Open Access Article. Published on 07 October 2024. Downloaded on 5/20/2025 7:14:22 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

EES Catalysis

W) Check for updates ‘

Cite this: EES Catal., 2025,
3,80

Received 6th July 2024,
Accepted 27th September 2024

Wenjun Fan,
DOI: 10.1039/d4ey00141a

rsc.li/eescatalysis

Although electrocatalytic reduction of carbon dioxide (CO;) into
chemicals and fuels over Cu-based catalysts has been extensively
investigated, the influence of their exposed facets on product
selectivity remains elusive. To address this, a series of Cu-based
catalysts with different ratios of exposed Cu(100) and Cu(111)
facets were synthesized and examined for CO, electroreduction,
based on which a remarkable interplanar synergistic effect on the
selectivity of C,, products was demonstrated. The optimized Cu-
based interplanar synergistic catalyst could deliver a faradaic

efficiency of 78% with a C,, partial current density of 663 mA cm 2,
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which is extremely superior to that of its corresponding Cu coun-
terparts with only the Cu(111) or Cu(100) facet. The interplanar
synergistic effect was disclosed using density functional theory
calculations to mainly benefit from favorable adsorption and acti-
vation of CO, into *CO on the Cu(111) facet and significantly
promoted C-C coupling on the interface of the Cu(111) and
Cu(100) facets, as confirmed by observation of the favorable sur-
face coverage of atop-bound and bridge-bound *CO as well as
formation of *OC-CHO intermediates during in situ infrared
spectroscopy analysis.

Interplanar synergy of a copper-based electrocatalyst favors reduction of CO, into C,; products carbon dioxide (CO,) emissions pose significant environmental
challenges, driving research into electrocatalytic methods for converting CO, into valuable chemicals and fuels. This approach not only addresses CO,

emissions but also offers a sustainable pathway for energy conversion. Despite progress in generating carbon monoxide and formate from CO,, achieving high
selectivity for higher-value chemicals (C,, products) remains a challenge due to complex reaction pathways and sluggish kinetics. Cu-based catalysts are pivotal

in CO, electroreduction research. By synthesizing Cu-based catalysts with varying proportions of the exposed Cu(100) and Cu(111) facets, we identified a
significant interplanar synergistic effect. This effect enhances the selectivity towards C,, products, demonstrating promising advancements in sustainable

chemical and fuel production. Our optimized Cu interplanar synergistic catalysts exhibited high faradaic efficiencies and current densities, surpassing those of
catalysts dominated solely by the Cu(111) or Cu(100) facet. Theoretical calculations and experimental analysis corroborate these findings, highlighting the role

of facet engineering in advancing CO, conversion technologies.

CO, conversion into value-added chemicals, powered by
renewable electrical energy, offers a promising pathway for
the generation of fuels and chemicals while concurrently
mitigating CO, emissions.'™ To date, significant progress has
been made in the electrochemical CO, reduction reaction

(CO,RR) to afford C; chemicals, particularly carbon monoxide
and formate.*® However, the generation of higher valued
and energy-concentrated multicarbon (C,,) molecules is still
retarded by multi-electron transfer and sluggish C-C coupling
kinetics.”'® Cu-based electrocatalysts are well-recognized for
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favoring the electrocatalysis of CO, to C,, products,"* and num-
erous strategies, including alloying,'*"? surface modification,"*
and oxidation state tuning,'>'® have been explored for the
promoted selectivity of C,, products. However, the selectivity
of C,. products is still not satisfactory owing to the challenging
*CO surface coverage and/or sluggish C-C coupling.

The integration of Cu with a second electroactive compo-
nent through rational tuning of the catalyst assembly has
emerged as a highly effective strategy to trigger the production
of multicarbon products. To date, synergistic catalysts for the
CO,RR with varied active compositions, including Cu’/Cu*,"”
Cu/metals (such as Ag, Au, and Zn),"*?° Cu/molecules,*"
and Cu/carbon-based materials,?**® have been documented
to effectively promote C,, generation. Recently, the facets of
Cu-based catalysts with distinct atom arrangements and sur-
face energies have been demonstrated to remarkably affect the
activity and selectivity of the CO,RR.”**
Cu(111) facet was demonstrated to favor CO, protonation for
selective production of CH,, whereas the Cu(100) or Cu(110)
facet is favorable for C-C coupling and the formation of C,H,
29731 we speculated that the coexistence of these

