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The electrochemical reduction of carbon dioxide (CO,) to multicarbon hydrocarbons or oxygenate
compounds beyond carbon monoxide is of great importance, as it offers a promising way to obtain a
renewable fuel of high energy density and close the carbon cycle. Copper has been considered the
predominant and effective electrocatalyst for the CO, reduction reaction (CO,RR), especially when aiming for
ethylene products. However, the selectivity or current density of most catalysts for ethylene production is not
satisfactory at competitive prices. Here, we present a newly designed electrocatalyst comprising ALCuO4
nanosheets uniformly covered with CuO nanoparticles (CuAl-1: CuO/Al,CuO4-23) by phase and interphase
engineering, achieving an ultrahigh selectivity of 82.4% for ethylene in an H-cell system with good catalytic
stability and material durability for 100 h. In a flow-cell electrolyzer, this catalyst achieves a remarkably high
ethylene partial current density of 421 mA cm™2, substantially higher than the as-synthesized bare CuO (261
mA cm™2) counterpart. The results of time-resolved attenuated total reflection-surface enhanced infrared
absorption spectroscopy (ATR-SEIRAS) suggest that compared to the CuO catalyst, CuAl-1 enabled high

Received 13th December 2021, surface coverages of *CO intermediates and strengthened adsorption of *CO for C-C coupling toward
Accepted 21st March 2022 *OCCO, which is an intermediate for the production of ethylene. X-ray absorption analysis confirms that Cu
DOI: 10.1039/d1ee03861c oxide species in CuAl-1 are well retained during CO, reduction, whereas the bare CuO catalyst is completely

reduced to the metallic Cu state. Density functional theory calculations propose that a synergistic effect
rsc.li/ees between CuO and AlL,CuOy, in the CuAl-1 steers the CO,RR pathway towards ethylene.

Broader context

The conversion of greenhouse CO, gas into value-added carbon-based fuels and feedstocks by an electrochemical CO, reduction reaction (CO,RR) is a potentially
promising approach to reduce the level of CO, in the earth’s atmosphere and store sustainable energy. To improve the economic viability of the CO,RR in industrial
applications, the electrosynthesis of ethylene or ethanol products from CO, is desired due to their high demand in the global market. However, the production of
ethylene or ethanol products from the CO,RR is often challenged by the low selectivity of most catalysts toward C,, products. Thus, the design of an efficient and
inexpensive catalyst that can direct the CO, electroreduction pathway toward a specific desired C,, product is the key of the CO,RR. In this study, we present an
effective and scalable “phase and interphase engineering” approach for the development of a new and powerful CO,RR electrocatalyst composed of Al,CuO,
nanosheets uniformly covered with CuO nanoparticles (CuO/Al,CuO,: having abundant CuO and Al,CuO, interface) to achieve the superior and selective generation
of ethylene from electrochemical CO, conversion. During the CO,RR, these CuO/Al,CuO, interface sites allowed high surface coverage of *CO intermediates and
strengthened the adsorption of *CO for C-C coupling toward *OCCO, allowing the CO, electroreduction pathway to be tuned for specific ethylene formation.
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Introduction

The excessive emission of anthropogenic carbon dioxide (CO,)
gas from the combustion of traditional fossil fuels causes many
serious environmental problems, such as global warming,
which hinders the growth and the development of our modern
industrial society.' Thus, how to effectively reduce the level of
CO, in the atmosphere has become a global challenge. One
potential approach to this problem is the conversion of CO, gas
into value-added fuels and feedstocks by an electrochemical
CO, reduction reaction (CO,RR); this conversion process not
only reduces the level of CO, in the earth’s atmosphere but also
stores sustainable energy.’® Currently, the main dominant and
selective products of the CO,RR process are mostly limited to
two-electron-reduced carbon monoxide (CO) or formic acid
(HCOOH),” ™" while the production of further reduced C,
products such as methane (CH,)">"? or methanol (CH;0H)"*™*¢
has also been reported with high faradaic efficiency (FE).
However, among the various CO,RR products, the more reduced
C, products, such as ethylene (C,H,), which are formed through
multiple electron-proton transfer intermediates and complex
C-C bond coupling reactions are highly desirable due to their
larger energy density and high market price, but the selective
generation of C,H, from the CO,RR remains a challenging
problem."”*®

To date, copper (Cu) is the only transition metal-based
CO,RR electrocatalyst that can produce multi-carbon hydrocarbons
with appreciable selectivity.'*° However, bulk Cu catalysts suffer
from several limitations, such as high overpotentials, poor
selectivity toward a specific C, product, deactivation issues, low
catalytic activity due to limited active surface area and losses of FE
caused by a concurrent hydrogen evolution reaction (HER).'”**2
Up until now, various kinds of strategies and techniques have
been extensively used to improve the selectivity of C,H, on the Cu
catalysts, including tailoring the physiochemical properties of Cu
through heteroatom doping,>® construction of Cu nanostructures
with different particle sizes and morphologies,>2° facet
dependency,®” alloying of Cu with noble metals**?° and produc-
tion of grain boundaries and nanoscale defects in Cu nanosheets
to create more catalytic active sites for adjusting the reaction
intermediates/pathways in the CO,RR.>*>" But still, the selectivity
of most of the catalysts reported for C,H, is not satisfactory to be
applicable for practical implementation. Thus, the design of an
electrocatalyst for the selective generation of ethylene that meets
the criteria for the large-scale commercialization of the electro-
chemical CO,RR system is necessary and urgent.

Given that the surface-bound CO dimer intermediate
through C-C coupling reaction is the key species for C,H,
formation, Cu®" (Cu®" has vacant 3d orbitals and therefore have a
moderate CO* binding energy) has been suggested as an active
surface for CO dimerization in Cu-catalysts.*** Indeed, reasonably
good activity and selectivity for C,H, generation have been achieved
through introducing Cu’" sites in Cu-catalysts. Similarly, copper—
oxide has been found as a promising electrocatalyst for CO
dimerization through the C-C coupling reaction and C,H,
generation.’>** Unfortunately, Cu®" or Cu-oxide catalysts suffer
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from low C,H, selectivity or are very likely to be reduced under
CO,RR conditions; in particular, the electrosynthesis of C, com-
pounds requires high applied reduction potentials in which Cu®* or
Cu-oxide leads to the inactive metallic state Cu and the catalysts
probably loses the ability of C-C coupling for the formation of C,
products within the first few hours of reaction.®* With this
consideration, we assume that the introduction or supporting of
Cu-oxide or Cu’" on or into modifier elements (for example, Al has
a 2s2p" electron configuration, the empty orbital of Al tends to
take electrons from Cu that tune and shifts the valence state of Cu
oxide for a more positive redox potential) could not only increase
the formation of C, products beyond their optima but also improve
the stability of the Cu’* or Cu-oxide in a lasting fashion.

