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ABSTRACT: Achieving stable operation at high currents remains challenging MPL integrated Cu

for gas diffusion electrode (GDE)-based CO electrolyzers. Herein, we + | R
demonstrate the importance of Cu nanoparticle infiltration into the microporous
layer to enrich local CO accessibility and mitigate electrolyte crossover. A facile
GDE preparation method is developed via the doctor-blading method using a Cu
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metal—organic decomposition (Cu MOD) ink to produce well-dispersed Liqmd.' «* *  Hydrophobic
nanoparticles across the porous layer. This design produces highly selective - vw
C,, products at —1200 mA cm™* from the CO electroreduction reaction, g Solid
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achieving a remarkably high mass activity of approximately —28,000 A g™". It is - s?‘_l % Gas diffusion
found that the Cu electrodes prepared by MOD improve a stable balanced gas— ;_:'Q! e
liquid—solid interface by CO transport across the hydrophobic microenviron- Flooding Casg’ 1 8 eceo n
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ment of the inherent microporous layer. Our insights offer perspectives on a Cu film

scalable strategy for optimizing catalyst positioning and advancing stable GDEs
with high mass activity.
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Electrochemical CO(y) reduction reactions (CO(;,)RRs)
have been investigated for the sustainable production of
chemical feedstocks and fuels." ™ The conversion of CO, to
C,, products is proposed, but local pH increases pose
challenges in achieving high performance due to changes in
product selectivity, loss of CO, to carbonate, and salt
formation. Unlike the CO,RR, the CORR can operate under
alkaline conditions without carbon loss and can generate C,,
products with high selectivity, and provide fundamental
insights.”

The gas diffusion electrode (GDE)-based electrolyzers
become crucial to facilitate CO transport across the gas
diffusion layer (GDL) and position the catalyst layer near the
gas—liquid interface because of the low solubility of CO
(approximately 1 mM).°”® However, when obtaining high
current densities, the hydrogen evolution reaction (HER)
becomes rather more pronounced. High potentials and catalyst
reconstruction cause electrowetting, which causes flooding of
the electrode and reduces catalytic selectivity.””'' To prevent
water penetration, surface modification to increase the
hydrophobicity of the surface has been used, for example, by
introducing polytetrafluoroethylene (PTFE) and other materi-
als."”””"* Despite these efforts, the surface wettability of the
cathode still changes rapidly by CO(Z)RR.IS’M Another
challenge relates to the gas diffusion to the catalyst
surface, >'”'® when catalyst particles are loaded onto porous
GDLs. The particle size or its dispersion blocks the porosity
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and gas permeability across the GDE, reducing the effective
surface area.

Consequently, catalyst preparation strategies that incorpo-
rate catalyst particles across a porous GDL should be
developed to balance gas transport and surface wettability.
Cu metal—organic decomposition (MOD) inks have been
widely utilized to fabricate electrical metal contacts on various
substrates to achieve uniform coating on rough surfaces with
strong adhesion,'”™*' promising for uniform deposition in
porous structures. Cu MOD inks comprise a metal precursor
and complexing reagents and can be printed onto a wide range
of substrates, enabling submicrometer-scale patterning. Sub-
sequently, the organic ligands are calcinated in a reductive
atmosphere, even at low temperatures (ca. 200 °C), yielding
elemental Cu.”® This low-temperature process is advantageous
for Cu electrocatalyst adhesion on porous electrodes, and
additional binders are not required. Moreover, the adjustable
viscosity of the ink allows it to penetrate the porous GDL
electrode.
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Figure 1. (a) Schematic of sCu-MOD GDE (left) and mCu-MOD GDEs (right) and (b) Cu MOD ink through the Cu-AMP complex. Low-
magnification cross-sectional SEM and the corresponding EDS mapping images of (c¢) mCu-MOD, (e) sCu-MOD, and (f) sCu-spt0.3, respectively.
(d) S-TEM image and the corresponding EDS mapping image and spectrum of the microporous layer in mCu-MOD. (g) X-ray diffraction patterns

of bare GDL, sCu-spt0.3, sCu-MOD, and mCu-MOD.

