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ABSTRACT: Electrochemical reduction of CO2 using Cu
catalysts enables the synthesis of C2+ products including C2H4
and C2H5OH. In this study, Cu catalysts were fabricated using
plasma-enhanced atomic layer deposition (PEALD), achieving
conformal deposition of catalysts throughout 3-D gas diffusion
electrode (GDE) substrates while maintaining tunable control of
Cu nanoparticle size and areal loading. The electrochemical CO2
reduction at the Cu surface yielded a total Faradaic efficiency (FE)
> 75% for C2+ products. Parasitic hydrogen evolution was
minimized to a FE of ∼10%, and a selectivity of 42.2% FE for
C2H4 was demonstrated. Compared to a line-of-sight physical
vapor deposition method, PEALD Cu catalysts show significant
suppression of C1 products compared to C2+, which is associated
with improved control of catalyst morphology and conformality within the porous GDE substrate. Finally, PEALD Cu catalysts
demonstrated a stable performance for 15 h with minimal reduction in the C2H4 production rate.
KEYWORDS: atomic layer deposition, CO2 reduction, gas diffusion electrode, copper, catalyst

To address the growing challenges surrounding climate
change, there is significant interest in using the

electrochemical reduction of CO2 (CO2RR) to form value-
added products.1−3 Copper has been identified as the only
single-element catalyst to form a wide range of multicarbon
products such as C2H4 and C2H5OH. Although at least 16
unique products have been identified,4 the product selectivity
varies significantly with the applied potential, catalyst
composition, cell design, and electrolyte composition.2,5,6 By
modification of these parameters, the local pH, surface binding
energy, active sites, and surface defects can be engineered to
alter the product distribution.
For example, by systematically engineering Cu mesopores of

various sizes, the local pH can be modified, where smaller
pores have been shown to increase the Faradaic efficiency (FE)
of C2 products by increasing the retention times for reaction
intermediates.7 The reaction intermediates can also be altered
by alloying Cu with transition metals such as Ag and Zn,8−10

which has been found to improve the C2+ product selectivity.
The catalyst layer thickness,11 deposition method,12 and
nanoparticle sizes13 are additional factors that can influence
product selectivity. Finally, integration of Cu-based catalysts
onto 3D gas diffusion electrodes (GDEs) has been shown to
further increase performance/current densities toward indus-
trially relevant electrolyzers.14 Therefore, the future of the

CO2RR is moving toward complex 3-D structures, where it is
important to control the properties of the catalyst throughout
the electrode architecture to optimize catalyst utilization and
maintain high activity and selectivity.
Currently, most catalyst deposition methods rely on

electrodeposition,15 spray coating,16 solution coating,17,18 or
physical vapor deposition (e.g., sputtering/evaporation).16,19,20

However, these methods are often limited by trade-offs
between conformality, control of catalyst loading, and the
ability to maintain tunable control of particle size at the
nanoscale, especially when adding catalysts to 3D supports
such as GDEs. In particular, line-of-sight methods may
introduce large gradients in the catalyst loading onto high-
aspect-ratio substrates such as GDEs.21 As a result of local
variations in the surface chemistry, morphology, and mass
activity, conventional deposition methods can therefore result
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in a modification of the selectivity, activity, and stabil-
ity.14,22−24

To address these limitations, atomic layer deposition (ALD)
is a powerful gas-phase deposition technique based on the
sequential exposure of a substrate to self-limiting precursor
exposures. ALD enables conformal deposition of either
continuous films or discrete nanoparticles on high-aspect-
ratio substrates, while maintaining subnanometer precision in
composition and loading.25−27 For example, recent work
demonstrated conformal deposition into porous aerogels with
aspect ratios >60000:1.26 As a subvariant of thermal ALD,
plasma-enhanced ALD (PEALD) involves the use of a reactive
plasma (e.g., H2, O2, etc.) as one of the coreactants. The
increased kinetic energy and reactivity of the plasma radicals
can enable a wider range of processing conditions and
improved control of nucleation behavior in metal ALD
processes such as Cu,28−30 which often initiate as discrete
nanoparticle islands during the initial ALD cycles.31,32

