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ABSTRACT: Nafion ionomer, composed of hydrophobic perfluorocarbon BEeciri tant GTCCIUEER '
backbones and hydrophilic sulfonic acid side chains, is the most widely used Poorlieet?/vcl;lri constaiis SOF:vorabI 5 ‘J}
additive for preparing catalyst layers (CLs) for electrochemical CO, reduction, but . e
its impact on the performance of CO, electrolysis remains poorly understood. . )

| METEEEGE CO, electrolysis

Here, we systematically investigate the role of the catalyst ink formulation on CO, ,
electrolysis using commercial CuO nanoparticles as the model pre-catalyst. We :,?}td < ==l
find that the presence of Nafion is essential for achieving stable product & ‘QQ} DL — e
distributions due to its ability to stabilize the catalyst morphology under reaction ™= Sie St AR =,
conditions. Moreover, the Nafion content and solvent composition (water/alcohol
fraction) regulate the internal structure of Nafion coatings, as well as the catalyst
morphology, thereby significantly impacting CO, electrolysis performance, resulting in variations of C,, product Faradaic efficiency
(FE) by >3x, with C,, FE ranging from 17 to 54% on carbon paper substrates. Using a combination of ellipsometry and in situ
Raman spectroscopy during CO, reduction, we find that such selectivity differences stem from changes to the local reaction
microenvironment. In particular, the combination of high water/alcohol ratios and low Nafion fractions in the catalyst ink results in
stable and favorable microenvironments, increasing the local CO,/H,0O concentration ratio and promoting high CO surface
coverage to facilitate C,, production in long-term CO, electrolysis. Therefore, this work provides insights into the critical role of
Nafion binders and underlines the importance of optimizing Nafion/solvent formulations as a means of enhancing the performance
of electrochemical CO, reduction systems.

Enhanced C,,

KEYWORDS: CO, reduction, nafion ionomer, catalyst ink formulations, Raman spectroscopy, Cu catalyst, reaction microenvironment

B INTRODUCTION coatings.”' ~** However, determining genuine limits to catalytic
performance remains challenging since several factors beyond
the nature of the catalyst itself can impact reaction outcomes.
This is especially true for the case of catalytic nanomaterials,
where different deposition methods, substrates, and ink
formulations can influence key catalytic performance metrics,
such as activity, stability, and selectivity. Understanding how
these factors affect the electrochemical CO,RR and leveraging
these dependencies to engineer optimized systems is essential
for further improving the performance of state-of-the-art
catalyst materials.

Catalysts derived from nanoparticle suspensions are of
particular interest due to their size- and shape-dependent
properties, large surface-to-volume ratios, and compatibility
with scaled manufacturing. This is reflected in CO,RR
research, where catalytic Cu nanoparticles and pre-catalytic

The electrochemical CO, reduction reaction (CO,RR), driven
by renewable electricity, represents a promising approach to
produce chemical feedstocks and fuels to enable the transition
toward a carbon-neutral future." Copper (Cu)-based catalysts
have attracted increasing attention in the study of CO,RR due
to their unique ability to produce various multicarbon (C,,)
products, such as ethylene (C,H,), ethanol (EtOH), and n-
propanol (n-PrOH), which can be readily upgraded into
commercial products through established industrial catalytic
processes.”> While several CO,RR catalysts can generate
single-carbon (C;) products (e.g, carbon monoxide and
formate) with nearly 100% selectivity,”~” selective conversion
of CO, to multicarbon products on Cu-based catalysts remains
challenging.® Recently, numerous strategies have been reported
to enhance the formation of C,, products, while also
suppressing the production of both C; products and the
competing hydrogen evolution reaction (HER). These
approaches mainly include structure and morpholo%y engineer-
ing of Cu-based materials by surface modification,”'* shape/
size control,'*'* and alloying,ls’16 as well as the regulation of
reaction environments by adapting the electrolyte composi-
=1 means of gas transport, >’ and types of ionomer
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Figure 1. Structural and morphological analysis of Nafion films and catalyst layers. (a) Schematic illustration of the effects of Nafion/solvent
formulations on the resulting Nafion films. (b, c) AFM images of Nafion spin-coated films on Si substrates produced from 0.5 wt % Nafion in
solutions with 0 and S0 vol % water, respectively. (d) Horizontal line cuts of the 2D GISAXS data of Nafion films prepared with 0.5 wt % Nafion
solutions with different water contents. (e) Thicknesses of spin-coated Nafion films on Si as a function of Nafion content and solvent composition,
measured by spectroscopic ellipsometry. (f—~h) SEM images of CuO nanoparticles on Si produced from solutions with 0 vol % water containing 0,
0.00S, and 0.5 wt % Nafion, respectively. (i) Electric double-layer capacitance of CLs deposited on glassy carbon as a function of Nafion weight
ratio and solvent composition, measured in Ar-purged 0.1 M K,SO, aqueous electrolyte.

