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Cu—Zn bimetallic catalysts were synthesized on 3-D gas diffusion electro-
des using atomic layer deposition (ALD) techniques. Electrochemical CO,
reduction was evaluated, and a significant variation in the product
selectivity was observed compared to unmodified Cu catalysts. As low
as a single ALD cycle of ZnO resulted in a reduction of C;H,; production
and shift towards CO selectivity, which is attributed to changes in the
chemical state of the surface. Our findings demonstrate the impact of
atomically-precise surface modifications on electrocatalyst selectivity.

The electrochemical CO, reduction reaction (CO,RR) has garnered
significant attention as a promising carbon utilization technology to
convert CO,, a major contributor to the climate crisis, into valuable
products using renewable energy sources.! In particular, extensive
research has been conducted on Cu-based catalysts to produce value-
added C,, compounds.’® Owing to the ability of these catalysts to
generate more than 16 different products, control of selectivity is a
critical issue for the commercialization of CO,RR technology.* Recent
studies have shown that enhanced C-C coupling can be achieved by (1)
tuning the nanostructure morphology,™® (2) controlling crystal facets or
shapes,”® (3) alloying or introducing secondary metals,”"® and (4)
adjusting the chemical state of the Cu catalyst surface or interfacial
environment.""* Such studies indicate that further analysis of catalyst
surface modification and interfacial environments is necessaty.
Atomic layer deposition (ALD) is a powerful technique that
enables programmable control of the surface composition and
coating thickness with sub-nm precision."* ALD offers an effective
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method for catalyst deposition by conformally depositing metal
nanoparticles (NPs) on porous, high-aspect ratio structures.'*'®
Beyond simple binary oxides, ALD enables the precise control of
stoichiometry of solid solutions and alloy materials,'® which allows
for tuning of the chemical state and lattice constants of the catalyst.
In addition to synthesis of the catalyst material itself, ALD has also
been explored for deposition of saturated, sub-monolayer “over-
coats” on catalyst surfaces, which can modulate the adsorption
energy of intermediates on the catalyst surface, and also has been
shown to improve catalyst stability during operation.'”>°

Despite these benefits of ALD for precise catalyst synthesis and
modification, there have been few reports to date of ALD for
Cubased CO,RR catalysts* Recently, we reported a plasma-
enhanced ALD (PEALD) process to incorporate Cu NP catalysts onto
gas diffusion electrodes (GDEs), achieving a high Faradaic efficiency
(FE) of over 75% for C,, products.”> Additionally, ALD of CuS,
electrocatalysts for CO,RR have been reported to be effective in
improving the selectivity of formate.”® Furthermore, ALD overcoats of
metal oxides have been applied to CuO nanowires to tune
selectivity."”'® This indicates the need for further studies to understand
the factors that influence the product selectivity of Cu catalyst archi-
tectures using ALD.

In previous studies on Cu-based bimetallic catalysts for CO,RR
using alternative synthetic strategies, elements such as Au, Ag, and Zn
have been introduced to modify the selectivity of C,, products such
C,H, and C,HsOH (EtOH), while Sn has been introduced to improve
the selectivity of C, products such as formate.**® The introduction of
elements such as Ag and Au has been known to improve the selectivity
towards EtOH due to the spillover effect of the generated CO,***” but
the economic burden of precious metal introduction can be a limiting
factor. Recent studies on Cu-Zn bimetallic catalysts have shown
inconsistent trends in selectivity, with either C; or C, products increas-
ing depending on the method and ratio of Zn introduction.”>*%3°
However, there have been no reports to date of bimetallic Cu-based NP
catalysts deposited by ALD.

In this study, we expand up on our previously developed PEALD
method for Cu catalysts,”*" and explore the deposition of Cu-Zn
bimetallic alloys and Cu@ZnO core-shell catalysts with a ZnO overcoat
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Scheme 1 Cu bimetallic catalyst synthesis strategy that can be intro-
duced through ALD.

on Cu (Scheme 1). Using these two model systems, we measured the
effects of Zn introduction on product selectivity. The influences of these
chemical and structural changes on the Cu catalyst are described below.