Owing to these beneficial properties, ALD has enabled the
rational design of 3-D catalyst and electrode architectures for a
range of reactions, where atomically precise control of catalyst
size, surface chemistry, and catalyst−support interactions has
been demonstrated.33−43 However, although ALD of ZnO and
SnO2 has been previously applied on Cu nanowires to form
CuZn44 and SnO2/Cu alloys,45 respectively, to date, there has
only been one report of ALD of Cu-based electrocatalysts for
CO2RR, which focused on CuSx and did not report C2+
product formation.46 Previous efforts have also incorporated
low loadings of ALD Cu on TiO2 for photocatalytic reduction
of CO2 but did not explore electrocatalysis.47,48 Therefore,
there is strong motivation to explore the ability of ALD
processes to systematically tune 3-D electrocatalyst architec-
tures for CO2RR.
In this work, Cu catalysts were deposited by PEALD onto

porous carbon GDEs. This enables tunable catalyst size and

loading while maintaining a conformal coating deep into the 3-
D electrode surface, without clogging the surface pores. Under
optimized conditions, a total C2+ product selectivity of 75.2%
was measured, with a C2H4 selectivity of >42%. Compared
with Cu catalysts deposited onto GDEs using physical vapor
deposition (PVD), the C2+/C1 product selectivity is signifi-
cantly increased when using PEALD, which demonstrates the
importance of controlling process−structure relationships to
tune the 3-D catalyst architecture. Finally, stable activity was
observed for over 15 h using PEALD Cu catalysts.
Figure 1a−d shows a series of scanning electron microscopy

(SEM) images of the microporous layers of GDE substrates
after they were coated with various numbers of ALD cycles.
Because PEALD growth of metallic Cu tends to nucleate as
nanoparticle islands,49 by varying the number of deposition
cycles, the Cu particle diameter and areal catalyst loading can
be tuned. As shown in Figure 1e, a monotonic increase in the
average particle size and standard deviation are observed with
respect to cycle number, which is consistent with previous
reports of other metallic ALD catalysts.40 For example, after
510 cycles, the average particle size is 7.8 ± 0.9 nm, which
increases to 39.8 ± 8.5 nm after 2040 Cu cycles. Importantly,
the conformal nature of PEALD enables this control of the
catalyst morphology and loading without clogging the surface
pores. An image of an uncoated GDE is included for reference
in the Supporting Information (Figure S1), and cross-sectional
SEM imaging with elemental mapping are shown in Figure 3,
further demonstrating the conformality of the PEALD growth
deep within the porous GDE.
To provide a higher resolution visualization of the PEALD

Cu catalysts on the GDE surface, scanning transmission
electron microscopy (STEM) analysis was performed on a
sample after 1020 ALD cycles (Figure 1f). Energy electron loss
spectroscopy (EELS) mapping of the Cu and C signals

Figure 1. SEM images of PEALD Cu on 3-D GDEs with varied Cu cycle numbers: (a) 510×, (b) 1020×, (c) 1530×, and (d) 2040×. (e)
Quantification of particle diameter vs ALD cycle number for the SEM images in (a−d). Error bars represent the standard deviations of 50 unique
measurements. (f) EELS map for Cu and C: identical 1020× sample. (g) XPS analysis of PEALD Cu with varied cycle numbers. One minute Ar+
sputtering was applied to remove adventitious species.
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demonstrated that the presence of Cu was localized within
these nanoparticle catalyst regions (Figure 1f).
The effect of the ALD cycle number on increased catalyst

loading was further illustrated using X-ray photoelectron
spectroscopy (XPS) analysis. As shown in Figure 1g, an
increase in the ALD cycle numbers results in an increase in the
Cu 2p3/2 and 2p1/2 signal intensity. The binding energy of
these peaks corresponds with the Cu(0)/Cu(I) oxidation state,
which is difficult to further deconvolute using XPS.50 To
analyze the crystalline phase of the PEALD films, grazing-
incidence X-ray diffraction (GIXRD) was performed (Figures
S2 and S3). GIXRD was performed on a planar Si substrate to
eliminate overlap from graphitic carbon substrate peaks and
increase the signal-to-noise ratio, where the crystalline FCC
phase of Cu was confirmed. Overall, the ability to conformally
modify the porous and tortuous GDE surface with Cu
nanoparticles, while maintaining tunable control of particle
size and loading, highlights the power of ALD for electro-
catalyst applications.40,51

