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Electrocatalytic CO, reduction is regarded as one of the most promising strategies for converting CO,
to valuable chemicals or fuels. However, developing efficient catalysts for enhanced multi-carbon
production at industrial current densities is still a great challenge. Herein, we report a novel method to
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prepare bimetallic Cu-Zn catalysts for electrocatalytic CO, reduction using magnetron sputtering and
subsequent electrochemical cyclic voltammetry treatment. Due to the increase of the Cu-Zn interface
and the shortening of mass transfer distance, the bimetallic Cu—Zn catalysts showed a faradaic efficiency
(FE) of 29.3% for ethanol production at a current density of —250 mA cm™2 when testing in a flow cell.

DOI: 10.1039/d3ey00204g

rsc.li/eescatalysis Our work provides a new strategy for the design and synthesis of bimetallic catalysts for electrocatalysis.

Broader context

The ever-increasing CO, concentration in the atmosphere causes global warming, which demands disruptive technologies to balance the carbon cycle.
Electrocatalytic CO, reduction with renewable electricity is regarded as one of the most promising strategies for converting waste CO, to valuable chemicals or
fuels. However, its wide application still faces many challenges, and one of the most significant challenges is developing efficient and selective catalysts,
especially for generating multi-carbon products at industrial current densities. In this work, we report a novel and facile method to prepare bimetallic Cu-Zn
catalysts for electrocatalytic CO, reduction, which demonstrate a high faradaic efficiency (FE) of 29.3% for ethanol production at a current density of —250 mA
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cm 2 in a flow cell.

Introduction

The greenhouse gas CO, can be converted to valuable chemi-
cals or fuels through electrochemical CO, reduction using
renewable electricity. It provides a sustainable way for the
artificial carbon cycle to reduce CO, emissions and store
renewable energy and possesses significant economic value."
Due to the high added value, multi-carbon (C,.) products have
great potential for further industrial applications. However, the
lack of efficient and highly active catalysts for C,. products
during CO, reduction hinders their industrial applications.
Among the C,, products, ethanol as one of the most important
organic chemicals can not only be directly used as a liquid fuel,
but also be mixed with gasoline to make the fuel relatively
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cleaner and more environmentally friendly.” In addition, etha-
nol possesses high energy density, high economic value, and
ease of storage and transportation.’ However, the production of
ethanol products during CO, reduction still presents a low
level.*”” Therefore, based on the recent research progress, it is
necessary to design new high-performance catalysts towards
ethanol to meet the future industrialization requirements.

It is generally believed that CO is the key intermediate for
the generation of C,, products. Therefore, introducing metals
with high CO selectivity, such as Au, Ag, and Zn, into Cu-based
catalysts has become an effective method to promote C,.
products.® > Metal Zn, as a non-precious metal, can be used
as the catalyst for the reduction of CO, to CO.”™ It can
significantly lower the cost when used as the CO, reduction
catalyst on a large scale due to its natural abundance, com-
pared to noble metals, such as Au and Ag. The enhanced
selectivity of C,, products during CO, reduction is attributed
to the bimetallic tandem effect: Cu and Zn serve as different
active sites, respectively. In other words, the generated CO
molecules on Zn would diffuse onto the surface of Cu for
further reduction to C,. products. Therefore, it is considered

EES Catal., 2024, 2, 603-611 | 603


https://orcid.org/0000-0002-1770-7681
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ey00204g&domain=pdf&date_stamp=2023-12-06
https://doi.org/10.1039/d3ey00204g
https://doi.org/10.1039/d3ey00204g
https://rsc.li/eescatalysis
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ey00204g
https://pubs.rsc.org/en/journals/journal/EY
https://pubs.rsc.org/en/journals/journal/EY?issueid=EY002002

Open Access Article. Published on 22 November 2023. Downloaded on 16/10/2025 2:12:38 PM.