Here, we develop to incorporate metallic Cu nanoparticles
(NPs) into the microporous layer (MPL) of a GDL using
MOD ink without any additives, which allows Cu to exploit the
inherently porous and hydrophobic properties of the MPL.
The CORR performance shows superior mass activity (—
27,896 A g') and C,, selectivity (Faradaic efficiency (FE)
86.6%) in an alkaline flow cell. Notably, it was found that
flooding at high current densities is suppressed by Cu MOD
preparation owing to surface hydrophobicity and efficient gas
transport, attributed to the well-dispersed Cu NPs over the
MPL. The Cu MOD electrode configuration demonstrated a
higher activity by modulating the microenvironment, moni-
tored by water fraction under electrocatalytic reactions. This
study provides a useful electrode fabrication strategy for
incorporating catalysts into MPL based on a Cu MOD ink that
is also applicable to other metals for enhanced, stable
electrocatalysis.

Our strategy is to decompose the Cu precursors directly
within the MPL, yielding a uniform NP layer coating and
providing two key advantages: (1) increased hydrophobicity in
the local microenvironment of the active catalyst and (2)
efficient CO gas transport at the Cu catalyst—electrolyte
interfaces. Uniform Cu metal deposition within the MPL was
achieved by utilizing a Cu-MOD ink (Figures la and 1b),
denoted mCu-MOD. The precursor solution comprised
Cu(ll) formate and 2-amino-2-methyl-1-propanol (2-AMP)
complex (Cu-AMP complex) in methanol. After evaporating
the solvent, the Cu-MOD ink seamlessly diffused into the
approximately 80 um-thick MPL and was adjusted by a blade-
printing process (Figure Sla). Then, the Cu(II) was thermally
reduced to metallic Cu in Ar, whereas the alkanolamine ligands
of Cu-AMP complexes were completely oxidized.””*” The Cu-
MOD ink is, thus, pyrolyzed to Cu NPs at a lower temperature
(200 °C) than the melting point (327 °C) of the PTFE layer.
The low temperature allows the deposition of Cu NPs into the
PTFE while retaining its hydrophobic properties and porosity.

Cross-sectional scanning electron microscopy (SEM) images
revealed that the GDL of carbon paper (Sigracet 39BB)
substrate was well preserved with mCu-MOD after pyrolysis,

and energy-dispersive X-ray spectroscopy (EDS) mapping
confirmed a uniform Cu NP deposition (Figures 1c and S4a)
down to the underside of the thick MPL, allowing deep Cu
penetration. The SEM images of bare carbon paper confirm
that the same GDL consists of an MPL and microporous
substrate (MPS) having a thickness of ca. 300 ym (Figures S2
and S3). Transmission electron microscopy (TEM) images
showed similarity to the bare MPL after mCu-MOD
deposition (Figures S4b and S4c), and nanosized Cu particles
were observed by scanning TEM (STEM) and EDS mapping
(Figure 1d). MPLs were collected from the bare GDL and
mCu-MOD-coated GDL to measure Brunauer—Emmett—
Teller (BET) analysis. It reveals comparable porosity and
specific surface areas of 32.75 and 31.24 m® g/, respectively
(Figure SS), implying the porosity was not markedly affected
by the deposition of mCu-MOD. However, the double-layer
capacitance (C;) (Figure S6) of mCu-MOD (0.86 mF cm™?)
increased by over 100 times compared to that of the carbon
paper (822 X 107 mF cm™), indicating their different
electrochemical properties.

To investigate the effect of Cu infiltration, instead of the
blade-printing method, Cu-MOD ink was spray-coated onto
the MPL and annealed (denoted sCu-MOD) (Figure S1b). In
contrast to the mCu-MOD, the sCu-MOD had a 3 um-thick
Cu surface coating on top of the MPL according to the cross-
sectional SEM-EDS images (Figure le). Top-view images of
sCu-MOD confirmed the densely packed Cu film (Figure S7).
It indicates that the pressure applied by the blade printing
method significantly improves the morphological infiltration of
the Cu-MOD ink. We also prepared additional control surface
Cu films by sputtering to 0.3 pm thickness (denoted sCu-
spt0.3) (Figures 1f and S8). The X-ray diffraction (XRD)
patterns of all three as-prepared electrodes matched well with
the cubic phase of metallic Cu (JCPDS 04—0836) (Figure 1g).