To study the electrocatalytic performance of the PEALD Cu
catalysts on GDE substrates, electrochemical CO2RR experi-
ments were performed under potentiostatic conditions (−0.94
V vs RHE). An H-cell configuration was used (details in the
Supporting Information), which serves as a model system and
provides a proof-of-concept platform for future integration into
flow-cell architectures. Figure 2a shows the liquid and gaseous
product analysis for a PEALD Cu catalyst deposited with 510
cycles. High C−C coupling activity was observed, with a
Faradaic efficiency (FE) of 42.2% for C2H4 and a total FE of
75.2% for the entire range of C2+ products detected. The ratio
of C2+/C1 products was 7.8:1, which represents a selectivity of

88.7% on the total measured carbonaceous products. These
values are among the highest performances reported to date for
metallic Cu-based catalysts in a H-cell reactor environment
(Table S1). Additionally, the product yields were reproducible,
with <3% variance in C2H4 FE across different samples (Figure
S4). Unlike conventional metallic Cu-based catalysts, which
often fail to suppress the production of CH4 at high
overpotentials (Table S1), the 510-cycle PEALD catalyst
effectively inhibits both CH4 production and HER over a range
of electrode potentials from −0.82 to −0.94 V vs RHE (Figure
2b).
The high C−C coupling activity and CH4 suppression of the

PEALD catalyst are successfully maintained over a range of
ALD cycle numbers from 255 to 2040 (Figure 2c; further
details in Figure S5), with the highest performance coming
from the 510-cycle condition. As seen by the error bars, the
selectivity remains reproducible across multiple samples. This
highlights the ability to use the programmable control of ALD
to tune the catalyst properties on 3-D surfaces.
In addition to the trends in selectivity, another interesting

observation was that as the ALD cycle number decreased, the
current densities measured during chronoamperometry
remained relatively constant (Figure S5). This indicates that
the activity of the electrocatalysts does not appreciably
decrease, even when the mass loading was reduced. As
shown in the SEM analysis, as the ALD cycle number
increases, the average nanoparticle size increases (Figure 1a−
e). This indicates that the mass activity (quantified in units of
A cm−2 g−1, based on the projected geometric area of the
electrode) increases with a decreasing cycle number. There-
fore, to quantitatively measure the mass of Cu deposited over a

Figure 2. Electrochemical performance of PEALD Cu catalysts. (a) FE of gaseous and liquid products for a 510-cycle PEALD catalyst at −0.94 V vs
RHE. (b) FE distribution of gaseous products as a function of the applied potential for a 510-cycle PEALD catalyst. (c) Changes in C2H4 and CH4
FE values according to changes in the ALD cycle number of PEALD catalysts. (d) Comparison of mass activity according to ALD cycle number of
PEALD catalysts at −0.91 V to 0.95 V vs RHE. Error bars are based on measurements from three independent samples.
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1 cm2 projected electrode area (areal mass loading),
inductively coupled plasma mass spectrometry (ICP-MS)
analysis was performed (Table S2). Consistent with the
increase in XPS signal intensity as well as complementary X-ray
fluorescence (XRF) analysis (Table S2), the mass loading of
Cu increases as the ALD cycle number increases. This allowed
for an estimation of the areal mass activity, which is shown in
Figure 2d. The calculated mass activity of the PEALD catalyst
was found to be 2045.7 A cm−2 g−1 for 255 ALD cycles, which
decreases to 920.1 A cm−2 g−1 for 1020 cycles. These data
demonstrate another powerful benefit of the PEALD process
to co-optimize the performance and catalyst mass activity,
which has the potential to optimize cost-to-performance ratios
when moving to scaled-up manufacturing processes in the
future.
In general, it is known that the activity and selectivity of Cu-

based electrocatalysts for CO2RR are influenced by a number
of factors, including differences in the initial chemical state
(e.g., oxidation state),52,53 defect and undercoordinated site
density,54−56 catalyst size, shape, and faceting,57−59 local pH
gradients along the electrode/electrolyte interface,7,60 and
proton transfer limitations based on changes in surface
hydrophobicity.16,61 In the future, further detailed studies
will be valuable to fully elucidate the origins of the observed
trends in selectivity and activity for the PEALD catalyst.
However, to provide a baseline comparison with alternative
vapor deposition methods, we performed a comparative study
with Cu catalysts deposited on the same GDE substrates using
thermal evaporation, a common physical vapor deposition
(PVD) method.
To compare the activity and selectivity of PEALD vs PVD