To this end, here we present a new electrocatalyst composed
of Cu-oxide nanoparticles (CuO NPs) supported on aluminium
copper oxide (Al,CuO,) nanosheets with abundant CuO/
Al,CuO, interfaces for achieving superior and selective ethylene
production from electrochemical CO, conversion, synthesized
by an economical co-precipitation and calcination approach.
Impressively, the optimized catalyst (CuAl-1: CuO/Al,CuO,-23,
where 23 denotes the total weight percent of Al to Cu) displays
remarkable selectivity for ethylene (which is much higher than
the as-synthesized bare CuO catalyst and electropolished
polycrystalline Cu foils) and suppressed hydrogen evolution
reaction (HER). Furthermore, using this CuAl-1 catalyst in a
flow-cell electrolyzer, we achieved C,H, with a partial current
density of 421 mA ecm > in 1 M KOH, which is ~1.61-fold
higher than the bare CuO catalyst. The results from operando
electrochemical attenuated total reflection surface-enhanced
infrared absorption spectroscopy (ATR-SEIRAS) revealed a
higher CO content and more stabilized *CO intermediates on
the CuAl-1 compared to bare CuO during the CO,RR, which
results in an ultrahigh CO, to C,H, selectivity. Our density
functional theory (DFT) studies show that CO is more efficiently
produced at the CuO site and then this CO is readily transferred to
the Al,CuO, site, where the Al,CuO, surface provides a thermo-
dynamic driving force to combine two adjacent CO for further
electrochemical C-C steps to produce C,H,. Thus, we suggest that
the presence of both CuO and Al,CuO, surfaces gives rise to a
synergistic effect and accelerates the CO,RR to C,H,.

Results and discussion
Synthesis and structural characterization

The synthesis of CuAl-1 involves a two-step process. First, the
CuAl-1 was prepared by co-precipitation of Cu(NO3);-3H,0 and
Al(NO3)3-9H,0 salts (the details synthesis method are provided
in the Experimental section), and then subsequently calcined at
800 °C in a pure oxygen atmosphere for 5 h. To optimize the
weight ratio (wt%) of Cu and Al in CuO/Al,CuO,-x (x denotes
the wt% of Al to Cu) catalysts for high C,H, selectivity, the salt
weight ratio of Cu(NO3);-3H,0 to Al(NO3);-9H,0 was adjusted
to 3.0:3.0 g, 3.0:1.0 g and 3.0:5.0 g to obtain CuO NPs on
Al,CuO, nanosheets with three different compositions
(see Experimental section). For comparison, we also synthesized
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pure CuO NPs without the support of Al,CuO,. The weight ratios
of Cu and Al in the as-synthesized CuO/Al,CuO,-x catalysts were
determined by inductively coupled plasma optical emission
spectroscopy (ICP-OES). According to the ICP-OES results, the
CuO/Al,CuO,4-x with a wide range composition of Cu and Al can
be prepared by adjusting the salt ratio of Cu(NO;),-3H,0 to
Al(NO3)3-9H,0 (Table S1, ESIt). Henceforth, the Cu and Al ratio
in all the designed CuO/Al,CuO,-x catalysts are denoted by the
composition ratios achieved from the ICP-OES analysis and for
convenience, the catalysts are denoted as CuO/Al,CuO,-23 (CuAl-1),
CuO/Al,CuO,9 (CuAl-2), and CuO/Al,CuO,-32 (CuAl-3). Among
the synthesized catalysts, CuO/Al,CuO,-23 (CuAl-1) has a higher
selectivity toward C,H, generation from the CO,RR; therefore, this
catalyst was selected for extensive characterizations and electro-
chemical measurements.