To fabricate Cu-Zn bimetallic alloy NPs, a supercycle
approach was used alternating ALD Cu and ZnO cycles in a
9:1 ratio (Scheme 1a). This is a common strategy to generate
multi-element ALD films, where both elements are incorpo-
rated into the bulk material.>* Experimental details on the ALD
process are provided in the ESL}

Scanning electron microscopy (SEM) and scanning trans-
mission electron microscopy (STEM) were performed to exam-
ine the morphology of the catalyst surfaces on carbon GDE
substrates. Fig. 1a and Fig. S1 (ESI{) shows an SEM and TEM
image of Cu NPs (4 + 1 nm) after depositing 510 PEALD Cu
cycles. The bimetallic alloy NPs had a slightly larger diameter
9 + 2 nm, while maintaining a uniform distribution across the
complex 3-D GDE structure (Fig. 1b and Fig. S2, ESI{). We have
previously shown that varying the ALD Cu NP size in the
nanometer range had a minimal effect on product selectivity,
so these slight differences in particle diameter are not expected to
have a strong effect. In both instances, the ability to conformally
distribute NPs on a high aspectratio 3-D substrate demonstrates
the power of the ALD method for electrocatalyst architectures.
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The supercycle approach resulted in an approximately 1:1 ratio of
Cu:Zn, as confirmed using X-ray photoelectron spectroscopy (XPS)
(Table S1, ESTt). Further evidence of the formation of a bimetallic alloy
was observed by STEM-energy dispersive X-ray spectroscopy (EDS)
mapping (Fig. S3, ESIt) and the change in visible color, which
appeared similar to brass (Fig. S4, ESIt). Grazing incidence X-ray
diffraction (XRD) analysis revealed that the 2-theta value of (002)
shifted to a lower angle by 0.96 degrees when Zn was introduced to
the Cu catalyst, indicating an increase in d-spacing (Fig. 1c). This
can be rationalized by the fact that Zn has a larger atomic radius
than Cu.

The presence of Zn in the Cu catalyst significantly impacted overall
product selectivity. Chronoamperometty measurements were per-
formed for each system (Cu and Cu-Zn) at a potential of —0.93 V
and —0.90 V vs. RHE, respectively, for 1 hour. The gas-phase products
were quantified using gas chromatography. The pure Cu metal sample
exhibited a ~38% FE for C,H, (Fig. 1d) which is consistent with the
previously report.** In contrast, the Cu-Zn bimetallic catalyst reduced
this value to below 3%, and the CO content increased by about 31%.
This represents an order-of-magnitude change in the selectivity for each
of these products, illustrating the strong impact of Zn on the selectivity.

To examine the influence of Zn alloying on the chemical environ-
ment of Cu, XPS core scans were collected at the Cu 2p peak position.
The presence of Zn resulted in a shift to lower binding energies for the
Cu atoms (Cu PEALD: 933.3 €V, CuZn: 932.9 eV), indicating a shift to a
more electron-rich environment (Fig. 1€).* This shift is attributed to the
lower electronegativity of the Zn atom compared to Cu. This result
suggests that an electronrich Cu state might be favorable for CO
production.

To study the influence of the Zn concentration in the alloy
on the chemical structure and corresponding product selectiv-
ity, bimetallic catalysts with a lower Zn content were synthe-
sized. To accomplish this, the ALD cycle ratio of Cu:Zn in the
supercycle recipe was increased from 9:1 to 81: 1. XPS analysis
showed a surface atomic ratio of about 3:1 (Table S1, ESIT).
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(a) SEM image of Cu PEALD catalyst on carbon GDE support. (b) SEM image of Cu—Zn (9 : 1 supercycle) bimetallic catalyst on GDE support. (c) XRD

