pathway over CO dimerization. Our results are
consistent with previous findings of preferential methane
formation on Cu(111) at more elevated overpotentials over C,
products_42,43,45,47,49,50

Finally, we can compare our results with others to identify the
impact of Cu-lO0 pore size.?627 Cu-lO catalysts prepared by
electrochemical deposition formed with larger diameter pores
(340-600 nm) and contained larger, more bulk-like particles and
crystallites.?627 Fig. S31t (ESI) shows that increasing pore
diameter from 180 nm (current study) to 600 nm decreased CO
selectivity while increased both H, and C, production. Cu-IOs
with larger crystallite size and pore diameter demonstrated
product distributions similar to that of bulk CuO powder (Fig.
S20t, ESI), suggesting both pore diameter and crystallite size
may be a design principle for tuning catalyst selectivity.

Taken together, our results suggest the CuO-lO catalyst
selectively produced CO owing to the synergy between the
morphology and structure of the electrocatalyst. The 3D
interconnected porous structure created pH gradients that
decreased proton availability and suppressed HER, while the
dominant Cu(111) orientation favored selective C; formation.
Our work provides better understanding of the structure-
property relationships of porous copper-based catalysts, and
provides insight into the selective, precious-metal free
reduction of CO, into CO at CuO-IO.

Conclusions

In summary, our hierarchical CuO-derived |0 catalyst has shown
impressive CO selectivity across a wide potential range with
minor H, evolution. This performance is superior in Faradaic
efficiency (~72.5%), selectivity (~¥90%) and CO current density
compared with other bulk and nanoparticulate copper oxide
catalysts (FE < 20%). Our results have demonstrated the benefit
of 3D interconnected porous structure that promotes EC-CO,RR
by creating local pH gradients within the catalyst pores that
deplete the local concentration of protons available for HER. In
addition, the high surface roughness reduced copper surface,
and Cu (111) oriented-surface facilitate a C; reaction path. In
this regard, our work may provide more understanding on
structure-property relation of oxide-derived copper catalyst for
CO production from fossil fuel-generated CO, emission.
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Three-dimensionally interconnected porous oxide-derived copper inverse opal catalysts have
exhibited a peak CO Faradaic efficiency of 72.5%, complete suppression of H, formation, and good
stability over 24 hours operation at -0.6 V vs. RHE. The combination of C; favoring Cu(111) surfaces
under electrocatalytic conditions and high local pH at the highly roughened catalyst surface
depleting the local proton and CO, availability has facilitated selective conversion of CO, into CO

and reduced H, evolution.