CuO,, nanoparticles have attracted considerable attention and
have been shown to achieve high selectivity for C,, products.
In the typical approach to preparing cathodes for electro-
chemical CO, reduction, inks are first created by dispersing
catalyst powders into water—alcohol solvent mixtures, after
which they are deposited onto conductive substrates such as
carbon paper. Ionomers are often added to these ink
formulations to prevent agglomeration of nanoparticles, as
well as to improve their adhesion to substrates. Nafion
(perfluorosulfonic acid, PFSA) is the most widely used
ionomer for electrode preparation in various electrochemical
applications, including water splitting, oxygen reduction, and
nitrogen reduction, as well as for carbon dioxide reduction.”
Importantly, the dispersion of catalyst materials—especially
nanoparticles—in solvent can be promoted by Nafion
ionomers because they consist of hydrophobic PTFE chains
and terminal hydrophilic sulfonic acid groups. Uniform
deposition of catalyst with reduced aggregation on electrodes
increases electrochemically active surface areas, thus ensuring
high catalytic site loading and promoting the overall activity,
while strong molecule—solid interactions enable Nafion to
serve as a robust binder between the catalytic nanostructures
and the support, thereby enhancing long-term operational
stability.”® Furthermore, the large proton conductivity of
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Nafion, its hydrophobic/hydrophilic interactions, and mass
transport characteristics can significantly affect the local
environment in the vicinity of active sites.

It has been shown that different techniques for depositing
particles dispersed in these inks can lead to variations in the
structures of catalyst layers (CLs). For example, changes of
thickness and porosity affect the mass transport and, thus, the
reaction microenvironment under steady-state operation,
thereby significantly influencing the selectivity for C,,
products.”® In addition to the deposition approach, the catalyst
ink formulation can also modify the structures and properties
of resultant CLs, as well as the properties of Nafion at the
catalyst surface. Indeed, previous studies have recognized that
interactions between Nafion ionomers and different solvents
can alter inner network connectivity/tortuosity, conductivity,
and water uptake of resultant Nafion thin films, which enables
regulation of the environment surrounding the catalyst.”” >
While it is expected that this can have a profound impact on
the reaction microenvironment, systematic analyses of the role
of ink formulations on CO,RR performance characteristics are
lacking and clear design rules for the optimization of activity,
selectivity, and stability are required. Indeed, the ionomer/
solvent formulations used in most studies are not rationally
selected and vary considerably from one study to another. To
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highlight this point, analysis of recent electrochemical CO,RR
literature reveals that the Nafion content in catalyst inks varies
over a broad range, from 0 to 0.50 wt %, while the water
content in water—alcohol solvent mixtures ranges from 0 to 80
vol.% (Table S3, and Figure S1). The pervasive inconsistency
in Nafion content and solvent composition within catalytic ink
formulations reflects the poor understanding of their effects on
electrochemical CO,RR. Consequently, analyses of catalytic
function often neglect the critical role of Nafion in defining the
reaction microenvironment and many reported catalysts risk
being evaluated with nonoptimal Nafion/solvent formulations
that underestimate the true performance characteristics of the
underlying surface.

In this work, we systematically study the impact of Nafion/
solvent formulations on Cu-catalyzed electrochemical CO,RR.
Using commercial CuO nanoparticles as the model pre-
catalyst, we demonstrate that both the selectivity and stability
of the resulting CLs are significantly affected by the Nafion/
solvent formulation. In particular, we find that the presence of
Nafion is crucial for the morphological stabilization of the
electrodes, while the Nafion content and water—alcohol
composition significantly impact the activity for multicarbon
product formation. The presence of Nafion on the catalytic
surface has a significant influence on the local reaction
environment, where control of the CO, and H,O reactants,
as well as the CO intermediate, is essential for suppressing
both HER and C,; production, while promoting at the same
time C—C coupling to form C,, products.’>*" With this in
mind, we correlate systematic electrochemical analyses of
catalytic function with ex situ structural characterization and in
situ Raman spectroscopic monitoring of CO,RR on CLs to
investigate the influence of Nafion/solvent formulations on
activity, selectivity, and stability.

B RESULTS AND DISCUSSION

As a starting point for understanding how ink formulations
influence electrochemical CO,RR, it is useful to first explore
the roles of Nafion content and solvent composition on the
structures and morphologies of deposited Nafion films and
CLs. Previous studies of nanoscale Nafion films and microscale
membranes have revealed that the dielectric constants of
different solvents can alter the dispersion of Nafion ionomers
in solution, which results in drastic structural changes of
solution-derived Nafion films.***"~** As shown in Figure 1la,
Nafion dispersions in low dielectric constant solvents (e.g., n-
PrOH) lead to loose ionomer aggregates with linked sulfonic
acid terminal groups. In contrast, high dielectric constant
solvents (e.g, water) yield tightly packed aggregates with
strong backbone interactions, resulting in improved inner
network connectivity and reduced swelling upon Nafion film
formation, as well as enhanced ionic conductivity and
decreased water uptake.”® Thus, we hypothesize that it should
be possible to tune the structure of Nafion coatings
surrounding catalyst layers by adjusting both the water/n-
PrOH ratios and total Nafion content within catalyst ink
formulations, thereby allowing controlled modification of key
properties that can affect the CO,RR, such as thickness, ionic
conductivity, mass transport coeflicients, and local micro-
environments (e.g, pH, CO concentration, and CO,/H,0
ratio).