Cu catalysts, we tested a set of samples where the catalyst mass
loading was held approximately constant. Specifically, a PVD
deposition with a thickness of 20 nm was compared to a
PEALD deposition after 1020 cycles. This corresponded to a
similar areal mass loading of the Cu catalyst materials on the
GDE substrate, as verified by ICP-MS (Table S2). The PVD
Cu sample was confirmed to be phase-pure Cu by GIXRD
(Figure S6). Furthermore, XPS analysis on the PVD Cu

illustrated the presence of the Cu(0)/Cu(I) oxidation state,
which was consistent with the PEALD Cu samples (Figure
S7).
Although the mass loadings of the PEALD and PVD

methods are similar, the conformality and catalyst distribution
within the porous GDE template were observed to be
significantly different. To visualize the differences in catalyst
morphology and distribution, top-down and cross-sectional
SEM imaging was performed (Figure 3). As shown in Figure
3a−c, the PEALD samples exhibit a discrete nanoparticle
morphology, which is conformally maintained deep within the
microporous layer of the GDE (additional SEM imaging is
provided in Figure S8). As a result, the porosity of the GDE is
retained, which is important to maintain the mass transport
properties of the GDE and to ensure a high contact area
between the electrolyte and catalyst particles throughout the
electrode volume.
In contrast, the PVD samples form a denser morphology

that is localized near the top surface of the microporous layer
of the GDE (Figure 3d−f). As a consequence, the surface
porosity of the GDE is significantly decreased because of pore
clogging. Furthermore, owing to the line-of-sight nature of
PVD, the conformality of the Cu is significantly reduced
compared to that of PEALD, resulting in a high concentration
of Cu near the top surface of the GDE, with minimal catalyst
coverage deeper within the microporous layer. These differ-
ences in conformality were confirmed using cross-sectional
energy-dispersive X-ray spectroscopy (EDS) mapping (Figure
3c,f). As shown quantitatively in Figure S9, the ALD Cu
content was significantly more consistent with respect to depth
in comparison to the PVD, where there is a large Cu gradient
throughout the first 5 μm. We further note that the depth of
infiltration into porous GDEs is typically not reported in most
studies of Cu deposition (Table S3). The present study
highlights the importance of this parameter in the design of 3D
electrode architectures to deepen our understanding of the
factors that control selectivity and activity.
To compare the electrochemical properties of the PEALD

and PVD samples, we performed CO2RR experiments. At a

Figure 3. SEM of PEALD Cu with 1020 Cu cycles: (a) top down, (b) tilt view, and (c) cross-sectional EDS Cu map throughout the microporous
layer. SEM of 20 nm of the PVD method: (d) top-down, (e) tilt view, and (f) cross-sectional EDS Cu map throughout the microporous layer.
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potential of −0.97 V vs RHE, a significant difference was
observed between the current densities for the two samples.
The PEALD sample exhibited a steady-state current density of
31 mA cm−2 (mass activity 920.1 A cm−2 g−1), while the
current density for the PVD sample was 10.3 mA cm−2 (mass
activity 345.4 A cm−2 g−1) (Figure 4a,b). This factor of 3
difference in electrocatalyst activity is attributed to the
differences in morphology and catalyst distribution throughout
the GDE, as shown in Figure 3. Specifically, the observed
differences in the catalyst morphology (surface area, particle
size, and infiltration depth) as well as pore clogging will affect
the current−overpotential relationship. This highlights the
benefits of (PE)ALD to engineer 3-D electrocatalyst
architectures, which builds upon prior examples for other
reactions.40,62

There is also a significant difference in product selectivity
between the PEALD and PVD samples (Figure 4c,

reproducibility shown in Figure S10). In particular, a higher
FE of C−C coupling was observed for the PEALD samples
compared to the PVD samples. Specifically, at a potential of
−0.97 V vs RHE, the total FE of C2+ products was 63.4%,
while that of the PVD sample was only 28.4%, representing a
>2× difference. Furthermore, the PEALD sample effectively
suppresses the generation of CH4 and CO, with respective FEs
of 2.2% and 3.9%, while the FE for CH4 and CO is significantly
higher (5.1% and 16.4%, respectively), indicating a reduced
suppression of C1 products. Overall, the ratio of C2+/C1
products for the PEALD sample was 5.8:1, while that of the
PVD sample was less than 1:1 (Figure 4d). This represents a
factor of 7.6× higher selectivity for C−C coupling in the
PEALD samples compared to the PVD samples. These trends
are observed not only at −0.97 V vs RHE but also over the
entire potential range, where the PEALD catalysts effectively
suppress hydrogen and CH4 production (Figure 4e,f). These