Transmission electron microscopy (TEM) was employed to
examine the structural morphology of the CuO and Al,CuO, in
CuAl-1. The low magnification TEM image reveals that CuO NPs
are well decorated on the ultrathin Al,CuO, nanosheets
(Fig. 1a). The high-resolution TEM (HRTEM) image shows that
the NPs in CuAl-1 are crystalline with the lattice fringes of
0.253 nm, which corresponds to the distance for the (111) plane
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of the monoclinic CuO crystal packing, whereas the lattice
fringes of the nanosheet are 0.286 nm, corresponding to the
(220) plane of the cubic Al,CuO, crystal (Fig. S1, ESIt). In
addition, the HRTEM image indicates that the CuO NPs are
well contacted with the Al,CuO, forming the CuO/Al,CuO,
interface. To examine the CuO/Al,CuQ, interface at the atomic
scale arrangement, we used atomically resolved high angular
annular dark field-scanning transmission electron microscopy
(HAADF-STEM) analysis. The HAADF-STEM image taken from
the orange and blue squares of Fig. 1b (left and Fig. S2 and S3,
ESIY) reveals a clear interface between CuO and Al,CuO, with a
distinctly different atomic arrangement and crystal structures
(Fig. 1b, right). The atomic arrangement in the Al,CuO,
nanosheet matches the spinel structure with the space group
Fd3m (inset atomic model®®), where the Cu®" cations occupy the
tetrahedral sites and Al** cations occupy the octahedral sites
(Fig. 1c-left and Fig. S4, ESIT). The HAADF-STEM images with
their corresponding line intensity profiles further confirm the
distribution of Cu and Al elements in each atomic column
(Fig. S4 and S5, ESIt). The inset atomic model in Fig. 1c (right)
indicates that the arrangement of atoms in the CuO NPs
matches that expected for the monoclinic lattice with the space
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Fig. 1 Morphological and structural characterization of CuAl-1. (a) TEM images (in right side figure the yellow circles denote the CuO NPS). (b) HAADF-
STEM images at the CuO/Al,CuQy, interface; low magnification STEM image (left) and atomic resolution STEM image of the CuO/Al,CuQ, interface
(right). The right-side figure was taken from the interface between the orange and blue squared regions of the left side figure. (c) Magnified STEM images,
FFT patterns and the corresponding ball and stick models for AlL,CuQOy (left) and CuO (right). The insets on the corresponding lattice sites are the ball and
stick models for the AlL,CuO4 (left) and CuO (right); the blue, yellow and red balls in the inset models refer, respectively, to the atoms of Cu, Al and O.
(d) HAADF-STEM image and their corresponding individual element maps of Cu, Aland O. The yellow circles (top) denote the CuO NPs. (e) HAADF-STEM
image and their corresponding EDS mapping (left) and line-scan profiles (right).
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group C2/c (Fig. S6, ESIt). The strain effect is often induced in
an interface heterostructure crystal (due to the lattice mismatch
of two adjacent phases)***” when the two phases are epitaxially
formed. The HAADF-STEM image of CuAl-1 shows that CuO
and Al,CuO, do not have an epitaxial relationship (Fig S7,
ESIT); therefore, the compressive or tensile strain was not
observed when measuring the lattice spacing of Al,CuO,
(Fig S7a and b, ESIT). However, a careful examination of the
CuO/AlL,CuO, interface reveals local lattice distortion in the
CuO phase (marked as yellow lines in Fig S7a, ESIt) which is
induced by adjacent interfacial defects but does not show any
surface reconstruction at the CuO and Al,CuO, edges (Fig S7c,
ESIT). We also performed HAADF-STEM and the corresponding
energy-dispersive spectroscopy (EDS) elemental mapping of
both the nanosheets and NP area in CuAl-1 (Fig. 1d), where
the uniform distribution of Cu (yellow), Al (bluish-green) and O
(green) is observed in the entire nanosheets decorated with
CuO NPs on the surface (NPs contain Cu and O but no Al
content; Cu: yellow; O: green). Fig. le is the overlay EDS
mapping image (left) and the corresponding EDS-line scan at
the CuO/Al,CuO, interface (scanned by marked line in Fig. 1e,
right), which further suggests that the NPs are pure Cu and
nanosheets are a mixture of Cu and Al. The morphological
differences in the CuAl-1, CuAl-2, and CuAl-3 catalysts by the
HAADF-STEM images and their corresponding EDS elemental
mapping are provided in Fig. S8-S10 (ESIt). The HAADF-STEM
images and EDS mapping confirmed that all three CuAl cata-
lysts are composed of CuO and Al,CuO, phases, but in different
sizes and quantities (Fig S8, ESIt). The CuAl-2 (9 wt% Al to Cu)
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has small contents of Al,CuO,4, which is mainly covered with
CuO NPs and therefore has fewer available interface sites of
Al,CuO, to CuO (Fig. S8d-f and S9, ESIT). On the other hand,
CuAl-3 (32 wt% Al to Cu) contains the largest population of
Al,CuO, sites and therefore has a small content of isolated CuO
NPs (Fig. S8g-i and S10, ESIt). The TEM and EDS images of the
as-synthesized pure CuO NPs without the support of Al,CuO,
are provided in Fig. S11 (ESIt).

To verify the existence of both CuO and Al,CuO, in our
designed catalysts, we performed high-resolution X-ray diffrac-
tion (HR-XRD) analysis of CuAl-1 and other control catalysts
(Fig. 2a and Fig. S12, ESI). For better comparison, we also
provide the HR-XRD spectra of the bare CuO catalyst (Fig. 2a).
The XRD pattern of CuO displays the main dominant diffrac-
tion peaks at position 26 of 32.52°, 35.49°, 38.689°, 48.66°,
58.25°% 61.52°, 66.15°, and 68.88°, corresponding respectively to
the (110), (—111), (111), (—202), (202), (—113), (—311) and (220)
planes of the monoclinic CuO crystal structure (JCPDS# 01-080-
1916). In the XRD pattern of the CuAl-1 catalyst, the diffraction
peaks belonging to the monoclinic CuO crystal become wea-
kened in favor of newly emerged peaks at 31.26°, 36.86°, 44.79°,
and 55.62 that can be attributed respectively to (220), (311),
(400) and (422) lattices of Al,CuO, (JCPDS# 01-076-2295).
We also observed from the XRD spectra that the peaks related
to Al,CuO, grew in intensity with increasing Al content, indi-
cating changes in the ratio of CuO and Al,CuO, in the CuAl-1 to
CuAl-3 catalysts (Fig. S12, ESIT).

X-ray photoelectron spectroscopy (XPS) experiments were
used to gain insight into the electronic interaction between
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Fig. 2 Chemical and structural characterization. (a) XRD pattern of CuAl-1 and CuO. (b and c) Comparison of the core level XPS spectra of Cu 2p and
Al 2p between CuO and CuAl-1 to CuAl-3. (d—f) X-ray absorption spectra for CuAl-1, CuO catalyst, commercial CuO powder and Cu foil; (d) XANES
spectra in real space at the Cu K-edge; (e) FT-EXAFS spectra in r-space and (f) the k3y oscillation signal in k-space.
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Cu and Al as well as surface chemical states of each element in
CuAl-1, CuO and other control catalysts. The core-level XPS
spectra of Cu 2p obtained for CuAl-1, CuO and other control
catalysts are shown in Fig. 2b. It can be seen that the Cu 2p
peaks in CuAl-1 are located at a higher energy side than the
Cu 2p of CuO catalyst and this shift gradually increases with
increasing Al content, which indicates the charge transfer from
Cu to AL*® Similarly, we also observed a clear shift in the Al 2p
peaks to the lower energy side with the increase in Cu content
(Fig. 2c) which further suggests the energetically favourable
charge transfer from Cu to Al in the CuO/Al,CuO, system.>”
To further explore the valence state of each constituent element
in the CuAl-1 catalyst, we performed peak fitting of the Cu-2p,
Al-2p/2s and O 1s spectra (Fig. S13, ESIt). The core-level XPS
spectrum of Cu-2p shows pairs of peaks with similar spin-orbits
at binding energies of 934.13/953.98 eV and 935.42/955.70 eV,
which corresponds to Cu 2-p1/2, 3/2 spin-orbits of divalent Cu
in CuAl-1 (Fig. S13a, ESIf)."® At the same time, the divalent
oxidation state of Cu in CuAl-1 is confirmed by strong charge
transfer shake-up satellite peaks of the Cu (2p3,,) and Cu (2py),)
at 941.06/943.70 and 958.91/962.16 eV, respectively (Fig. S13a,
ESIt).*° The core-level XPS spectrum of Al is deconvoluted into
three peaks; the peaks located at binding energies of 73.64 eV
and 78. 15 eV are assigned to the Al 2p levels of AI’*, while the
peak at a binding energy of 75.94 eV corresponds to Cu 3p
photoelectrons (Fig. S13b, ESIT). We also check the XPS spectrum
of Al in the 2s core-level region (in the high copper concentrations,
one may acquire the Al spectra in both the Al-2p and Al 2s region)
which shows two main peaks of AI*" at binding energies of 117.99
and 118.71 eV (Fig. S13c, ESIT). The O-1s XPS spectrum shows two
peaks at 530.10 and 531.29 eV, assigned to metal oxide species
(Fig. S13d, ESIf).*' The core-level XPS spectra of CuAl-2, CuAl-3
and CuO are provided in Fig. S14-S16 (ESIY).