To verify the expected dependence of deposited layer
properties on ink formulations, we first examined pure Nafion
films prepared by spin-coating solutions containing different
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concentrations of Nafion and water. For this, formulations with
seven Nafion weight fractions (0, 0.00S, 0.02S, 0.0S, 0.125,
0.25, and 0.5 wt %) in water/n-PrOH solvent mixtures
containing four water fractions (0, 25, S0, and 75 vol %) were
investigated. These different compositions were selected to
span the majority of ink compositions reported in the literature
(Figure S1). As shown in a previous study, annealing of as-
prepared Nafion films is able to lock-in the internal structural
differences caused by the varying Nafion/solvent formula-
tions.”® Thus, we annealed all freshly prepared Nafion films
and CLs at 80 °C prior to all measurements presented in this
work.

Atomic force microscopy (AFM) images show representa-
tive surface morphologies of four dry Nafion films prepared
from 0.5 wt % Nafion in solutions containing four different
water fractions on polished Si substrates. All measured films
were uniform, though the surface roughness was the largest for
the case of absolute n-PrOH (0.48 nm) and decreased with
increasing water content from 0.35 nm at 25 vol % to 0.13 nm
at 75 vol % (Figures 1b,c and S2). Moreover, with increasing
water content the porous structures within the film became
smaller, as indicated by the three-dimensional (3D) AFM
images in Figure S2 and in agreement with the expectation for
higher network connectivity and smaller pore dimensions in
films derived from higher-water-content solvents. This was also
confirmed by grazing-incidence small-angle X-ray scattering
(GISAXS) measurements of Nafion films since the horizontal
line cuts revealed a shift of the g, value of the domain structure
from 0.025 to 0.075 nm ™! and, thus, a decreasing pore size as
the water content was increased from 0 to 75 vol % (Figures 1d
and S3). The smaller pore size and more densely packed
structures are consistent with better inner connectivity and
suggest higher proton conductivity of Nafion films derived
from higher-water-content solvents.”

The thicknesses of Nafion films as a function of solvent
composition and ijonomer content were quantified using
spectroscopic ellipsometry (Figure 1le). Film thicknesses
increased with increasing Nafion content: for the case of 0
vol % water (75 vol % water), the thickness increased from 0.3
to 20 nm (0.1—4.5 nm) as the Nafion content increased from
0.00S to 0.5 wt %. As indicated by these values, the Nafion film
thickness decreased with increasing the water fraction. For
example, the measured thickness of films prepared with 0.5 wt
% Nafion decreased from 20 nm at 0 vol % water to 4.5 nm at
75 vol % water. These results indicate much thinner films with
low Nafion and high water content, as well as a generally
weaker dependence of thickness on the Nafion weight ratio
with increasing water content.

Having characterized the influence of solvent and ionomer
concentrations on resulting Nafion films, we then introduced
catalytic particles to the ink formulations and investigated the
properties of complete CLs. Commercial CuO nanoparticles
were chosen as model pre-catalysts that can be reduced to
catalytically active Cu under cathodic bias. Such nanoparticles
offer high active site concentrations, along with the known
superior catalytic activity of oxide-derived Cu compared with
metallic Cu for generating C,, products.”*™* Structural and
morphological characterization revealed the particles to
comprise the pure monoclinic phase of CuO (JCPDS No.
80-1268), with an average size of ~50 nm (Figures 1f—h and
S4). After adding Nafion ionomer into catalyst inks, no
significant changes to the X-ray diffraction (XRD) data were
observed (Figure S4). However, scanning electron microscopy

https://doi.org/10.1021/acscatal.2c05235
ACS Catal. 2023, 13, 5336—5347


https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05235/suppl_file/cs2c05235_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05235/suppl_file/cs2c05235_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05235/suppl_file/cs2c05235_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05235/suppl_file/cs2c05235_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05235/suppl_file/cs2c05235_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05235/suppl_file/cs2c05235_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05235/suppl_file/cs2c05235_si_001.pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c05235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

a ~~~

80

= 0vol.% H,0 .4 | |50 vol.% H,0

o N A

< 151 e 1

£

2-30+ 1

(2]

5

8 451 1

= Nafion wt.% ® Nafion wt.%
S 0l | .
£6071 4 o —0—0

3 0.005 0.005
= 751 —4—0.05 | ®0.05
KT e A S
= 1.1 1.0 -0.9 -0.8 -1.1-1.0 -0.9 -0.8

Potential (V vs RHE)
C

4040 vol.% H,0

50 vol.% H,0

1110-0908 -11-10-09-08
Potential (V vs RHE)

50 vol.% H,0

A 0 vol.% H,0

30 4 g

41-1.0-09-08 -11-1.0-09-0.8
Potential (V vs RHE)

0 vol.% H,0 50 vol.% H,0
o
| o¥®

11-10-09-08 -11-10-09-08
Potential (V vs RHE)

Figure 2. Effect of Nafion/solvent formulations on potential-dependent CO, electrolysis. Catalytic performance of electrodes prepared by different
Nafion/solvent formulations evaluated in terms of total current density (a), as well as Faradaic efficiency of H, (b), CO (c), and C,H, (d).