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

(cc)

Paper

that the activity and selectivity of C,. products can be effectively
improved by constructing Cu-based bimetallic catalysts. However,
the different design of the bimetallic catalysts leads to disparate
performance. For example, Wang’s group prepared an active Zn—
Cu bimetallic catalyst by the physical vapor deposition (PVD)
method. They showed that the synergistic effect of bimetallic
sites could stabilize the carboxyl intermediate and produce CO
with high selectivity.'® G. Yin et al. reported an alloy of Cu and Zn
which can selectively convert CO, to HCOOH in aqueous media at
room temperature. The high selectivity of HCOOH production can
probably explain that the chemisorption strengths of CO,* and
CO* radicals were regulated to an ideal condition for the CO,
to HCOOH conversion."” By constructing the Cu-Zn bimetallic
catalyst with a phase-separated structure, Wan et al. found that
the faradaic efficiency of CO could reach 94%.'® Meanwhile, Dan
et al. prepared a series of oxide-derived Cu,Zn catalysts for CO,
reduction which could adjust the C,. selectivity of ethanol and
ethylene products by changing the Zn content in the Cu,Zn
catalysts. When applying a potential of —1.05 V, the maximum
FE of ethanol on the Cu,Zn catalyst reached 29.1%."° From the
above, different bimetallic catalyst designs can have different
reaction mechanisms and product selectivities. Nevertheless, the
above methods prevent the direct application of the catalysts to
gas diffusion layer (GDL) electrodes, resulting in low potential for
future industrial applications. Hence, a new method with a facile
process is demanded for constructing bimetallic catalysts on GDL
electrodes.

In this work, we prepared Cu-Zn bimetallic catalysts first by
magnetron sputtering Cu and Zn layers on the GDL sequen-
tially, followed by a simple electrochemical cyclic voltammetry
treatment. The preparation process of the bimetallic catalysts
does not require binders and the as-fabricated Cu-Zn bimetallic
catalysts can adjust the preference of C-C coupling to ethanol
generation in the C, product during CO, reduction. When tested
in a flow cell, the catalysts showed a high FE of 29.3% for ethanol
production at a current density of —250 mA cm™ 2. Furthermore,
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the FE ratio of ethanol and ethylene products is 2.1. In brief,
the enhanced selectivity of ethanol in C, products was achieved
through a simple and easily scalable synthesis of Cu-Zn
catalysts.

Results and discussion
Characterization of catalysts

The schematic diagram of the preparation process of catalysts
is shown in Fig. 1. First, the morphology and structure of the
as-synthesized Cu prepared by magnetron sputtering on the
GDL are shown in Fig. 2a and d. It was observed that the
sputtered Cu was in the shape of nanoparticles with a relatively
uniform size and a diameter between 100 nm and 200 nm. For
the Cu-ZnGDE bimetallic catalyst, as shown in Fig. 2b, a layer
of zinc was coated by magnetron sputtering on the sputtered
copper, thus forming a layered Cu-Zn bimetallic structure on
the GDL. The enlarged SEM images (Fig. 2e) showed that the
surface of each copper nanoparticle presents a rough particle
morphology with small size. For the Cu-Zn bimetallic catalysts
after cyclic voltammetry treatment (Cu-ZnCVGDE), the SEM
images with different magnifications are depicted in Fig. 2c
and f. The morphological characterization showed that the
densely coated nanoparticles on the surface with smaller
diameters disappeared while loose and porous nanopores
appeared, which indicated that the morphology of the Cu-Zn-
CV-GDE catalyst after CV treatment was reconstructed.

The phase and crystal structures of the three catalysts were
characterized by XRD. The XRD pattern of the Cu-GDE catalyst
in Fig. 3a showed the peaks located at 43.3° and 50.4°, which
were assigned to the Cu (111) and Cu (200) crystal facets. The
XRD patterns of the Cu-Zn-GDE catalyst (Fig. 3b) showed that
the main components of the Cu-Zn-GDE catalyst were metal
elements of copper and zinc. The XRD pattern of the Cu-Zn-CV-
GDE catalyst is shown in Fig. 3c. The diffraction peaks located
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Fig. 1 Schematic diagram of the preparation process of the bimetallic catalysts on the GDL.
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Fig. 2 (a) SEM image and (d) enlarged SEM image of the Cu-GDE. (b) SEM
enlarged SEM image of Cu-Zn-CV-GDE.