The chemical state of Cu changed greatly from CuO to CuO/
Al,CuOy; therefore, it is necessary to investigate local structural
and electronic information about the Cu element. To gain
deeper insight into the chemical state and coordinating
environment of Cu in CuO and CuAl-1 at an atomic scale,
synchrotron X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) analysis
were conducted. Fig. 2d presents the XANES profiles at the
Cu K-edge of CuAl-1 and bare CuO catalysts with Cu foil and
commercial CuO as references. For Cu K-edge XANES, the
energy positions of bare CuO are located beyond Cu foil and
very close to commercial CuO powder, suggesting that the
average oxidation state of Cu is nearly +2 in the bare CuO
catalyst. In the case of CuAl-1, the energies of the Cu K-edges
are positively shifted compared with those of the bare
CuO catalyst and commercial CuO powder. In addition, the
white-line peak intensity of the CuAl-1 is higher than those of
the synthesized CuO catalyst and commercial CuO powder.
These results suggest that the overall charge of Cu in the CuAl-1
is more positive than that of the CuO catalyst and commercial
CuO powder, which contributes to the electron transfer from
Cu to Al. Furthermore, the Cu K-edges from CuAl-1 to CuAl-3
gradually shift to the high-energy direction which agrees with
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View Article Online

Paper

the XPS data, suggesting that the average oxidation state of Cu
increased with the increase of the Al amount from CuAl-1 to
CuAl-3 (Fig. S17, ESI). Fig. 2e illustrates the Fourier transform
(FT) EXAFS spectra of CuAl-1, CuO and the references (Cu foil
and commercial CuO powder). The (FT) EXAFS spectra of CuAl-
1 are similar to that of the CuO reference, which shows the first
sharp dominant peak of Cu-O scattering at ~1.63 A and the
second peak of Cu-O-Cu coordination at ~2.3 A, while there is
no clear peak of Cu-Cu coordination compared with Cu foil
(Fig. 2e). Furthermore, the k3y (k) oscillation curve of CuAl-1
and CuO at the Cu K-edge shows a similar trend in shape and
oscillating frequency to that of the commercial CuO powder
and is obviously different from that of Cu foil, inferring that the
Cu in CuAl-1 is of similar nature to CuO (Fig. 2f).

Electrochemical CO, conversion performance

The electrochemical CO,RR performance of the CuAl-1 was first
evaluated in a gas-tight H-cell with a CO,-saturated 0.1 M
KHCO; electrolyte via the chronoamperometry measurements
method for 60 min at an applied potential between —0.65 and
—1.08 V with reference to the reversible hydrogen electrode
(vs. RHE). Gaseous products were probed and quantified during
the CO,RR using online gas chromatography (GC) and liquid
products were examined after completion of the electro-
chemical reaction via high-performance liquid chromatography
(HPLC). For comparison, the CO,RR activities of the electro-
polished Cu electrode, as-synthesized CuO and other control
samples were also checked under the same testing conditions.
The electrochemical experiment at each condition was per-
formed at least three times and the mean values were used.
As most of the CO,RR products of our catalysts were in the gas
phase with a small amount of liquid product (Fig. S18-521,
ESIt), in the main text we focused our discussions only on the
gas-phase products. Fig. 3a-d reports the FE toward gas
products for CuAl-1, CuO and the electropolished Cu electrode.
For the CuAl-1, the production of C,H, starts at a cathode
potential of —0.75 V (FEcyus4 Of 26.4%@—0.75 V) with an
abundant amount of CO and H, gases (Fig. 3a). As more
cathodic potential was applied, the production of CO and H,
dramatically decreased while the FE for C,H, production
increased. At —0.99 V, the FE for C,H, formation on CuAl-1
reaches 79.4% =+ 3, while those on CuO and the electropolished
Cu electrode are only 51.28% =+ 2 and 27.37% =+ 2, respectively
(Fig. 3a-d). Interestingly, in the potential window at which the
FE for C,H, formation is high, a small amount of CO was
detected on the CuAl-1 (Fig. 3a), while the CuO (Fig. 3b) and
electropolished Cu electrode (Fig. 3¢c) show considerable formation
of competitive CO or other C; products (CuO: FE¢o 7-20% and
electropolished Cu electrode FEqco 5-27%). This indicates that
adsorbed CO, which is an intermediate for the formation of C,
products (often generated along with ethylene), is strongly confined
to the CuAl-l surface for a facilitated C-C coupling without
desorbing it from the catalyst surface of CuO or the electropolished
Cu electrode. The H, FE on the CuAl-1 catalyst was also suppressed
to ~11%, twice lower than that obtained from the CuO catalyst.
To our knowledge and based on our data, CuAl-1 is ranked as one
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Fig. 3 Electrocatalytic CO,RR of CuAl-1, CuO and electropolished polycrystalline Cu foil. (a—c) Product distributions and corresponding faradaic
efficiencies produced by (a) CuAl-1 (b) CuO and (c) electropolished polycrystalline Cu foil at different applied potentials in CO, saturated 0.1 M KHCO5
electrolyte. (d) Comparison of ethylene faradaic efficiencies for CuAl-1, CuO and Cu foil at different applied potentials. All the error bars in (a—d) represent
the standard deviation based on three independent measurements. (e) Stability test of CuAl-1 at —0.99 V in CO, saturated 0.1 M KHCOs electrolyte.
(f) Comparison of the ethylene faradaic efficiency of CuAl-1 with previously reported state-of-the-art Cu-based catalysts (the details of (f) are provided in

Table S4 ESH_)-17,18,20,23—26,30,32—34

of the best selective catalysts among the top tier catalysts reported
for the conversion of CO, to C,H, (Fig. 3f and Fig. S18-520 and
Table S4, ESIY).