For example, the

or oxygenates.
facets might leverage their complementary properties. This
drove us to investigate whether a synergistic effect between
the Cu(111) and Cu(100) or Cu(110) facet could enhance CO,RR
performance, particularly in terms of increasing the selectivity
for C,. products and improving the overall reaction yield.
Herein, we experimentally confirmed the feasibility of the
interplanar synergistic effect in improving the selectivity of
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the C,. product during the alkaline CO,RR processes of Cu-
based catalysts with different ratios of Cu(111) and Cu(100)
facets. Based on our optimization of the relative ratio of the
exposed facets, the optimal Cu interplanar synergistic catalysts
(CISCs) could deliver a C,, FE of 83% in the H-type cell at a low
overpotential, and the FE of C,, products reached 78% with C,.,
partial current density of 663 mA cm > in a flow cell. The
synergistic effect was confirmed by both density functional
theory calculations and experimental in situ surface-enhanced
infrared absorption spectroscopy analysis.

As depicted in Fig. 1a, the CISCs were originated from the
in situ electrochemical reduction of the Cu-based precursors,
which were initially prepared using a facile precipitation
method (supplementary Experimental section). For compari-
son, varied precipitation durations of 18, 24, 32, and 40 h were
employed to synthesize the precursors, denoted as Cu-P18, Cu-
P24, Cu-P32, and Cu-P40, respectively. Following the electro-
chemical treatment, the corresponding CISCs, separately
denoted as CISC-18, CISC-24, CISC-32, and CISC-40, were
prepared to obtain varying ratios of Cu(111) and Cu(100) facets.
Based on our preferential performance optimization, the CISC-
24 catalyst with optimal selectivity of the C,, product was
chosen as a typical synergistic catalyst for discussion. Mean-
while, the catalysts with exclusively Cu(111) or Cu(100) exposed
facets were prepared®® as the control samples (denoted as
Cu(111)-C and Cu(100)-C, respectively), whose structures
and morphologies were confirmed by X-ray diffraction (XRD)
patterns and microscopic images (Fig. S1 and S2, ESIY),
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Fig. 1
XANES spectra and (c) Fourier-transform Cu K-edge EXAFS spectra. (d) XRD
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(a) Schematics of the preparation of CISCs. In situ XAS measurement of CISC-24 on a carbon paper electrode under applied bias: (b) Cu K-edge

patterns of CISC-18, CISC-24, CISC-32 and CISC-40.
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respectively. As shown in the scanning electron microscopy
(SEM) images (Fig. S3, ESIT), the Cu-P24 precursor displays a
nanosheet morphology, and its high-resolution TEM (HRTEM)
image reveals its defective-rich structure with numerous pores
of the nanosheets (Fig. S4, ESIt). The crystal phases of the
precursor can be indexed as CuO according to its XRD patterns
(Fig. S5, ESIT).

In situ X-ray absorption (XAS) spectroscopy analysis was
carried out to gain an insight into the local structural evolution
of the Cu-P24 precursor during the electrochemical reconstruc-
tion. As observed in the normalized Cu K-edge X-ray absorption
near-edge spectra (XANES) (Fig. 1b), the structure and chemical
state of the Cu-P24 precursor (OCP curve in Fig. 1b) undergo
dynamic reconstruction upon electroreduction treatment at the
applied potentials. Together with the scattering signal in the
extended X-ray absorption fine structure (EXAFS) curves
(Fig. 1c), it was confirmed that the CuO precursor was com-
pletely converted to metallic Cu(0) upon the applied bias. The
structural evolution induced by the electrochemical reduction
is supported by the change in the morphology (Fig. S6, ESIT).
The formation of metallic copper can be further confirmed by
the typical XRD patterns (Fig. 1d) and HRTEM images (Fig. 2).
Based on the intensities of peaks in Fig. 1d, we estimated the
relative ratios of Cu(100) to Cu(111) facets on CISCs, which
exhibit an initial increase followed by a decrease as a function
of the precipitation reaction time. This trend aligns with the
results of HRTEM images, where the CISC-24 displays a signifi-
cantly higher content of the Cu(100) facets (Fig. 2a) with respect
to the CISC-40 sample (Fig. 2b).

The CO,RR performance of CISC-24 was initially evaluated
by linear sweep voltammetry (LSV) curves in an H-type cell
reactor with CO,-saturated 0.1 M KHCO; as the electrolyte. As
given in Fig. S7 (ESIt), CISC-24 exhibits a notably superior
current density to other CISCs or control catalysts (Cu(100)-C,
Cu(111)-C). Moreover, all the CISCs display higher faradaic
efficiency (FE) for C,, products compared to the Cu(100)-C or
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Cu(111)-C samples with a single exposed facet (Fig. 3a and
Fig. S8, ESIt), indicating the synergistic effect between the two
facets.