image and (e) enlarged SEM image of Cu-Zn-GDE. (c) SEM image and (f)
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Fig. 3 XRD patterns of (a) Cu-GDE, (b) Cu—-Zn-GDE and (c) Cu-Zn-CV-GDE catalysts. (d) Cu 2p XPS spectra of Cu-GDE, Cu-Zn-GDE and Cu-Zn-CV-
GDE catalysts. (e) Corresponding Zn 2p XPS spectra of Cu—Zn-GDE and Cu—-Zn-CV-GDE catalysts. (f) Zn LMM spectra of Cu—-Zn-GDE and Cu-Zn-CV-

GDE catalysts.

at 23.8° and 34.1° were assigned to Cu(OH), (JCPDS# 13-0420),
and the diffraction peaks located at 44.6°, 47.6° and 58.7°
belonged to ZnO (JCPDS# 21-1486). The XRD results indicated
that the Cu-Zn-GDE catalyst was partially oxidized after CV
treatment while the Cu and Zn metal elements still existed. In
addition, the surface electronic structure and chemical valence
state of the catalysts were further characterized by X-ray photo-
electron spectroscopy (XPS). The XPS spectrum of Cu 2p is

© 2024 The Author(s). Published by the Royal Society of Chemistry

shown in Fig. 3d, and the peaks are located at around 932.4 eV
belonging to the 0 or +1 valence state of Cu. Combined with the
XRD results, it further showed that the main component of the
Cu-GDE catalyst is metallic Cu. Meanwhile, for the Cu 2p XPS
spectrum of the Cu-Zn-GDE catalyst, it is demonstrated that the
main valence state of Cu was 0 or +1 valence state. Meanwhile, for
the Cu-Zn-CV-GDE catalyst, the oxidation state of Cu appeared,
indicating that after the CV treatment, part of Cu was oxidized.
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For the Zn 2p XPS spectra of Cu-Zn-GDE and Cu-Zn-CV-GDE
catalysts, as shown in Fig. 3e, due to the similar binding energies
of Zn and ZnO, it is difficult to distinguish the valence state of Zn
only by the XPS spectrum of Zn 2p."*?°*! Therefore, the Zn LMM
Auger spectra were used to further determine the valence state of
Zn. As depicted in Fig. 3f, both Zn°® and Zn>* valence states on the
surface of the Cu-Zn-GDE catalyst were observed. It was worth
noting that for the surface of the Cu-Zn-CV-GDE catalyst, the peak
at 991.8 eV of electron binding energy belongs to the zero-valence
state, which indicates that after the cyclic voltammetry treatment
of the Cu-Zn-GDE catalyst, Zn was partially oxidized to the +2
valence state.

Furthermore, the structural characterization and elemental
analysis of the catalysts were performed by TEM and EDS
mapping as shown in Fig. S1 (ESIt). The characterization
results showed that both the signals of Cu and Zn elements
were detected. It was worth noting that from the results of the
mapping results, the main element was Cu while the distribu-
tion of Cu and Zn elements was not uniform. Among them, the
Zn element was mainly distributed on the side of the Cu
element. The Mo-L peak in the EDS spectrum results from
the molybdenum mesh substrate used for the TEM test. In
addition, the small amount of O element was also detected,
which was the result of the inevitable oxidation of Zn in air. For
the preparation of the Cu-Zn-CV-GDE catalyst, Cu-Zn-GDE
samples were used as the working electrode to execute cyclic
voltammetry treatment in a standard three-electrode system in
0.1 M KHCO; solution and the cyclic voltammetry curve is
shown in Fig. S2 (ESIf). In principle, the cyclic voltammetry
treatment was a process of dissolution and redeposition of
ions. During the dissolution and redeposition process of the
Cu-Zn-GDE electrode, the structure will be reconstructed, and
the number of Cu-Zn interfaces will increase. Similarly, TEM
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and HRTEM analyses were performed to characterize the
structure of the Cu-Zn-CV-GDE catalyst. As shown in Fig. 4a
and b, the obvious core-shell structure and lattice fringes were
not observed, indicating the poor crystallinity of the catalyst.
Additionally, the Cu, Zn and O elements in the Cu-Zn-CV-GDE
catalyst were observed through HRTEM and EDS-mapping
(Fig. 4c-h) analyses. Significantly, the relatively uniform dis-
tribution of the Cu and Zn elements was observed. Meanwhile,
according to the SEM images of the Cu-Zn-CV-GDE catalysts
above, the hierarchical structure of Cu and Zn elements was
disrupted indicating that the distribution of Cu and Zn ele-
ments in the catalyst was changed after CV treatment.