(SEM) images showed clear indications for the presence of
Nafion coatings on CLs deposited from 0.5 wt % Nafion
solutions (Figure 1h). Notably, X-ray photoelectron spectros-
copy (XPS) revealed increasing attenuation of the Cu 2p
signals with increasing Nafion content. No chemical changes
were observed within the Cu 2p core level region, indicating
that the CuO is preserved upon contact with Nafion. However,
for the highest Nafion content of 0.5 wt %, photoemission
from the catalyst particles was nearly completely suppressed
(Figure SS). Given the XPS sampling depth through organic
material is on the order of ~10 nm,”° these findings indicate
that formulations of higher Nafion weight ratio yield increasing
thicknesses of Nafion atop CuO particles at the nm scale.
Consistent with this conclusion, C 1s photoemission intensities
associated with the C—F, and C—O bonding in Nafion
increase with increasing Nafion content.

Transmission electron microscopy (TEM) was performed to
verify the presence of Nafion on catalyst particles, as well as the
qualitative dependence of film thickness on solvent composi-
tion. In particular, TEM images from CuO nanoparticles
deposited from solutions containing 0.5 wt % Nafion and
various water/n-PrOH solvent ratios were acquired. Consistent
with the spectroscopic ellipsometry data described above,
Nafion coatings were observed around CuO nanoparticles for
all samples and the thickness of Nafion coatings was reduced
with increasing water content (Figure S6). The consistent
trend of decreasing film thickness with increasing water
content indicates that the impact of formulations on deposited
Nafion coatings persists when CuO nanoparticles are
introduced to form catalyst inks.
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As a basis for understanding the influence of Nafion at the
surfaces of CuO particles on CO,RR activity and selectivity, we
evaluated the electrochemically active surface areas (ECSAs)
by measuring the double-layer capacitances of drop-casted CLs
on glassy carbon substrates in 0.1 M K,SO, aqueous electrolyte
(Figure 1i). SEM images revealed that CLs formed without
Nafion contained many large agglomerates, while the addition
of Nafion and its increasing weight ratio in the catalyst ink
significantly improved the homogeneity and dispersity of CuO
nanoparticles (Figure S7). Accordingly, compared to layers
prepared in the absence of Nafion, the measured double-layer
capacitances increased and peaked at the lowest Nafion weight
fraction of 0.005 wt %. These findings indicate that suitably
low Nafion content can be beneficial for creating higher
loadings of active sites by improving the dispersion of catalyst
nanoparticles. However, the peaked dependence suggests that
higher Nafion content results in the blocking of active sites due
to the formation of thick coatings over the nanoparticle
surfaces. For layers prepared with 50 vol % water, large double-
layer capacitances were preserved over a broader range of
Nafion wt % (up to ~0.0S wt %) and these values were also
larger for all Nafion contents compared to those prepared with
0 vol % water, which is consistent with the observed reduction
of Nafion thicknesses with increasing water content.

In summary, we conclude that Nafion ionomer is required to
ensure homogeneous dispersion of CuO pre-catalysts. The
properties of Nafion coatings can be modified by tuning both
Nafion and water/alcohol content in ink formulations.
Specifically, increasing Nafion content leads to thicker Nafion
coatings that can block active sites of CLs and decrease
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Figure 3. Product distributions from CLs during chronopotentiometric CO, electrolysis at a total current density of —50.0 mA cm™> The
electrodes were prepared by varied Nafion/solvent formulations containing seven different Nafion weight ratios (0, 0.005, 0.025, 0.0S, 0.125, 0.25,
and 0.5 wt %) and four different water contents, namely, (2) 0, (b) 25, (c) 50, and (d) 75 vol %.

catalytic surface areas, which can be balanced by increasing the
water content (i.e., decreasing alcohol content) to improve the
inner structure of Nafion coatings. Furthermore, when subject
to CO, electrolysis, Nafion coatings possessing different
thicknesses and inner network connectivities are likely to
significantly impact the reaction microenvironment and, thus,
reaction selectivities. Therefore, it is expected that the
incorporation of Nafion can promote the activity of CLs for
electrochemical CO,RR, but that an optimum catalyst ink
formulation exists to balance these competing properties.
The impact of Nafion/solvent formulations on electro-
chemical CO,RR was investigated using electrodes based on
carbon paper substrates in a conventional H-cell under 0.5 M
KHCOj; with continuous CO, bubbling and a constant catalyst
mass loading of 0.5 mg cm™. Gas products of CO, electrolysis,
including H,, CO, CH,, and C,H,, were analyzed at seven
different potentials (Figure 2). Importantly, electrodes
prepared without Nafion exhibited the lowest total current
densities (Figure 2a), which is consistent with agglomeration
and restructuring of weakly bound catalytic particles. Although
the current density vs potential (J—E) characteristics from all
electrodes prepared with Nafion were similar, those prepared
with S0 vol % water content displayed slightly higher total
current densities across the entire potential range compared to
those prepared without water (for clarity, these data are also
provided in merged plots in Figure S8a). This result agrees
with the reduced Nafion thickness, improved inner network
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connectivity, and higher ESCA for these CLs. Nevertheless, the
weak dependence of the total current density on catalyst ink
formulation implies that ionic transport limitations do not play
a dominant role for the Nafion thickness regime investiéated
here, which is consistent with the findings of Kim et al”
Corresponding gas chromatography (GC) measurements
reveal the strong influence of the catalyst ink formulation on
the product yield. In particular, we observe significant
suppression of HER with the inclusion of low Nafion weight
fractions. For ink formulations containing 50 vol % water,
similar HER suppression is obtained with both 0.005 and 0.05
wt % Nafion, with an absolute minimum H, FE of 24.5% at
—1.00 Vgyg for the electrode produced from 50 vol % water
and 0.0S wt % Nafion (Figure 2b). For those electrodes
produced in the absence of water, the H, FE is consistently
larger and rapidly increases with increasing Nafion content. At
the highest Nafion content of 0.5 wt %, vigorous hydrogen
generation with maximum H, FEs in excess of 80% was
observed, though the H, FEs remained lower across the entire
potential range for the 50 vol % water compared to the 0 vol %
water samples. In addition, the production of CO was
promoted and the yield of CH, was slightly reduced for all
Nafion contents at 50 vol % water relative to those at 0 vol %
(Figures 2c and S8c—f). As a result, the production of C,H,
was enhanced at 50 vol % water, especially in the region of low
Nafion weight ratio where HER was significantly suppressed.
The maximum C,H, FE values of >40% were achieved at
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Figure 4. Effect of Nafion/solvent formulations on the selectivity of chronopotentiometric CO, electrolysis at a total current density of —50.0 mA
cm™ on carbon paper. Heatmaps of Faradaic efficiency for H, (a), CO (b), formate (c), C,H, (d), ethanol (e), and C,, products (f).