To investigate how the method for loading Cu NPs affected
the hydrophobicity of the electrode, we first measured the
contact angle (CA). The CAs of bare carbon paper, mCu-
MOD, and sCu-MOD were 138.3°% 133.9° and 120.6°
respectively (Figure 2a), indicating that the hydrophobicity of
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Figure 2. (a) CAs of bare GDL, mCu-MOD, sCu-MOD, and sCu-
spt0.3 GDBEs, respectively. (b) Product distributions and total current
densities of the as-prepared Cu GDEs at various applied potentials
(=0.60 and —0.65 V vs RHE) in CO-saturated 1.0 M KOH
electrolyte measured in the H-cell system.

the GDE was well-preserved after Cu deposition using the
MOD ink. In contrast, the Cu film sputtered on carbon paper
(sCu-spt0.3) showed a noticeably decreased CA (48.4°) and
became hydrophilic as the Cu thin film completely covered the
MPL. The hydrophilicity of the GDE surface responded
sensitively when the Cu film was completely covered. In
particular, the blade-printing method (mCu-MOD) main-
tained a higher CA than the simple spraying method (sCu-
MOD), indicative of efficient Cu infiltration into the MPL.
Next, we performed the CORR of the Cu GDEs using an H-
cell (Figures 2b and S9) to estimate the catalytic activity. In
the H-cell, the backside of the GDE was masked to confine the
mass transport of dissolved CO(,q) and water to the front side
of the MPL surface and not in other directions.”® In the H-cell,
while the dispersity of Cu NPs within the MPL layer is
predicted to be less impacted, the catalytic activities of the
exposed Cu surfaces can be evaluated. When the CORR
activities were compared in 1.0 M KOH (Figures S9a—c), all

Cu GDEs confirmed to have no significant differences in FEs
for C,H, and H,, at —0.60 and —0.65 V. The FE for C,H,
of mCu-MOD (42.1%) was slightly higher than that of sCu-
MOD (37.2%) at —0.65 Vgyp, and the mCu-MOD also
achieved a higher current density (—96.4 mA cm™?) than sCu-
MOD (—59.2 mA cm™2). Compared to the sputtered Cu, the
maximum partial current density of the CORR was also larger
in mCu-MOD and sCu-MOD, owing to the efficient
infiltration of Cu NP by the MOD ink.”* Furthermore, the
more hydrophilic sCu-spt0.3 reduced the overpotential for the
HER;*® indeed, the HER became more pronounced when a
thicker (1.2 ym) sputtered Cu film, denoted as sCu-spt1.2, was
used. The CA of sCu-sptl.2 notably decreased to 27.4°, close
to superhydrophilicity (Figures S9d and S10).

We investigated the effect of the surface hydrophobicity at a
gas—liquid—solid boundary further, by comparing the CORRs
in the flow cell (Figure 3a). At a current density of —400 mA
cm™?, the more hydrophilic sCu-spt0.3 showed high HER
activity. In contrast, the GDEs prepared from Cu MOD ink
achieved C,, FEs of 87.8% and 82.4%, respectively. Whereas
the sputtered Cu film on the carbon paper were readily flooded
above —400 mA cm™?, the Cu MOD surface effectively
suppresses the HER and prevents electrolyte penetration into
the porous layer under high current operation in a flow
cell.'”>*® The Cu loadings were obtained by inductively
coupled plasma—optical emission spectroscopy (ICP-OES)
measurements, revealing that mCu-MOD has substantially
lower Cu loading (0.043 mg cm™) than that of sCu-MOD
(0.396 mg cm™?) and sCu-spt0.3 (0.223 mg cm™2) (Table S1).
The mass activity of mCu-MOD for —27,896 A g is about 11
times higher than that of sCu-MOD (—2,525 A g™'). The high
mass activity of mCu-MOD is among the best reported for Cu-
based catalysts (Table S2), demonstrating the key role of Cu
deposition. It is found that the uniform and small nanoparticle
deposition of mCu-MOD plays a critical role in achieving a
remarkably enhanced mass activity at —1200 mA cm ™.