Electrochemical CO, reduction performance

To demonstrate the potential for future industrial applications,
the electrocatalytic CO, reduction performance of the catalysts
was evaluated in a flow cell. The electrolyte was 1.0 M KOH
aqueous solution. When tested in a flow cell, the concentration
of CO, on the surface of the catalyst would become higher, and
the transport distance was shortened. The CO, reduction reac-
tion occurred on the electrode—electrolyte interface and was not
limited by the mass transport of dissolved CO,. Thus, the
performance was significantly enhanced. Meanwhile, the KOH
electrolyte solution was used to suppress the HER and improve
the conductivity of the electrolyte.”>** In order to eliminate the
effect of the catalyst on products during CO, reduction, the as-
synthesized catalyst of Cu-Zn-CV GDE was examined under a N,
atmosphere at a current density of —150 mA cm ™. As shown in
Fig. S3 (ESIt), it can be observed that the products were almost all
hydrogen indicating that only the HER reaction occurred under a
N, atmosphere. As shown in Fig. 5, the catalysts of Cu-GDE, Cu-Zn-
GDE layered bimetallic catalyst, and Cu-Zn-CV-GDE were tested

in the current density range from —150 to —350 mA cm .
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(@) TEM image of the Cu-Zn-CV-GDE catalyst. (b) HRTEM image, (c) EDS image, (d) high-angle annular dark field scanning transmission electron

microscopy (HADDF-STEM) image and (e)-(h) superposition image of Cu, Zn, O and three element mapping.
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Fig. 5 Cu-GDE, Cu-Zn-GDE layered bimetallic catalyst, and Cu-Zn-CV-GDE catalysts in the current density range from —150 to —350 mA cm~2: (a) FE
of Hy, (b) FE of CO, (c) FE of C,Hy4, and (d) FE of C,HsOH. (e) The ratio of FE towards C,, to C; products. (f) The ratio of FE towards C,HsOH to CyHy,

products.

As depicted in Fig. 5a, the FE of H, by comparing the three catalysts
showed the same level, demonstrating that these catalysts have
similar low HER performance in a flow cell. Meanwhile, the CO
production of the Cu-GDE catalyst (Fig. 5b) showed the lowest
compared with that of the Cu-Zn-GDE and Cu-Zn-CV-GDE cata-
lysts. For the Cu-Zn-GDE catalyst, CO was the main product and
the maximum FE(CO) reached was as high as 60.2% at a current
density of —150 mA cm > Owing to the low binding energy
between CO and Zn, and the electrocatalytic reduction of CO,
occurred on the three-phase interface of gas-liquid—solid, CO was
first generated on the sputtered Zn. The CO generation at the Zn
sites was subsequently released while the excessive CO generated is
not enough to be quickly consumed by Cu. As the current density
increases, the FE of CO decreases gradually, and the minimum FE
of CO reached 21.2% at a current density of —350 mA cm 2. For the
Cu-Zn-CV-GDE catalyst, the FE of CO was about 20% in the given
current density range, demonstrating that CO reduction was
reduced after CV treatment. This is due to the increase of the
interface of Cu-Zn in the Cu-Zn-CV-GDE catalyst, which leads to
the CO generation on the Zn surface and it can be quickly
transferred to the Cu surface. It is well known that CO is an
intermediate of C, products during the CO, reduction reaction,**>
which in turn facilitated the formation of C, products in the next
step. Therefore, this showed the reduction of CO products macro-
scopically. As shown in Fig. 5c, ethylene was the main reduction
product during CO, reduction of the Cu-GDE catalyst, and the
maximum FE(C,H,) was as high as 39.1% at a current density of
—250 mA cm 2. Meanwhile, for the Cu-Zn-GDE catalyst, the
selectivity of ethylene was greatly suppressed, and the maximum
FE was only 9%, which was due to the fewer Cu-Zn interfaces,
resulting in the inefficient utilization of CO after the desorption of