To investigate the effects of the Cu and Al weight ratio on the
FE of C,H,, we compared the CO,RR activity of the CuAl-1
catalyst with CuAl-2 (contains 9 wt% Al to Cu) and CuAl-3
(contains 32 wt% Al to Cu). Interestingly, we found that all
three (CuAl-1 to CuAl-3) catalysts show higher selectivity for
C,H, formation than the bare CuO catalyst, suggesting that the
Al,CuO, surrounded CuO nanoparticles are more favourable
sites for the C-C coupling than the pure CuO nanoparticles
(Fig. S18 and S19, ESIf). Among the three CuAl-1 to CuAl-3
catalysts, CuAl-1 shows a higher selectivity for the formation of
C,H, than CuAl-2 and CuAl-3 (Fig. S18 and S19, ESIt). From the
XRD and HAADF-STEM analysis, we observed that the contents
of the Al,CuO, phase in CuAl-1 to CuAl-3 increase with increas-
ing the Al amount in the catalysts. Based on XRD, HAADF-STEM
analysis and electrochemical experiments, we conclude that the
low C,H, selectivity of the CuAl-2 catalyst is likely due to the
lower available interface sites of Al,CuO, to CuO for the C-C
coupling reactions, which is in agreement with the observed
increase in FE of CO and formate on the CuAl-2 (Fig. S18 and
S19, ESIt). On the other hand, the decrease in C,H, selectivity
on the CuAl-3 is explained by the fact that the sample with the
largest population of Al,CuO, sites may suffer from a reduced
number of CuO sites, which cannot efficiently produce CO to
increase the local CO concentration and surface coverage of *CO
intermediates for the C-C coupling reactions, in agreement with
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the observed increase in the H, or C;-product FEs at the expense
of C,H, (Fig. S18 and S19, ESIf). Thus, we suggest that both
Al,CuO,4 and CuO play an important role in enhancing the C-C
coupling to C,H,; therefore, the optimal ratios of Al,CuO, and
CuO in CuAl1 synergistically accelerated the CO,-to-C,H,
performance.

To assess the long-term stability of CuAl-1, a chronoampero-
metry test was performed at —0.99 V for 100 h. The CuAl-1
shows an almost stable constant current density with a little
decrease in C,H, FE in the course of 100 h (Fig. 3e). The catalyst
after the stability test was characterized by XRD analysis, which
shows almost identical spectra to those before the test (Fig. S22,
ESIY), indicating the excellent structural and chemical stability
of CuAl-1. The ICP-OES analysis of the catalyst and electrolyte
before and after the durability test also supports the high
electrocatalytic and chemical/structural stability of the CuAl-1
catalyst for the long-term electrocatalysis of the CO,RR
(Fig. S23, ESI¥).

To demonstrate the potential scalability of CuAl-1 for indust-
rially relevant C,H, production, we further tested the CO,RR on
CuAl-1 and CuO electrodes in a flow-cell system. First, we
deposited the catalyst ink on a carbon gas diffusion electrode
(GDE) via a spray-coating method; the other details are
provided in the (ESI}). Afterwards, the CO,RR activity was mea-
sured at current densities between 100 and 1000 mA cm >
(potential values were between —0.985 and —2.42 Vgyg for
CuAl-1) via chronopotentiometry test (Fig. S24, ESI{), where
1 M KOH electrolyte was continuously introduced into the cell.

This journal is © The Royal Society of Chemistry 2022
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We achieved 70.1 + 2% FE for C,H, at a current density of
600 mA cm ? (—2.031 Vgyp) when CuAl-1 was used as an
electrode, while the maximum FE for C,H, on our synthesized
CuO and commercial CuO electrodes was only 52.3 + 2% and
18.2 £ 2%, respectively (Fig. S25, ESIt). Moreover, the partial
current density of CuAl-1 for C,H, is 421 mA cm™ 2, which is
~1.61-fold higher than that of CuO and is far better than the
commercial CuO catalyst (Fig. S26, ESIt). The details of FE and
partial current densities for C,H, and other gases/liquid
products at different applied current density/potential values,
KOH concentration and pH values on CuAl-1, our synthesized
bare CuO and commercial CuO electrodes in a flow-cell system
are provided in Fig. S25-S28 (ESIt). The electrocatalytic CO,RR
performance of CuAl-1 in the flow cell with CO, saturated 0.1 M
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KHCO; electrolyte in comparison with a H-cell are provided in
Fig. $29, (EST}).

To gain insight into the intermediate adsorption and C-C
coupling on CuAl-1 and CuO catalysts, we performed time-
resolved attenuated total reflection-surface enhanced infrared
absorption spectroscopy (ATR-SEIRAS) during the real-time
CO,RR conditions using multiple chronoamperometric scans
(Fig. S31, ESIt). In Fig. 4a (CuO) and 4b (CuAl-1), the C=0
stretching band of *CO (2060 cm ™" for CuO and 2068 cm ™" for
CuAl-1 at —0.56 V) and the C—=0O stretching band of *OCCO
(1545 em ™" for CuO and 1560 cm ™" for CuAl-1)** were observed
with increasing applied potential. To find the origin of the band
near 1560 cm ™' (*OCCO), we performed an isotope labelling
experiment on CuAl-1 using a *CO, saturated 0.1 M KHCO;

(=2

-1.19
-1.12
-1.05
-0.97
-0.89
-0.82

-0.74
-0.65
-0.56
-0.47

-0.37

E (V vs. RHE)

2200 2000 1800 1600
Wavenumber (cm-)

2072

‘_;D"'. )
f "e, ." ,.’.
‘TE 2064 . :."' '~.-. w"..,‘ »
o o "
g ’
2056 -
.(p-- CUAl-1 Q
- CuO ] .
2048 >
04 06 08 1.0 12

Potential (V vs. RHE)

es
S 0418
2
(2]
[ =
é 0.12
£
©
3
= 0.06
< ® CuAl-1
S
[
2 0.00 ® Cuo
E T T T
0 40 80 120

Time (Sec)