spectrum of Cu PEALD and Cu-Zn (9:1 supercycle) bimetallic catalyst on Si substrate (ICDS no: 15985). (d) Comparison of the Faradaic efficiency of the
gaseous products for the Cu catalyst at —0.93 V vs. RHE and the Cu—Zn (9: 1 supercycle) bimetallic catalyst at —0.90 V vs. RHE. (e) Cu 2p XPS spectra of
Cu and Cu-Zn (9:1 supercycle) bimetallic catalysts on GDE substrate after 1 min Ar sputtering.
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Examining a simple rule-of-mixtures analysis, these trends in
stoichiometry suggest a nucleation delay of Cu growth on ZnO
(Fig. S5, ESIt). The 81:1 supercycle catalyst had similar NP
sizes to pure Cu PEALD (Fig. S6a, ESIt). In contrast to the 9:1
supercycle catalyst, which produces 30.7% CO at —0.90 V vs.
RHE, the 81:1 supercycle catalyst with a lower Zn ratio sup-
presses CO production to around 10% FE across a wider
potential range. The 81:1 supercycle sample also exhibits one
order-of-magnitude lower FE for CH, at potentials more nega-
tive than —0.90 V vs. RHE (Fig. S6b and c, ESIT), showing a
higher suppression of C; products compared to the 9:1
catalyst. These results suggest that in Cu-Zn bimetallic cata-
lysts synthesized by ALD methods, reducing the amount of Zn
introduced can enhance the total activity and C-C coupling
selectivity of the catalyst. Further analysis and discussion of the
81:1 supercycle catalysts is provided in the ESL

To study the influence of how the Zn atoms were incorpo-
rated into the Cu NP catalysts during the ALD process, an
overcoating strategy was also explored to form a core-shell
structure, rather than mixing Zn into the bulk of the NP
(Scheme 1b). For these samples, a series of ALD ZnO deposi-
tions were performed using 1, and 3 cycles on the surface of
PEALD Cu catalysts. While the alloying method resulted in
slight variations in NP morphology and size according to Cu-Zn
ratios, the NP size and morphology remained similar across
different cycles of ZnO ALD on Cu (Fig. 2a and Fig. S8, ESIT).
This further illustrates the core-shell effect, as 1-3 cycles of
ALD ZnO corresponds to only around 2-6 anstroms of nominal
thickness. In other words, the NP nucleation and growth is
determined by the PEALD Cu process, while the ALD ZnO
overcoat conformally coats the NP topology.

Fig. 2b displays the product analysis for the Cu PEALD and
1-3 ALD overcoat cycles on PEALD Cu catalysts. Notably, the
selectivity for C,H, drastically decreased to 9.8% at —0.95 V vs.
RHE after only 1 cycle of ZnO ALD, compared to nearly 38.4% at
—0.93 V vs. RHE for pristine Cu PEALD. Furthermore, the
selectivity towards CO increased over an order of magnitude.
This indicates that even minimal Zn introduction (a nominal
overcoat thickness of ~2 angstroms, which corresponds to less
than a single unit cell of crystalline ZnO) can significantly alter
catalyst selectivity. After additional ALD depositions of 3 cycles,
the C,H, selectivity dropped further to 4.2% at —0.93 V vs. RHE, with a
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slight increase in CO production (from 20.7% to 22.5%), These trends
in FE were similar at various potentials for each catalyst (Fig. S9, ESIt),
and the current density (activity) was also similar under each condition
(Fig. S10, ESIt). This illustrates that the first ALD cycle of ZnO had the
most profound effect on selectivity, while further increases in the
surface Zn concentration had less significant effects.

The Cu 2p binding energy measured by XPS for pure Cu
catalysts was 933.3 eV, and the Cu with a 1-cycle ZnO overcoat
(Cz1) catalyst shows a nearly identical value at 933.2 eV
(Fig. 2c¢). When a ZnO ALD overcoat is applied using 3 cycles,
the Cu 2p binding energy shifts to 932.9 eV, similar to that of
the CuZn alloy catalyst, and the FE also changes accordingly.
This indicates that the surface properties and the chemical
state of Cu can change significantly within a ZnO layer thick-
ness range of around 2-6 angstroms. These findings suggest
that in Cu-Zn systems, not only does the chemical state of Cu
change due to the interaction between Cu and Zn, but even a
few angstrom-thick hetero-structure ALD layer on the catalyst
surface can significantly impact CO,RR performance (i.e., CO,
adsorption, intermediate surface diffusion, etc.).