© 2024 The Author(s). Published by the Royal Society of Chemistry

CO generated on the Zn surface and thus leading to a less C,H,
production. For the Cu-Zn-CV-GDE catalyst, the maximum
FE(C,H,) reached 18.7% at a current density of —225 mA cm™ >
Moreover, this showed that FE(C,H,) was above 10% at the given
current densities. The above results indicated that the formation of
ethylene was greatly suppressed in the presence of Zn, while
ethanol was the most dominant liquid product. Therefore, we
compared the FE of ethanol of the catalysts. As shown in Fig. 5d,
for the Cu-Zn-CV-GDE catalyst, the FE(ethanol) was significantly
higher than those of the Cu-GDE and Cu-Zn-GDE catalysts, and
the maximum FE reached 29.3% at a current density of
—250 mA cm™>. Notably, although the formation of ethylene was
greatly suppressed for the Cu-Zn-GDE catalyst, the FE of ethanol
did not show a significant decrease. The results indicated that the
activity and selectivity of ethanol in C, product formation by the
C-C coupling step during CO, reduction was enhanced owing to
the addition of Zn. In contrast, ethylene production was inhibited.
To further explore the effect of the presence of Zn on the selectivity
of CO, reduction to ethanol, we analyzed the FE ratio of C,,
products to C; products. As shown in Fig. 5e, for the Cu-GDE
catalyst, the maximum FE ratio of the C,, product to C; product
reached 4.1 at a current density of —350 mA cm™ 2 For the Cu-Zn-
CV-GDE catalyst, the maximum FE ratio of the C,, products to the
C; products was up to 2.6, which was smaller than that of the Cu-
GDE catalyst and larger than that of the Cu-Zn-GDE catalyst. The
above results showed the greatest tendency to promote C,, pro-
ducts of pure Cu-GDE during the CO, reduction process, while the
addition of Zn greatly improved the production of CO, which in
turn affected the selectivity of C,. products. Ethylene and ethanol,
as the most important C,, products, are observed in Fig. 5f, and the
FE ratio of ethanol to ethylene effectively improved after the
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addition of Zn. The results indicated that the addition of Zn
adjusted the relative proportion of C,HsOH and C,H, production
in C,. products. We have also evaluated the CO, performance of
Cu-GDE under the same CV treatment. As shown in Fig. S4 (ESIT),
the ethylene product seems enhanced after CV treatment and
the maximum FE(C,H,) could reach 42.9% at a current density
of —250 mA cm™> However, the ethanol production shows a
relatively lower level at different current densities after the same
CV treatment and the highest FE(C,HsOH) only reach 23.1% at a
current density of —200 mA cm > Furthermore, we compared the
performance of the Cu-Zn-CV-GDE catalyst for ethanol production
with the recent work in the literature, as shown in Table S1 (ESI{).
To further explore and analyze the mechanism of ethanol produc-
tion in the electrocatalytic CO, reduction process of the catalyst, the
electrocatalytic CO, reduction performance of only metal Zn was
verified in a flow cell. Furthermore, the morphology and structure
of the sputtered Zn on the GDL were characterized by SEM and
TEM analyses. As depicted in Fig. S5a and b (ESIf), it can be
observed that the uniform nanostructure on the electrode was
composed of nanoparticles with the size ranging from 10 to 50 nm.
The TEM and HRTEM analyses (Fig. S5c and d, ESIt) demonstrated
that a lattice fringe width of 0.21 nm belonged to Zn (101) crystal
facets. Moreover, the Zn LMM spectrum was used to explore the
valence state of the Zn electrode. As shown in Fig. S5e (ESI{), it can
be demonstrated that the Zn composition prepared on the GDL
was the metallic Zn. Subsequently, the electrocatalytic CO,
reduction performance of the prepared Zn-GDE electrode was
tested in a flow cell. As shown in Fig. S6 (ESIT), H, and CO were
the main products. The maximum FE of CO reached 75% at a
current density of —200 mA cm 2 while slightly decreased at a
current density of 250 mA cm ™% In conclusion, the Zn-GDE catalyst
can provide enough CO to meet the demand of the Cu-Zn
bimetallic tandem effect.