Fig. 4 In situ ATR-SEIRAS analysis of CuAl-1 and CuO. (a and b) Potential-dependent IR spectra of (a) CuO and (b) CuAl-1 during chronoamperometric
scans from —0.37 V to —1.19 V. (c) The integrated peak intensities and (d) vibrational frequency of *CO (2040-2080 cm~%) on CuO and CuAl-1. (e) The
integrated peak intensities of *CO band spectra of CuO and CuAl-1 during in situ ATR-SEIRAS measurement. The spectra were collected at —0.97 V for
120 s. The red and black balls in (e) denote the data and lines represent the fitting. Experimental conditions: CO, saturated 0.1 M KHCOz D,O electrolyte
with the baseline spectrum at —0.28 V. The peak positions were determined by the maximum intensity of the CO bands.
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solution, which showed a red/shift of about 60 cm™", confirming
that the band near 1560 cm ' originated entirely from the
electrochemical CO,RR (Fig. S30b, ESIt). *OCCO can be gener-
ated from the CO dimerization while the C=O0 stretching bands
of the *CHO band as a key intermediate for CH, formation were
absent in both catalysts.*” These results are consistent with the
product distribution (Fig. 3) obtained for each catalyst. For
in-depth monitoring of the potential-dependent behavior of
*CO, their integrated peak intensities were plotted against the
applied potentials (Fig. 4c). On CuO, *CO appears simulta-
neously at —0.56 V, which is close to the onset potential
(Fig. S18 ESIt). The band gradually increases until —0.82 V
and then decreases at more negative potentials. This implies
the accumulation of *CO intermediates under insufficient over-
potentials and further transforming into gas-phase CO or more
reduced species (e.g. C,H,) at high overpotentials. In the case of
CuAl-1, the integrated peak intensity of *CO was saturated above
—0.82 V, indicating that *CO is continuously replenished from
the CO,RR although *CO is significantly consumed for the
production of C,H,. Fig. 3d shows the vibrational frequency of
CO (CO) during the cathodic chronoamperometric scan. Before
the onset potential (—0.47 V to —0.65 V), 1CO of both CuO and
CuAl-1 show a blue shift as the potential is lowered to the
negative region. At such potentials, adsorption has taken place,
but the CO,RR has not yet occurred, and the observed blue-shift
of ©CO results from the dipole interaction effect between the
covered *CO species as the m-back bonding from the metal
decreases. This indicates that the CO coverage on both CuO
and CuAl1 is dense enough to cause the dipole interaction
effect. At potentials below —0.74 V, vCO decreases linearly with
the lowering potential (®) due to the Stark effect.**** The slope
of the shift (dv/d®) is approximately 40 cm ' V! for CuO, in
accordance with previous reports.*>*® In the case of CuAl-1, the
slope of the shift is lower than that of CuO (approximately
30 em™ ' V'), which indicates the stronger CO bound on the
Cu surface. This is probably because the partial positive charges
on the Cu surface in CuAl-1 play an important role in reducing
the c-interaction (repulsive) between the CO and Cu surfaces.*”
The relatively improved attractive n-interaction (caused by the
decreased repulsive effect of the o-interaction) in CuAl-1
signifies that CO is more strongly adsorbed to its surface relative
to CuO, which results in its higher wavenumber.*®*° To further
investigate the kinetic behaviors of *CO intermediates during
the CO,RR, time-resolved IR analysis on the time scale of
seconds was conducted at constant bias potentials (Fig. 4e and
Fig. $32, ESIt). At —0.97 V (the potential at which the C, product
was most produced), we observed clear peak intensities of the
*CO band on both catalysts. Fig. 4e shows the higher integrated
intensities (ca. 2 times) of the *CO band in CuAl-1 and its slower
decay kinetics, indicating that *CO is more densely covered and
promptly replenished in CuAl-1 relative to CuO.

We also performed X-ray absorption spectroscopy (XAS)
measurements at the Cu K-edge in CuAl-1 and CuO to investi-
gate the Cu chemical state of the catalysts during and after the
CO,RR. We observed a profound change in the XANES and (FT)
EXAFS spectra of the CuO catalyst after the chronoamperometry
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test (Fig S33a, ESIT). The Cu K-edge in the XANES spectra of the
CuO catalyst after the reaction shows a prominent shift towards
lower energy and its pre-edge and white-line peaks are nearly
identical to the spectrum of a metallic Cu foil (Fig. S33a, ESIT).
In the (FT) EXAFS spectra of the CuO catalyst, the peak related
to the Cu-O bond decreased to a minimum and a new strong
peak appeared at 2.17 A, corresponding to the Cu-Cu bonds in
metallic Cu (Fig. S33b, ESIt). At the same time, the k3y (k)
oscillation curve of CuO after the chronoamperometry test
shows a similar shape in oscillating frequency to that of the
metallic Cu foil (Fig. S33c, ESIT). For CuAl-1, we monitored the
chemical state of Cu under real-time CO,RR operating condi-
tions in the catalytic state and after the chronoamperometry
test. Fig. S34a and b (ESIt) show the in situ XANES and (FT)
EXAFS spectra of the CuAl-1 catalyst recorded approximately
every 20 min under chronoamperometric conditions, where the
electrode was biased at different applied potentials (Vgyg) from
the open-circuit voltage (OCV) down to —1.05 V. Notably, the
XANES spectra of CuAl-1 show almost completely overlapped
pre-edge and white-line peaks under CO,RR operation from
—0.75 to —0.85 V and are nearly identical to the OCV pattern.
We only observed a slight band edge shift to lower energy in the
XANES spectra of CuAl-1 when the CO,RR was operated in the
highly reductive environment from —0.95 to —1.05 V, suggesting
a partial reduction of the CuO center. Similarly, the (FT) EXAFS
spectra of CuAl-1 show an almost identical radial position for the
Cu-O bond distance from OCV to —0.85 V and a slight shift
towards a lower radial distance at more negative potentials of
—0.95 to —1.05 V due to partial reduction of Cu ions. Consistent
results were obtained when we compared the XANES and (FT)
EXAFS spectra of CuAl-1 after the chronoamperometry test
(operated under the best performing condition) with the pristine
electrode (Fig. S35, ESIt). The XANES and (FT) EXAFS spectra of
the CuAl-1 after the chronoamperometry test show only a little
shift towards the lower energy and radial distance compared to
the pristine electrode (Fig. S35a and b, ESIt). At the same time,
the &3y (k) oscillation curve of CuAl-1 after the reduction
reactions shows a similar shape in oscillating frequency to that
of the pristine electrode (Fig. S34c and S35c, ESIt). Thus, the XAS
results demonstrate that Cu in the CuAl-1 catalyst shows almost
a stable positive oxidation state during the CO,RR reaction and
the C,H, selectivity is associated with the oxidized copper rather
than the existence of metallic state Cu.