0.005 wt % regardless of initial water content (Figure 2d),
while the one prepared from the ink of 50 vol % water
demonstrated superior C,H, FEs across the whole potential
range compared to the one prepared from the ink without
water (Figure S8g). Such performance is comparable with that
measured on previously reported oxide-derived Cu catalysts.””
The C,H, FEs were generally reduced with increasing Nafion
content, with those prepared with 0.5 wt % Nafion remaining
below 20% at all potentials. Accordingly, the partial current
density of C,H, decreased by a factor of approximately 3.6X
near —1.1 Vgyp, from —27 mA cm™ at 0.005 wt % Nafion to
less than —8 mA cm™ at 0.5 wt % Nafion for both water
contents (Figure S8h). Here, it is important to note that
electrodes prepared without Nafion exhibited reasonably large
C,H, FEs in excess of 30%. However, these electrodes were
characterized by poor stabilities compared to those containing
Nafion, as discussed below.

To evaluate the impact of Nafion/solvent formulations on
complete product distributions during long-term CO,
electrolysis under optimal conditions, as well as to assess CL
stabilities, we performed chronopotentiometry tests on all
samples for a duration of 5 h and analyzed both gas and liquid
products (Figure 3). These experiments were performed at a
constant current of —50 mA cm 2, which was selected to
correspond to the conditions that promote highest CO,RR and
lowest HER Faradaic efficiency (as discussed above and shown
in Figure 2). In total, 17 different products of CO,RR were
detected using GC and nuclear magnetic resonance spectros-
copy ("H NMR), in agreement with previous studies,” but only
the 8 major products (hydrogen, carbon monoxide, methane,
ethylene, formate, acetate, n-propanol, and ethanol) were
quantified (Figures S9 and S10). The average FEs for these
products during the S h of CO, electrolysis as a function of

Nafion weight ratio and solvent composition in the ink
formulation are plotted in Figure 3a—d and confirm the strong
dependence of product distribution on both Nafion content
and solvent composition. Here, it is noted that the observed
FEs are not identical to those reported near S0 mA/cm® in
Figure 2 since certain formulations yielded unstable perform-
ance during the long-term evaluation. In general, the
consequence of these instabilities was to increase HER at the
cost of CO,RR activity (see below).

For all electrodes, the major products comprised C,H,, CO,
and H,. To specifically analyze the selectivity changes, the
average FE of five dominant products at different Nafion/
solvent formulations is compared in heatmaps (Figure 4a—e),
along with a heatmap for the total FE for C,, products (Figure
4f). Corresponding heatmaps for minor products are available
in Figure S11. From these data, several distinct regions can be
identified. First, HER is effectively suppressed over an
extended region spanning low Nafion and/or high water
content, where the H, FEs were all below 30% (top left of
heatmaps). Notably, the H, FEs at each Nafion weight ratio,
particularly high Nafion weight ratio (>0.05 wt %), were
continuously reduced with a gradual increase of water content
in ink formulations. For instance, for electrodes prepared with
0.5 wt % Nafion, the H, FE was drastically reduced from 80%
at 0 vol % water to 28% at 75 vol % (Figure 4a). Consistent
with the results discussed above, more vigorous H, production
was associated with CLs prepared with high Nafion and low
water content (bottom right of heatmaps). Within the region
of suppressed HER, C,, products were dominant for all CLs
prepared with low Nafion content, regardless of water fraction.
While C,H, was the primary product, FEs for both EtOH and
n-PrOH increased with increasing water content for CLs
prepared with low Nafion content (Figures 4e and S11h). That
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is to say, CLs prepared at high water content and low Nafion
content appear to enhance the adsorption of not only CO
intermediate for C—C coupling but also key C, intermediates
for subsequent C;—C, coupling. Taken together, the depend-
ence of these products on ink formulation resulted in a similar
form of the heatmap for the total FE of C,, products varying
from a peak value of 54% at low Nafion content to a minimum
of 17% for high Nafion and low water content (Figure 3f).