When catalysts are used for future practical applications, in
addition to high activity and selectivity, long-term stability is
also a key indicator for evaluating the performance of the
catalysts. Therefore, as shown in Fig. S7a (ESIY), the electro-
chemical stability of the as-fabricated Cu-Zn-CVGDE sample
was examined in 1.0 M KOH aqueous solution at a current
density of —250 mA cm 2 In Fig. S7b (ESIt), it was observed
that ethanol production remained stable after 4 hours and the
FE of ethanol still able to remain 27%. In addition, the
morphology and structure of the Cu-Zn-CV-GDE catalyst after
the CO, reduction reaction were also explored by SEM, TEM
and XPS. As shown in Fig. S8 (ESI{), the nanoparticles with the
porous morphology were still maintained. The chemical com-
position of the catalyst was analyzed through TEM and EDS-
mapping (Fig. S9, ESIt); it showed that the nanoparticles were
composed of Cu, Zn, and O elements, and the element dis-
tribution was relatively uniform. When the catalyst was tested
in a flow cell and the electrolyte of KOH solution, it was difficult
to avoid the oxidation of the catalyst during the subsequent
transfer process in air. Hence, the existence of O element might
be caused by various factors, which could not verify the stable
existence of oxides in the catalyst during the CO, reduction
process. Notably, only the in situ analysis can truly detect the
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valence state change of the catalyst during the CO, reduction
reaction. As shown in the XPS spectrum of Cu2p in Fig. S10
(ESIt), the peak located at 935.0 eV was assigned to the valence
state of Cu(u) while the peak at 932.5 eV belongs to the 0 or
+1 valence state of Cu. The +2 valence components of Cu after
the reaction were greatly reduced compared to the catalyst
before the reaction. The increasing components in the low-
valence state of Cu also indicated that the valence state of the
catalyst was reduced to a low-valence state after the CO,
reduction reaction. For the XPS spectrum of the Zn element
after reduction, the coexistence of the 0 and +2 valence states of
the Zn element can be observed. Compared to the catalyst
before the reaction, the proportion of the zero-valence state
component of Zn showed an improvement. In conclusion, the
structure and Cu, Zn elements of the Cu-Zn-CV-GDE catalyst
remained relatively stable after the CO, reduction reaction.

Mechanism

Then, we compared the electrochemically active areas of Cu-
GDE, Cu-Zn-GDE and Cu-Zn-CV-GDE catalysts by measuring
the electrochemical double-layer capacitance of the three elec-
trodes. The electrochemical double-layer capacitance of the
electrodes was measured by the cyclic voltammetry test at
different scan rates. As shown in Fig. S11 (ESIt), the electric
double-layer capacitance (Cq;) of Cu-GDE was 0.473 mF c¢cm >
and the Cq; of Cu-Zn-GDE was 0.298 mF cm 2. However, the
Caq1 of Cu-Zn-CV-GDE was greatly enhanced and reached
0.614 mF cm™ 2. After sputtering Zn on the Cu, the porosity of
the Cu catalyst reduced resulting in the lower electric double
layer capacitance. Nonetheless, the interface contact was
increased when the dissolution and redeposition of ions in
the Cu-Zn-GDE catalyst after CV treatment. Therefore, it
showed the largest electrochemical double-layer capacitance
among the three catalysts indicating that the most abundant
active sites were exposed which might explain efficient ethanol
production during the CO, reduction process.

Next, the intrinsic activities of three catalysts for CO,
reduction to ethanol were analyzed through the ECSA normal-
ized ethanol current densities. As shown in Fig. 6a, both the Cu-
GDE and Cu-Zn-GDE showed similar partial current densities
(close to —40 mA cm %) for ethanol formation, while for
Cu-Zn-CV-GDE catalysts, the partial current density was
—73.3 mA cm >, ECSA-normalized partial current densities of
ethanol production are shown in Fig. 6b. The Cu-Zn-GDE
catalyst exhibited the largest ECSA-normalized partial current
density (—131.9 mA ¢cm™?) of ethanol production. Meanwhile,
the ECSA normalized ethanol current density of the Cu-Zn-CV-
GDE catalyst is —119.4 mA cm ™ 2. It was close to the Cu-Zn-GDE
catalyst, and the Cu-GDE catalyst showed the smallest ECSA
normalized current density of —84.1 mA cm™ 2. Therefore, the
Cu-Zn-GDE catalyst showed the highest intrinsic activity for
ethanol production, while the limited surface area was not
enough to provide sufficient active sites, and the Zn layer
hindered the interaction between CO, and active sites, thereby
limiting the activity and selectivity of ethanol production.
As shown in Fig. 6c, for the intrinsic activity of ethylene