Additionally, to enable real-time water crossover depending
on the morphology of Cu, we designed a customized
electrolyzer with a window that allowed the direct observation
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Figure 3. (a) Product distributions of CORR on mCu-MOD, sCu-MOD, sCu-spt0.3, and sCu-sptl.2 GDEs in the flow-cell system in the range
from —200 to —1200 mA cm™ in 1.0 M KOH. (b) In situ monitoring of the gas-diffusion region for mCu-MOD and sCu-MOD at a current
density of —1200 mA cm ™2 (c) Change in the CA of mCu-MOD and sCu-MOD GDEs after CORR. In situ micro-CT 3D structure images of (d)

mCu-MOD and (e) sCu-spt0.3.
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Figure 4. LSV curves of mCu-MOD and sCu-MOD GDEs under (a) Ar and CO atmospheres, respectively, at a scan rate of 10 mV s™". (b)
Faradaic efficiencies for C,H, and H, and cathodic potential of mCu-MOD at a current density of —400 mA cm™* during the CORR. (c) Product
distributions of the CORR on mCu-MOD and sCu-MOD GDEs in the flow-cell system at a current density of —400 mA cm™ under various
diluted CO (CO + N, mixture) conditions. (d) Product distributions of CORR on mCu-MOD and (b) sCu-MOD GDEs at current densities of
—400 and —800 mA cm ™2 in 1.0 M LiOH electrolyte measured in the flow-cell system. (e) Schematic of the surface wettability and CO diffusion of

mCu-MOD and sCu-MOD GDEs during the CORR.

of electrolyte crossover during operation (Supporting Movies
S1 and S2). Significant flooding of the sCu-MOD electrode
occurred at 360 s, at which point the electrolyte passed
through the MPL (liquid phase) to the MPS (gas phase),
whereas mCu-MOD prevented water crossover (Figures 3b
and S11). After the CORR, the CA of mCu-MOD was well
preserved at 128.9°, whereas that of sCu-MOD decreased but
remained high at 105.5° (Figure 3c).

Gaseous CO can be trapped within the GDE structure,
enabling gas-phase diffusion rather than liquid-phase transport.
This significantly shortens the diffusion path and enhances the
local CO concentration, thereby improving mass transport and
reaction kinetics.'” The gas-phase product bubbles can be
efficiently released through the hydrophobic capillaries,
allowing the catalytically active sites to be maintained.”” >’
In contrast, sCu-MOD relies on a liquid-phase transport over a
thin layer of surface Cu. Although both sCu-MOD and mCu-
MOD may undergo Cu reconstruction via the formation of
*CO—Cu complexes, the impact on the surface wettability is
smaller when small NPs are placed within MPL.*"** The SEM
and corresponding EDS images of mCu-MOD revealed
modest Cu redeposition at high currents (Figure S12).
Furthermore, the cross-sectional SEM-EDS image of the
post-CORR mCu-MOD preserves its structural integrity after
the reaction (Figure S13). In contrast, the thin film of sCu-
MOD underwent substantial Cu particle loss and surface
reconstruction. This suggests that once the electrolyte
penetrates the newly exposed carbon surface of sCu-MOD, it
may induce rapid GDE flooding.

Furthermore, to investigate the water fraction within the
MOD electrodes under gas-feeding conditions, microscale in
situ computed tomography (CT) analysis was carried out using

a GDE-based membrane-electrode-assembly electrolyzer
(MEA),”** and CO, gas was fed to the cathode side for the
CO,RR. The 3D micro-CT images of the mCu-MOD
electrode reveal the formation of small water droplets at a
current density of —200 mA cm ™2, and the water droplet area
increased at —400 mA cm™* (Figure 3d). Further, the sCu-
spt0.3 electrode exhibited significant wetting at —400 mA
cm™?, as shown by the higher water volume fraction based on
the GDE volume (45.4% compared to 2.15% for mCu-MOD).
(Figures 3e and S14). These results highlight the crucial role of
the Cu infiltration method within the MPL in suppressing
water fraction, even at high current densities. Therefore, the
finely dispersed Cu NPs incorporated into the hydrophobic
MPL preserve their porous structure, allowing for gas pathways
and chemical accessibility. This facilitates efficient local CO
diftusion and supports a balanced gas—liquid—solid interface.