Interestingly, the production of CO was drastically affected
by Nafion/solvent formulations with CO FE ranging from 0 to
~27.0%. In particular, CO production was especially favored
for formulations possessing both high water and high Nafion
content (Figure 4b). In addition, the FE of another major C,
product, namely, formate, increased in the CO-favored region
(Figure 4c), though its peak FE occurred at slightly lower
Nafion content. At high water content, this direct competition
between C; and C,, products suggests enhanced activity for
C,, products at low Nafion content that is disturbed at a
higher Nafion content.

The complete set of observations presented above suggests a
basis for understanding CL performance characteristics in
terms of the evaluated properties of Nafion as a function of ink
composition. As a starting point, we first considered the role of
Nafion in impeding CO, transport to the Cu surface. As
described in Supporting Note 1 in the Supporting Information,
for all chronopotentiometric measurements reported here,
partial current densities for CO,R (jcor) were sufficiently

small to ensure that the diffusive flux of CO, to the surface
exceeds the flux associated with CO, consumption via CO,R.
Thus, for the range of Nafion thicknesses investigated here, the
system is governed by surface reaction rate kinetics rather than
mass transport of CO,. While this conclusion may be
surprising in light of the strong dependence of CO,R
selectivity and product distribution on the catalyst ink
formulation, it is important to recognize that the internal
structure and network connectivity of Nafion coatings are
significantly impacted by the solvent composition, as described
above. In particular, improved internal network connectivity,
which is promoted by high water/alcohol fractions within the
solvent, is expected to reduce water uptake within the formed
Nafion layers, which could significantly modify the relative
availability and accumulation of reactants and intermediates at
Cu catalyst surfaces.

To test this hypothesis and understand the impact of
different ink formulations on the reaction microenvironment,
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we have estimated the local molar concentration ratio of CO,
and H,0 ([CO,]/[H,0]) on the basis of measured water
concentration in Nafion films using in situ ellipsometry and
corresponding CO,R partial current densities in chronopo-
tentiometry tests (Figure S). For a fixed Nafion weight fraction
of 0.5 wt %, increasing water content in the solvent solution
resulted in smaller swelling fractions of Nafion films during
subsequent exposure to humidified environments (Table S1).
This finding is consistent with the scheme in Figure la and
indicates decreasing water uptake (i.e, decreasing concen-
tration of water molecules compared to the concentration of
Nafion SO;”) when treated with water-saturated N, (Figure
5a). Combined with the partial current densities for all CO,R
products in 5 h of chronopotentiometry electrolysis, this water
concentration reveals a substantial increase of the calculated
molar ratio [CO,]/[H,0] with increasing water content. In
particular, when operated at a total current density of —50 mA
cm™? the molar ratio [CO,]/[H,0] increased by 3.4X for the
films prepared with 75 vol % water compared to those
prepared with 0 vol % water. This important change to the
reaction microenvironment corresponds to an enhanced CO,R
activity, with partial current density jcog increasing from

—10.9 mA cm™ at 0 vol % to —35.0 mA cm ™2 at 75 vol %
(Figure Sb). Together with our insights from the structural
analysis of Nafion films in Figure 1, we can thus conclude that
this dramatically higher molar ratio [CO,]/[H,0] arises from
the formation of thinner and denser Nafion coatings with
better inner network connectivity, resulting in enhanced CO,
availability near the copper surface for ink formulations
comprising higher water content. This finding is also consistent
with the observed product distribution, which favors CO,RR
over HER. In addition, the decreased water concentration in
the reaction environment could have a significant impact on
the local pH. While this quantity is extremely difficult to
quantify, it is important to recognize that one OH™ ion is
generated for each e~ consumed by CO,R.*® Thus, suppressed
water uptake in Nafion films could promote more alkaline
environments that favor C—C coupling reactions.

To further explore the underlying mechanisms of the
observed reactivity differences, we monitored the structural
evolution of Cu catalysts and their local microenvironments
with the help of ex situ SEM and in situ Raman spectroscopy
measurements. First, six representative carbon paper-based
electrodes, including those prepared with 0 and 50 vol % water
combined with 0, 0.005, and 0.5 wt % Nafion, were
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Figure 6. Effect of Nafion weight ratio on morphological and compositional changes of CLs, as well as local reaction environments, during long-
term CO, electrolysis. (a—c) SEM images of three carbon paper-based electrodes after S h of CO, S h of chronopotentiometry test at —S0 mA
cm™: 50 vol % water-0 wt % Nafion (a), 50 vol % water-0.005 wt % Nafion (b), and 50 vol % water-0.5 wt % Nafion (c). Changes of Faradaic
efficiencies of H, (c), CO (d), and C,H, (e) within S h of CO, electrolysis on three electrodes. (g—k) In situ Raman spectra recorded in cyclic
voltammetry tests (g—i) and chronoamperometry tests (j, k) on three electrodes.

characterized during S h chronopotentiometry tests at a fixed
total current density of —50 mA cm™