To examine whether other metal oxide overcoats would also
result in these significant shifts in CO,RR selectivity, another
sample was fabricated coating Cu PEALD catalysts with 1 cycle of
AlL,O; (CA1). SEM imaging of this catalyst showed a similar
morphology to the pristine Cu PEALD catalysts (Fig. S11, ESIt).
Unlike the CZ1 sample, which predominantly produced 9.8% C,H,
and 20.7% CO at —0.95 V vs. RHE, the CA1 sample had a similar
C,H, FE of 32.7% to Cu PEALD at —0.91 V vs. RHE (Fig. 3a). This
tendency in CA1 remained similar across other potential ranges
(Fig. S12, ESIT). Despite the 1:4 Cu:Al ratio revealed by XPS
analysis (Table S2, ESIT), the CA1 catalyst exhibited similar C,H,
selectivity to that of pure Cu, implying different impacts on Cu
selectivity depending on the metallic element used in the overcoat.

To study the influence of the ALO; and ZnO overcoats on the
surface binding environment, Cu 2p XPS core scans were measured
without any Ar sputtering (Fig. 3b). The trend in observed binding
energies was Cu (933.3 eV) > CZ1 (933.2 eV) > CA1 (932.9 eV). After Ar
sputtering, all three samples showed the same binding energy (Fig. S14,
ESIt). This indicates that the impacts of single-cycle ALD overcoats on
the Cu chemical state is highly localized to the surface.

We also observe a difference in the satellite peak near 944 eV, which
is associated with the Cu®" oxidation state."** The ALD ZnO process
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(a) SEM image after 1 cycle ZnO ALD overcoating on a bare Cu PEALD catalyst. (b) FE comparison of gaseous products of the catalyst Cu PEALD

and after 1, and 3 cycles of ZnO ALD overcoats. (c) Comparison of Cu 2p XPS spectra of Cu PEALD catalyst and after 1, and 3 cycle ZnO ALD overcoating

after 1 min Ar sputtering treatment.
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ALD overcoat, and 1 cycle AL,Oz ALD overcoat. (b) Comparison of Cu 2p XPS
spectra of each catalyst sample with no Ar sputtering used in the measurement.

reduces the presence of Cu*" species on the Cu NP surface, unlike the
ALD AlLO; process, which preserved the Cu®* surface oxide layer.
Previous studies on copper oxide-based CO,RR catalysts indicated that
reduction of Cu oxide layers could enhance C,H, selectivity,"**>°
which suggests that the ability to maintain surface oxides might
contribute to the differences in C,H, selectivity. These results suggest
that ALD overcoating strategies for CO,RR catalysts must consider not
only the composition of the coating material, but also changes in the
surface oxidation of the underlying substrate.

To investigate the role of the ALO; overcoat on the electrocatalyst
stability, chronoamperometty tests were conducted on the CA1 catalyst
(Fig. S13, ESIt). The CA1 catalyst maintained a stable current density of
~—28 mA cm ™2 at —0.93 V vs. RHE for 24 hours. However, the FE for
C,H, increased from 28.5% to 35.2% in the first 3 hours before
decreasing, while H, selectivity increased continuously. This differs
from previous observations where Cu PEALD showed a more mono-
tonic trend in stability.”” These results suggest that ALD overcoats can
also influence the surface reconstruction processes of Cu catalysts
under CO,RR conditions, necessitating further research.

In conclusion, Zn was introduced into PEALD Cu NP catalysts using
both alloying and overcoating methods. It was proposed that the
electron-rich environment of Cu atoms induced by Zn may contribute
to decreased C—C coupling selectivity. Additionally, ultrathin ALD over-
coats altered the chemical state of Cu and consequently reduced the
C,H, selectivity. By changing the overcoat material from ZnO to ALO;,
the selectivity for C, products remained similar to that of Cu. These
differences suggest that altering the surface chemistty of Cu with
overcoats can have a profound impact on selectivity. Overall, this work
highlights the power of ALD to both tune and understand the
mechanisms that determine CO,RR selectivity.
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