Figure 4. Comparison of FE, product selectivity, and mass activity using a 1020-cycle ALD catalyst vs. a 20 nm PVD catalyst. (a) Current density
comparison at −0.97 V vs RHE. (b) Comparison of mass activity difference at −0.97 V vs RHE. (c) FE comparison. (d) Comparison of C2+ to C1
ratio. (e) FE of PVD Cu 20 nm catalyst trend at different potentials. (f) FE of 1020-cycle PEALD Cu catalyst trend at different potentials.

Figure 5. Stability results of 510-cycle PEALD catalysts: (a) C2H4 and H2 partial current densities of the 510-cycle PEALD catalyst at −1.0 V vs
RHE for 15 h. (b) Current density of 510-cycle PEALD catalyst for 15 h at −1.0 V vs RHE.
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trends of reduced activity and selectivity for PVD compared to
PEALD were also observed when the thickness of the PVD
sample was reduced to 10 nm, which is directly comparable to
the 510× PEALD condition (Figure S11).
When considering the possible contributing factors to the

observed differences between PEALD and PVD, the most
apparent differences relate to the catalyst morphology and
distribution. For example, the PEALD catalyst grows as
discrete islands, whereas PVD Cu forms a more continuous
film morphology. This will influence multiple factors in the
electrochemistry of the system, including the presence of
surface defects (such as edge sites), differences in surface
oxidation, formation of local pH gradients (which will be
strongly influenced by the changes in surface porosity and
infiltration depth), and bubble formation dynamics. As shown
by the XRD and XPS analysis, no obvious differences were
observed in the phase and/or chemical state of Cu, although in
the future techniques such as X-ray absorption spectroscopy
would be beneficial to further elucidate any potential
differences in the local coordination environment. However,
this study clearly shows the importance of developing and
understanding advanced processing methods such as PEALD
for 3-D electrocatalyst architectures.
To assess the stability of the PEALD catalyst, the evolution

of CO2RR products was monitored over a period of 15 h for
the 510-cycle samples (Figure 5 and Figure S12). As shown in
Figure 5a, the total current density (activity) of the catalyst
only varied by ∼3.5% over the 15 h period. Furthermore, the
FE of C2H4 production remained >30% over the 15 h period,
with prolonged suppression of HER (Figure S12). The C2H4
partial current density also remained relatively stable between
−11 and −9 mA cm−2 over 15 h. These results demonstrate
that PEALD catalysts enable stable CO2RR even with minimal
catalyst loadings, highlighting the potential of ALD for
electrolyzer applications in the future.
In this study, Cu catalysts were synthesized via PEALD on

GDE substrates and were studied for the CO2RR. By varying
the number of ALD cycles, the catalyst size and loading could
be tuned at the nanoscale, while maintaining conformal
coverage of the 3-D GDE surface. Under optimized conditions,
the PEALD catalysts exhibited a FE of 42% for C2H4 and a
total FE of 75.2% for C2+ products, which are among the
highest values reported to date for Cu catalysts in H-cell
geometries. Moreover, the PEALD catalysts demonstrated high
methane and hydrogen suppression, reaching C2H4/CH4 ratios
of 22.2 at −0.9 V vs RHE.
The conformal PEALD coatings enabled uniform infiltration

into the GDEs without significantly altering their porosity. In
contrast, PVD (evaporated) Cu exhibited a gradient in catalyst
loading throughout the GDE thickness and a reduction in
surface porosity. As a result of these differences, the mass
activity and C2+/C1 product selectivity for the PVD samples
were significantly lower than those for PEALD catalysts.
Finally, a stable current density was observed for 15 h using a
PEALD catalyst, with minimal changes in the C2H4 production
rate.
In the future, PEALD can serve as a “toolbox” for the

rational design of more complex catalyst materials and
architectures to further improve the selectivity and stability.
Furthermore, this work provides a pathway toward scalable
manufacturing of 3-D electrodes for future integration into
industrially relevant electrolyzer formats including flow cells.
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