The morphology after CO, electrolysis was investigated by
SEM, as shown in Figures 6a—c and SI12a—c. Direct
comparison of selected catalyst layers before and after
operation is provided in Figures S13 and S14. Notably, large
cubic Cu crystals with size of 250—600 nm were observed on
the electrode without Nafion, which suggested that significant
Cu reconstruction occurred during CO, electrolysis. Such
reconstruction would not only reduce the electrochemically
active surface area but can also cause a change of selectivity
due to variation of crystal facets between the in situ grown Cu
cubes and pristine CuO-derived Cu nanoparticles.””** More-
over, a decrease of surface coverage of Cu and exposure of the
bare carbon paper substrate, indicated possible detachment of
Cu nanoparticles. Such morphological instabilities are
consistent with prior investigations of Cu-based CO,R
electrocatalysts, which are susceptible to aggregation, delami-
nation, dissolution—redeposition, and facet evolutions under
reaction conditions.”*' These severe morphological changes
likely account for increasing H, FE from 30 to 50% during the
S h chronoamperometric experiment (Figure 6d). In contrast,
the morphologies and coverages of CLs containing Nafion
were effectively preserved, suggesting that the ionomer serves
as an effective binder and encapsulant to enhance adhesion and
confine particles, thereby reducing the surface mobility,
detachment, and dissolution/redeposition processes that
characterize bare Cu electrocatalysts. Therefore, Nafion
ionomer was necessarily required to ensure the structural
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stability of Cu in CO, electrolysis. However, thicker Nafion
coatings obtained from inks containing higher Nafion weight
ratios (0.5 wt %) lead to reduced electrochemically active
surface areas, blocking of active sites, and enhanced HER.
To gain insight into the local microenvironments near the
Cu catalyst surfaces, we monitored the oxidation state of Cu
(Cu,0 and/or CuO) and the presence of various adsorbed
intermediates and ions during electrochemical CO,RR
measurements using in situ Raman spectroscopy (Figures
6g—k and S12). As a basis for these experiments, we first
analyzed the catalyst activation process by cyclic voltammetry
(CV) in the pre-catalytic region between the open circuit
potential (OCP) and —0.9 Vyyy, during which the first CV
sweep always showed a distinct reduction wave for conversion
of CuO to metallic Cu (Figure S15). Accordingly, on all six
samples, we observed the characteristic peak for CuO at ~295
cm™" at OCP, which disappeared when the applied potential
was more cathodic than —0.15 Vg, suggesting that CuO can
be readily reduced to catalytically active Cu. In addition, a
broad band at ~360 cm™" emerges starting at 0.05 Vi and
persists until —0.15 Vypyg. Recent reports have assigned this
band to surface-adsorbed bidentate carbonate species (Cu—
CO;*") associated with the CuO reduction process in the
presence of KHCOj electrolyte and hydroxyl species.* " Tt is
important to note that this mode is similar in energy to the
linear Cu—C stretch (from adsorbed *CO on Cu) that could
be indicative of adsorbed *CO, a key intermediate in C,,
product formation. However, this can be excluded due to the
absence of the spectral signature of Cu—CO rotational modes
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at 280 cm™’, the corresponding broad linewidth of the 360
cm™! vibrational feature, and its presence in the pre-catalytic
potential range associated with CuO to Cu activation. Thus,
the 360 cm™ mode observed between 0.05 and —0.15 Vg is
assigned to bidentate Cu—CO;>", and disappears upon
complete activation of the catalyst to Cu, in line with recent
in situ Raman spectroscopy investigations on the dynamics of
CO, to CO activation in this potential regime.*

When scanning to more cathodic potentials from —0.55 and
—0.90 Vyyg and then scanning back to —0.15 Vg, multiple
broad peaks in the range of ~490 to ~530 cm™' arise,
particularly on the electrodes fabricated without Nafion and
with 0.5 wt % Nafion (Figure 6g—i).****” These spectral
features around 500 cm™' have been heavily debated in the
literature: some works show evidence for the presence of
hydroxide ions due to severe HER,** whereas others including
our own have used isotope labeling to show that bands in this
regime correspond to carbon-containing reaction intermedi-
ates."¥*> A definite assignment of the bands in this region
remains challenging due to the low signal-to-noise ratio, but
the presence of Cu,—OH, is inferred due to the likely
consumption of protons during HER (Figure 2b). As shown in
Figure 6d, HER dominates for 0 and 0.5 wt % Nafion, in line
with the presence of vibrational features around 500 cm™
(Figure 6g). For the case of electrodes prepared with 0.005 wt
% Nafion, peaks around 500 cm™' were extremely weak, in
agreement with suppressed HER (Figure 6d,h). In general,
electrodes prepared with high Nafion content (0.5 wt %)
exhibited much weaker Cu—CO5*~ and/or potential Cu,—OH,
Raman scattering intensities than those prepared without
Nafion or with low Nafion content (0.005 wt %). This could
be a consequence of the reduced ECSA and limited carbonate
content near the surface during the Cu,O-to-Cu reduction
process in the case of thicker Nafion coatings at 0.5 wt %.
Finally, on all six electrodes, Cu at the surface was partially re-
oxidized into Cu,O when the CV concluded at OCP due to
inevitable exposure of the electrode to the aqueous electrolyte,
as indicated by three corresponding peaks at around 400, 525,
and 625 cm™ assigned to Cu,O (Figure 6g—i).">"