Density functional investigation on the catalytic mechanism

To understand the origin of the high ethylene selectivity of the
CuAl-1 catalyst, density functional theory (DFT) calculations
were performed. Among the (004), (220), and (111) surfaces of
Al,CuO,, where the (004) and (220) surfaces were observed from
STEM images (Fig. 1c and Fig. S4, S5, ESIt), our DFT calculations
found that the (004) surface has the lowest surface energy as well
as the strongest CO binding strength (Table S2, ESIt). On the
other hand, previous studies have shown that the most stable
low-index surface of CuO is the (111) surface.’®>' Thus, we
chose an Al,Cu0,(004) surface slab and CuO(111) surface slab
as our atomic models for the catalytic active sites (Fig. S36, ESI).

This journal is © The Royal Society of Chemistry 2022
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The DFT energies for the CO, reduction to CO (Fig. 5a) show that
the formation of *COOH on Al,CuO, (1.04 eV) required more
energy by a value of 0.22 eV than that of CuO (0.82 eV), inferring
a better catalytic conversion of CO, to CO on the CuO surface.
Furthermore, the binding energy of CO on Al,CuQ, is greater by
a value of 0.15 eV than that of CuO, indicating that Al,CuO,
helps to prevent CO desorption from the catalyst surface and
therefore leads to an increased surface coverage of CO for the
further C-C coupling steps, which is consistent with the results
obtained from the ATR-SEIRAS (Fig. 4).

We then investigated the energies for the coupling of two
*CO molecules, which is known as the primarily determining
step for the formation efficiency of C, products.”*>* Fig. 5b
shows that the binding energy of two *CO molecules on
Al,CuO, (0.75 €V) is lower by a value of 0.28 eV than that of
CuO (1.03 eV). Interestingly, we find that although two CO are
bound as a chemical form of *OCCO on the CuO surface where
the C-C bond has already been coupled, the Al,CuO, can
provide a single binding site of surface Cu atom where two
CO molecules can separately bind without incurring a direct
C-C bond formation. We thus investigate further reduction
steps including the C-C coupling step (Fig. 5¢), which demon-
strates favorable energies for the formation of ethylene under
the low threshold potential of —0.62 V.

Fig. 5d shows the binding mode of two CO molecules to the
Cu surface atom of Al,CuO,, where the charge difference map is
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also displayed. We find a tetrahedral geometry of Cu, of which
smaller d-orbital splitting compared to the square planar
geometry is conceived to offer a stronger binding of CO
molecules. In addition, the charge difference map shows an
accumulation of charge in the region between two C atoms
(Fig. 5d), which can help in the formation of the C-C bond in
the subsequent reaction step.

Thus, we suggest the following mechanism for the CO,RR to
C,H, on the CuAl-1 catalyst. First, CO is more efficiently pro-
duced at the CuO domain, where the *COOH is not only stable
but also the CO desorption is favorable. Next, CO is transferred
to the Al,CuO, domain, which provides a thermodynamic
driving force for CO binding. When two CO molecules are
accumulated at the same active site of Cu, further electro-
chemical steps favourably occur to produce ethylene at the
Al,CuO, domain. Thus, for enhanced activity, it is important to
maximize the interfacial regions where CO can be easily trans-
ferred, which supports the experimental finding of a synergistic
effect between CuO and Al,CuO,. Moreover, the hydrogen binding
energy (HBE) of Al,CuO, (which is 0.97 eV) is greater than the HBE
of CuO (which is 0.63 eV), supporting the suppressed HER of the
CuAl-1 catalyst (Table S3, ESIt). It is of note that both catalytic
surfaces of Al,CuO, and CuO locate at the weak binding leg of the
activity volcano with the positive values of HBE.>

Our combined experimental, ATR-SEIRAS and theoretical
studies have rationalized stronger CO adsorption on CuAl-1,
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Fig. 5 DFT results of AlbCuO4 and CuO. (a) Free energy diagram of CO formation from CO, on the (004) facet of Al,CuOy4 (blue) and (111) facet of CuO
(red) at O Vg The DFT-optimized structure for each step is shown in the inset. (b) Free energy diagram of two CO binding to the (004) facet of AlLCuO4
(blue) and (111) facet of CuO (red) at O Vrye. The DFT-optimized structure for each step is in the inset. (c) Free energy diagram of ethylene formation after
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—0.7 Vrue (green), and —1.1 Vgpe (black). Insets show DFT-

optimized structures. (d) Binding mode of two CO molecules to the Cu atom of the ALCuO, surface, where the charge difference map is also displayed.
The charge accumulation and depletion are shown in yellow and cyan, respectively, at a 0.005 e A=® isosurface level. Al, Cu, O, C are represented as sky
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which not only prevents CO desorption from the catalyst surface
but also increases and stabilizes the surface coverages of *CO
intermediates for better C-C coupling toward the C, products.
To further explore the catalytic behavior of CuAl-1 with an
increased local CO concentration, we conducted the electro-
reduction of CO (CORR) on CuAl-1 in the flow cells using KOH
as the electrolyte and the results are compared to those obtained
from the as-synthesized CuO and commercial CuO samples
(Fig. S37, ESIY). Interestingly, the CuAl-1 achieved 35% selectivity
for C,H;OH and 83% selectivity for the overall C, products (48%
for C,H, and 35% for C,H;OH) which is much higher than the
as-synthesized CuO (44% for C,H, and 10% for C,H;OH) and
commercial CuO (30% for C,H, and 8% for C,H;OH). The CORR
results suggest that at local CO enrichment, it is likely that
higher coverages of *CO intermediate have been induced on the
CuAl-1 surface for C-C coupling, leading to an increase in the
formation of C,H5;OH at the expense of C,H,.

Conclusions

To conclude, we have developed a CuO/Al,Cu0O,-23 catalyst for
selective CO, electrochemical reduction to C,H,. This catalyst
achieves ultrahigh activity and selectivity for C,H, and high
catalytic and material stability during the 100 h continuous
CO,RR chronoamperometry test in an H-cell system. When this
catalyst is used in a flow-cell electrolyzer system, we achieve an
exceptionally higher partial current density of 421 mA cm™>
without compromising the ethylene selectivity, which is ~1.61-
fold greater than that of the bare CuO catalyst. The in situ XAS
measurements revealed that the positive oxidation state of Cu
in CuAl-1 is well-retained during the CO,RR and the high C,H,
selectivity of the catalyst is related to the oxidized copper rather
than metallic state Cu. Using operando ATR-SEIRAS and DFT
calculations, we reveal that the intriguing geometric/electronic
structure of CuO and Al,CuO, in CuAl-1 enhances the local CO
production, increases and stabilizes the *CO intermediates and
decreases the HER kinetics relative to CuO alone and therefore,
leads to greatly improved C,H, selectivity.