Specifically, CISC-24 can deliver a C,, FE of 83% with a C,./
C; product ratio of ca. 17 at —1.1 V (Fig. 3a and b), extremely
superior to that of the Cu(100)-C and Cu(111)-C catalysts with
C,./C; product ratio of ca. 5 and 1, respectively. The synergistically
promoted C,. production is also reflected by the volcano-type
dependence of FEs for C,, products and the C,./C, ratio on a series
of CISCs samples with varied Cu(100) to Cu(111) ratios (Fig. 3b).

To address the sluggish diffusion of CO, in the H-type cell,
we thus evaluated the CO,RR performance in a flow cell with
3 M KOH solution as the electrolyte. Typically, CISC-24 exhibits
a sharp increase in the LSV current density under the flow of
CO, compared with that in Ar flow (Fig. S9, ESIY), indicating its
efficient CO, electroreduction. Strikingly, CISC-24 could deliver
a C,, FE of over 70% in a broad potential window from —0.49 to
—0.72 V under high current densities ranging from 600 to
950 mA cm ™ (Fig. 3c). Specifically, the FE of C,, products from
CO,RR of the CISC-24 catalyst reached 78.1% at —0.61 V with a
partial current density of 663 mA cm™?, which outperforms
most of the reported Cu-based catalysts for C,. generation
(Table S1, ESIf). It is worth highlighting that CISC-24 is
robust under the flow cell condition at a current density of
300 mA cm > (Fig. 3d), where the selectivity can be held at
~75% without obvious change during the experimental time
course. It should be pointed out that the decrease in the CO,RR
performance over prolonged periods primarily originates from
the flooding of the electrolyte solution onto the gas diffusion
layer (Fig. S10, ESIf) instead of the instability of the catalyst
itself, as has been similarly observed in other flow-cell CO,RR
systems.?> We have also conducted extended stability test in
membrane electrode assembly (MEA) and observed that the
catalyst maintains high stability for 20 hours (Fig. S11, ESIY).

To get insights into the synergistic promotion effect of Cu(111)
and Cu(100) on the C,, selectivity, in situ surface-enhanced

0.21nm
Cu(111)

Fig. 2 Structural characterization of CISCs. (a) The HRTEM image of CISC-24. (b) The HRTEM image of CISC-40. Green and orange dotted lines circle
areas of the Cu(111) and Cu(100) facets, respectively; yellow lines highlight the interfaces between the (111) and (100) facets. Below the HRTEM images,
fast Fourier transforms (FFTs) of three typical areas are shown; orange letters represent Cu(100) and green letters represent Cu(111).
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Fig. 3 CO3RR performance. (a) Faradaic efficiency of various products at —1.1V in the H-type cell; (b) faradaic efficiency of C,, and product ratio of C,,/
C, on different types of Cu catalysts at —1.1 V; (c) faradaic efficiency of CISC-24 at various potentials in a flow cell. (d) Long-term CO,RR stability test of

Cu-24 in 1 M KHCOs electrolyte at a constant current density of 300 mA cm™<.

infrared absorption spectroscopy with attenuated total reflection
(ATR-SEIRAS) configuration was used to monitor the electro-
chemical intermediate formed on the surface of the catalysts
(Fig. S12, ESIf). Besides the observation of a broadband at
~1650 cm™ " attributed to the H-O vibration mode of adsorbed
water on the surface of CISC-24 (Fig. 4a), additional bands located
at 2040 cm ™%, 1806 cm™*, 1761 cm™ Y, 1550 cm ™ * and 1370 cm ™t
can be observed and assigned to the atop-bonded *CO (*COyp),
bridge-bonded *CO (*COpyrigge), *CHO, *OCCHO and *COOH,
respectively.'™** Comparatively, however, only *CO,,, is conspicu-
ously observed on the Cu(100)-C and Cu(111)-C control samples
(Fig. 4b and c).* It should be noted that the *CO and *CHO
intermediates are key for the formation of *COCHO with C-C
coupling as well as multi-carbon products;*®® thus, the shortage
of the *CHO intermediate on the control samples results in their
inferior C,, selectivity. In addition, the *COyqqe appears in the
potential range from —0.76 V to —1.15 V and rapidly declines as
the potentials are negatively moved, in accordance with the trend
of FE for C,. products on CISC-24. This reveals that the coexistence
Of *COjtop and *COpyrigge is crucial for effective C-C coupling.*” The
observed coexistence of *COgop and *COpigge 0N CISC-24 also
reassures the concurrent Cu(100)/Cu(111) facets in the catalyst
since CO tends to be bound to the bridge and top sites on the
Cu(100) and Cu(111) surfaces, respectively. Additionally, as dis-
played in Fig. 4d, the intensity of *CO coverage is gradually
decreased as a function of time during the time-dependent ATR-
SEIRAS measurement of CISC-24 at —1.15 V, while the *CO
coverages on the control samples are slightly changed (Fig. S13
and S14, ESIf). On the basis of the above observation, it is
reasonable to conclude that CISC-24 with coexisting Cu(100) and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Cu(111) surfaces is more favorable for the activation of CO, and
the C-C coupling with respect to the single planar Cu(100)-C or
Cu(111)-C sample, which should be responsible for its remarkably
promoted selectivity toward C,, products.