© 2024 The Author(s). Published by the Royal Society of Chemistry
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production of Cu-GDE, the ECSA normalized partial current Cu-Zn-CV-GDE catalyst (—22.8 mA ¢cm™?), indicating that the
density of ethylene was —82.7 mA cm™ %, which was much larger  addition of Zn decreased the intrinsic activity of ethylene for-
than those of the Cu-Zn-GDE catalyst (—28.3 mA cm °) and mation and increased the activity and selectivity of ethanol
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ethanol and ethylene formation during CO, reduction electron transfer and proton coupling steps.
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production. For the Cu-Zn-GDE catalyst, as depicted in Fig. 6d,
the ECSA normalized partial current density of CO was
—130.2 mA cm %, which was much higher than those of Cu-GDE
(—21.4 mA ecm ™ ?) and Cu-Zn-CV-GDE catalysts (—35.7 mA cm ™ 2),
demonstrating the largest intrinsic activity for CO production.
However, for the Cu-Zn-GDE catalyst, the higher activity of CO
formation on the Cu surface did not affect the catalytic activity
of ethylene. The result seemed inconsistent with the previous
view that higher CO coverage contributed to the enhancement of
ethylene production.”® We speculated that there were more effec-
tive ways to promote ethanol production other than the increased
CO coverage to promote the activity and selectivity of C,. products.
According to Dan et al.’s previous work,”” they prepared a layer of
ZnO on the surface of CuO nanowires by atomic layer deposition
(ALD). By using in situ Raman spectroscopy, they observed that the
generation of *CH, or *CH; intermediates on Cu coupled with CO
generated on Zn was the key step for the formation of ethanol.

Therefore, combined with previous studies, we proposed the
possible pathways of the Cu-Zn-CV-GDE catalyst to generate
ethanol during CO, reduction which was shown in Fig. 7.
Ethylene was the main product for the pure Cu-GDE during
CO, reduction. For Cu-Zn-GDE, a layer of Zn generated excess
CO during CO, reduction, and the high CO coverage was
conducive to C-C coupling. Meanwhile, the surface layer of
Zn also hindered the contact between CO, gas and the catalyst, so
the specific surface area was not enough to provide sufficient
active sites, thus limiting the activity and selectivity of the catalyst
for ethanol production. Moreover, due to the increase of the
interface between Cu and Zn, the mass transfer distance between
electrons and protons was shortened. As shown by path®
(Fig. 7d), CO was generated by Zn in CO, reduction and it was
directly overflowed to Cu. Then, the *CH, or *CHj; intermediates
were coupled to produce *COCHj; intermediates, which were
further hydrogenated for ethanol production except for path
step@. Therefore, it was explained that the addition of Zn changed
ethylene and ethanol production. In conclusion, ethanol produc-
tion was effectively enhanced during the electrocatalytic CO,
reduction of C,, products through a simple and scalable synthesis
and processing of Cu-Zn layered bimetallic catalysts.

Conclusions

We have developed a facile method to prepare Cu-Zn bimetallic
catalysts on the gas diffusion layer using magnetron sputtering
and electrochemical cyclic voltammetry treatment for electro-
chemical CO, reduction. The CV treatment created abundant
copper-zinc interfaces and provided enough active sites during
the CO, reduction. As a result, the as-prepared catalyst demon-
strated a high FE of 29.3% for ethanol production and a high
ratio of 2.1 for ethanol and ethylene products at an industrial
current density of —250 mA cm ™2 in a flow cell. Our work not
only provides ideas and references for preparing bimetallic
catalysts for electrochemical CO, reduction, but also demon-
strates a low-cost catalyst with great potential for industrial
applications.
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