Immediately after the activation process, we continued with
chronoamperometry tests at a fixed potential of —1.0 V on all
electrodes and simultaneously analyzed the local microenviron-
ment by in situ Raman spectroscopy (Figures 6j,k, S12jk, and
S16). Prior to the application of potential, all electrodes
exhibited two peaks near 525 and 625 cm™" at OCP, which are
attributed to the re-oxidized Cu,O described above (Figure
S$17). Upon application of —1.0 Vg and the associated onset
of CO, electrolysis, Cu,O was reduced to metallic Cu and the
corresponding peaks for Cu,O completely vanished. The
specific Raman bands from the carbon paper substrates were
observed on all electrodes, with peaks at around 1315 and
1600 cm™'. Remarkably, on the electrode with 50 vol % water
and 0.005 wt % Nafion, the sharp peak at 360 cm™' (Cu—C
linear stretching mode from adsorbed *CO on Cu)
accompanied by two additional peaks at 280 (Cu—CO
rotation) and 2090 cm™" (linear CO stretching mode) provide
a direct indication for the presence of surface-adsorbed CO
(Cu—CO). More importantly, the peak intensity at 360 cm™
was much higher than that at 280 cm™!, which is consistent
with a high CO surface coverage that is beneficial for C—C
coupling to produce C,, products.*”*’ As a result, only the
electrode with 50 vol % water and 0.005 wt % Nafion
demonstrated moderate CO FE of ~7.5% and the highest
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C,H, FE of ~40% throughout 5 h of electrolysis and also the
highest C,, FE of ~54% among all six carbon paper-based
electrodes (Figure 6e,(f), in agreement with the in situ Raman
spectroscopy data. In contrast, those characteristic peaks for
Cu—CO were not detected on electrodes without Nafion or
with a high Nafion weight ratio (0.5 wt %). Instead, carbonate
bands at 360 (Cu—CO,*>") and 1067 cm™" (CO5>~ symmetric
stretching mode) and peaks between 480 and 610 cm™' were
observed,*” particularly on the electrodes with 0.5 wt % Nafion
(Figure S16). On Cu surfaces, high coverage of carbonates and
hydroxides rather than high coverage of CO is inevitably
associated with strong HER and reduced C,, production.
Correspondingly, electrodes without Nafion suffered from
increasing H, FE from ~20% to >45% and decreasing C,H, FE
from ~40 to ~30% over S h. Electrodes with 0.5 wt % Nafion
performed even worse, constantly possessing the highest H, FE
and the lowest C,H, FE within S h (Figures 6d,f and S12d,f).
Interestingly, the electrode with 0 vol % water and 0.005 wt %
Nafion also presented high C,H, FE of ~40% and low H, FE
of ~20% at the beginning of the experiment, but the
production of CO and C,H, continuously decreased and
HER increased over 5 h. Taken together, these findings reveal
that only the combination of high water/alcohol fraction and
low Nafion weight ratio in the solvent ink is able to provide a
stable and favorable microenvironment with high CO surface
coverage to facilitate C,, production in long-term CO,
electrolysis. Future work, devoted to in situ probing of local
reaction environment, surface adsorbate coverages, and catalyst
oxidation state via correlative X-ray and vibrational spectros-
copies could provide even further insights into the important
role of ionomer coatings on CO,RR activity and selectivity.

B CONCLUSIONS

In this work, we systematically studied the impact of Nafion/
solvent formulations on CO, electrolysis using CuO as a model
catalyst. Using high-surface-area carbon paper supports, the
performance of electrochemical CO,RR in terms of activity,
selectivity, and stability was significantly influenced by varying
Nafion/solvent formulation. Combining structural and mor-
phological characterization of Nafion films and CLs with in situ
spectroscopic analysis of the local microenvironment enabled
specific insights into the role of Nafion on reaction outcomes.
In particular, the impact of Nafion/solvent formulation on
CO, electrolysis originates from three major aspects: the
evolution of catalyst structure, modulation of local micro-
environment, and accumulation of surface adsorbates.
Specifically, morphological restructuring and delamination of
weakly bound catalysts were effectively suppressed by the
addition of Nafion into the catalyst ink, resulting in stabilized
product distributions. Furthermore, tuning both the thickness
of Nafion coatings and their inner network connectivity by
changing both the Nafion and water content in the catalyst ink
formulations impacted the local concentrations of CO, and
H,O in the reaction microenvironment and the CO surface
coverage, as evidenced by in situ Raman spectroscopy. Use of
high water content of 50—75 vol % in catalyst inks is
recommended to optimize the quality of Nafion coatings for
improved CO,RR performance. Although this study addresses
aqueous H-cell type reactor configurations, it is reasonable to
expect that the strong dependence of ink formulations on
catalyst performance characteristics will also be observed for
other cell types, such as those comprising gas diffusion
electrodes (GDEs). While morphological stabilization by
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Nafion is likely to also play an important role in such systems,
the higher operating current densities afforded by improved
mass transport at the three-phase interface, as well as their
operation under highly alkaline conditions, suggest that
optimal Nafion thicknesses and internal structures will differ
from those reported here, thus motivating analogous studies
for GDEs electrodes in the future. Overall, these findings
provide a scientific basis for understanding and designing
Nafion/solvent formulations for manufacturing electrodes in
CO, electrolysis, and motivate further innovation in catalyst
ink formulation development, including the use of novel
ionomers and solvents specifically tailored for the desired
electrochemical application.
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