To elucidate the underlying mechanism for enhancing the
production of the C,. species on the CISC-24 catalyst, density
functional theory (DFT) calculations were conducted. The
employed models of Cu(111) and (100) with the adsorbed
intermediates are illustrated in Fig. 5a and more detailed
atomic structures are given in Tables S2 and S3 (ESIY). As seen
in Fig. 5b, the free energies for the formation of *COOH on the
Cu(111) and Cu(100) facets are almost identical, whereas the
free energy for *CO formation on the Cu(111) surface is
approximately 0.2 eV lower than that on the Cu(100) surface.
Moreover, the exothermic free energy change at U = 0 V
demonstrates favorable CO, conversion into *CO on both
Cu(111) and Cu(100) facets. However, the generation of dis-
solved CO species, i.e., CO desorption, is very difficult on both
the facets because of the strong adsorption of *CO with a
binding energy of CO below —1.0 eV.

To investigate the interplanar synergistic effects between the
Cu(111) and Cu(100) surfaces, an atomistic model of the
Cu(111)/(100) interfacial system was constructed (Fig. S15,
ESIt). Various binding sites in the vicinity of the Cu(111)/
(100) interface for CO adsorption were examined, and the
calculated CO adsorption energies, plotted as a function of
distance from the interfacial line in the specified direction, are
presented in Fig. 5¢. Evidently, CO exhibits stronger binding at
the interface with respect to the Cu(111) and (100) facets.
Consequently, it is posited that the interface functions as a

EES Catal., 2025, 3, 80-86 | 83
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thermodynamic sink for *CO generated on the facets. To
validate this hypothesis, free energy diagrams for the reductive
CO-CO coupling process were constructed on Cu(111), Cu(100),
and the Cu(100)/(111) interface, as depicted in Fig. 5d. The
detailed atomic structures of the adsorbed intermediates are
provided in Tables S2-S6 (ESIt). During this process, two
adjacent *CO molecules are cooperatively coupled and con-
verted into *OC-CHO, consistent with the results of ATR-
SERIES (Fig. 4). As shown in Fig. 5d, the free energy change
for *OC-CHO formation on the Cu(100)/(111) interface is much
lower compared to that on the Cu(111) or Cu(100) facets.
Overall, DFT calculations substantiate that the Cu(111)/(100)
interface exhibits a pronounced affinity for *CO, leading to
the promoted concentration of *CO, the pivotal intermediate
*OC-CHO as well as promoted the C-C coupling process for the
formation of C,, products.

In summary, we have demonstrated the highly selective
electrocatalytic reduction of CO, into multicarbon products
by the interplanar synergistic effect of Cu(100) and Cu(111)
facets, which could effectively promote the C-C coupling as well
as selectivity of CO,RR into C,, products, delivering a faradaic
efficiency of 78% and partial current density of 663 mA cm™ > at
—0.61 Vvs. RHE. As confirmed by ATR-SERIES characterization
and DFT calculation, the synergy between Cu(100) and Cu(111)
is demonstrated to increase the surface *CO coverage of *COqop
and *COpyrigge, further promoting the formation of the adsorbed
intermediate *COCHO and facilitating the C-C coupling
kinetics, which should be responsible for the remarkably
promoted selectivity of C,, products. Our results provide an
alternative way of developing efficient electrocatalysts toward
long-chain chemicals by the synergy of interplanar synergistic
catalysis.
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