Methods

Synthesis of the catalysts

The catalysts from CuAl-1 to CuAl-3 were synthesized by copre-
cipitation and calcination methods using different weight
ratios of Cu(NO;),-:3H,O to Al(NO;);-9H,0 with 3.0 g of
(NH,4),CO; as starting precursors. The precursor weight ratios
of Cu(NOj3),-3H,0: Al(NO3)3-9H,0 for CuAl-1, CuAl-2 and CuAl-
3 were 3.0:3.0 g, 3.0:1.0 g and 3.0:5.0 g, respectively. During
the synthesis process, the required ratio of Cu(NOj3),-3H,0:
Al(NO3)3-9H,0 was dissolved in 70 mL of DI water by sonica-
tion. Separately, 3 g of (NH,),CO; was dissolved in another
70 mL of DI water. The two solutions were combined in 40 mL
of hot DI water at 50 °C under vigorous stirring for 4 h and then
aged for a further 3 h in static conditions. The resulting solid
mixture was recovered by vacuum filtration, washed with DI
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water/ethanol, dried overnight at 70 °C and then ground
thoroughly. The ground powder was finally calcined at 800 °C
for 5 h with a temperature ramping rate of 3 °C min ' under
flowing oxygen gas (100 sccm). The synthesis procedure for the
CuO catalyst was the same as for CuAl-1 to CuAl-3 except
without the use of the Al(NO;);-9H,0 salt.

Electrochemical measurements

The electrochemical experiments were performed on a VSP-
modular 2 Channels Potentiostat/Galvanostat/EIS (Bio-Logic
Science Instruments) at room temperature. The electrochemi-
cal measurements were first conducted in a two-compartment
H-type cell with a three-electrode system using 0.1 M KHCO;
solution as both catholyte and anolyte. The glassy carbon
electrode (GCE, geometric area of 6.25 cm?), Ag/AgCl electrode
(saturated KCI) and Pt foil were used as the working, reference
and counter electrodes, respectively. For working electrode
preparation, 10 mg powder of each catalyst with 40 pL of
5 wt% Nafion solution were homogeneously dispersed in
1000 pL of ethanol by ultrasonication, and then 300 pL of the
catalyst ink was dropped onto the GCE (0.6 mg cm™?). The ink
on the GCE was then vacuum dried to obtain the working
electrode for the subsequent electrochemical tests. The refer-
ence and working electrodes were placed in the cathode part,
while the Pt foil was placed in the anode part, which was
separated by a selemion anion exchange membrane for
avoiding the mixing of cathode and anode products or the re-
oxidation of CO,RR products. Each chamber of the H-type cell
contains 3 mL of electrolyte and the electrolyte in the cathode
part was bubbled with high purity CO, gas for 20 min to form a
CO, saturated solution and the flow rate (5 sccm, adjusted by a
flow meter) was maintained during the electrochemical mea-
surements. Note: at neutral pH and low current density the CO,
conversion rate is low; therefore, the outlet gas flow is very little
different from the inlet gas flow,”® however, for greater
accuracy, we use the outlet gas flow for faradaic efficiency
calculations. The electrochemical CO,RR performance for each
catalyst was evaluated via the chronoamperometry measurements
method for 60 min at different applied potentials from —0.65 V
down to —1.08 V. All potentials used in this work were referenced
to the RHE by adding a value of (0.196 + 0.059 x pH) V and
corrected manually for iR-compensation. The detailed procedure
for the faradaic efficiency calculations is provided in the Supple-
mentary Information.

Product analysis

The gaseous products were identified and quantified in real-
time from the cathodic part of the CO,RR reactor by online gas
chromatography (GC, model iGC 7200A) equipped with flame
ionization detectors (FIDs for carbon product detection) and a
thermal conductivity detector (TCD for H, detection). The gas
products from the CO,RR reactor were injected into the GC at
regular intervals of 20 min during continuous 1 h chronoam-
perometry measurements. The actual amounts of each gas
(H, CO and hydrocarbons) produced during the chronoam-
perometric test were calculated from the peak area of the GC

This journal is © The Royal Society of Chemistry 2022
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spectrum with conversion factors based on calibration of
standard gases (Fig. S21, ESIf). The liquid products were
analyzed using high-performance liquid chromatography
(HPLC, 1260 Infinity II, Agilent Technologies) equipped with
a NUCLEOGEL SUGAR 810 column and a refractive index
detector and 5 mM sulfuric acid was used as the eluent.

DFT simulation

Spin-polarized density functional theory (DFT) calculations
were performed using the Vienna ab initio Simulation Package
(VASP) 5.4.4°7 The projector-augmented pseudopotential
and Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional were used.’®>® The kinetic energy cutoff of the
plane-wave basis was set to 520 eV. The method of Methfes-
sel-Paxton (MP) was used with a smearing width of 0.20 eV.*
To sample the reciprocal space, a (3 x 3 x 1) I'-centered k-point
grid was used. Along the surface normal direction, an
additional ~17 A vacuum region was included, and a dipole
correction was applied to exclude the electrostatic interactions
between periodic surface images. During the geometry
optimizations, the top layer of the slab model, as well as the
adsorbate, was fully relaxed while the bottom layer was fixed.
The convergence criterion was 1 x 10 * eV for the self-
consistent-field (SCF) iterations, and 1 x 10~% eV for the geo-
metry optimization. The implicit solvation method was used to
include the solvation effects.®” The free energy quantities were
calculated as AG = AEscr + AZPE — TAS + jOT C,dt, where
Escr is the DFT SCF energy, and ZPE is the zero-point energy.
For the gas molecules, rotation and translation were also con-
sidered in addition to vibration to calculate the free energy.
Vibrational free energy quantities were calculated by diagonaliz-
ing a partial Hessian of the adsorbate molecule. During the
calculation of vibration frequencies, the convergence criteria
were set to 1 x 107® eV and 1 x 107> eV for the SCF
iteration and geometry optimization, respectively. The atomic
structures and charge difference map were displayed using
VESTA v3.4.4.%
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