To estimate the effect of gas diffusion on the reaction
kinetics, linear sweep voltammetry (LSV) curves of sCu- and
mCu-MOD obtained in the flow electrolyzer under Ar and CO
were compared, revealing opposing activity trends.” Under an
Ar atmosphere, sCu-MOD reached —100 mA cm ™2 at a lower
potential (—0.74 V) compared to that of mCu-MOD (Figure
4a), indicating the surface-exposed Cu on sCu-MOD can
achieve fast HER kinetics from water dissociation. In
comparison, under a CO atmosphere, mCu-MOD showed
faster catalytic kinetics than sCu-MOD, suggesting higher CO
gas accessibility to the active sites of the Cu NP positioned in
the MPL. The differences in the CO mass-transport kinetics
between the Cu-MOD GDEs became more pronounced at
higher current densities (Figure S15). The current density of
mCu-MOD reached —1200 mA cm™2 without fluctuation,
whereas that of sCu-MOD showed clear signs of mass-
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transport limitations over —600 mA cm™> The mCu-MOD
electrode demonstrated high durability at a high current
density of —400 mA cm™* without any additives (e.g., PTFE),
achieving only a 0.1% H, FE increase during 20 h of
continuous reaction (Figure 4b). The high stability of the
mCu-MOD can be attributed to the preservation of gas-
accessible pathways and the mitigation of electrolyte flooding,
and the structural advantage enables sustained CO transport to
the active sites, thereby minimizing the HER.

To evaluate the local CO accessibility further, CORR was
performed using CO feeds diluted by N, (Figure 4c).*
Interestingly, mCu-MOD maintained a C,, FE of 85.4%, even
at 50% dilution, for the CORR at a current density of —400
mA cm™?, whereas sCu-MOD showed a rapid increase in H,
FE from 10.2% to 19.5%. The results from the CORR with the
diluted feed gas indicate that utilizing the MPL layer in mCu-
MOD enhances CO transport to the active sites while
restricting the HER.>"#** In addition, to examine the C—C
coupling of the Cu-MOD electrodes affected by the micro-
environment, CORR experiments were performed in the
presence of Li". Li* decreases C—C coupling because of the
decreased CO coverage induced by strongly hydrated Li* ions
(Figure 4d).***” In 1.0 M LiOH electrolyte, sCu-MOD
showed a large increase in the H, FE to 41.2%, whereas its C,,
FE was reduced by 4.3 times to 19.2% at a current density of —
400 mA cm™* compared to that in 1.0 M KOH electrolyte. In
contrast, the mCu-MOD maintained a C,H, FE of 49.6% and
hindered HER in the lithium-based electrolyte. These results
also suggest that mCu-MOD maintains a higher local CO
concentration, facilitating C—C coupling.’*™*’ The efficient
CO diffusion and hydrophobic microenvironment might
enhance CO transport and maintain a balanced three-phase
interface in the catalyst layers (Figure 4e).">

Herein, we have demonstrated how active Cu NPs
integrated into the entire MPL GDE promote high-current
CORR operation in a flow electrolyzer by increasing local CO
accessibility and preserving the hydrophobic porous surface
compared to the surface-loaded Cu GDEs. We develop a Cu
deposition method by doctor-blading process using the metal—
organic decomposition ink that enables low-temperature
pyrolysis of copper precursor solution within the MPL of the
carbon paper. This catalyst-loading strategy maintains a
microporous hydrophobic surface without any additives and
shortens the CO diffusion path, accelerating mass transport
and preventing water fraction at high current densities. It
allows a significantly enhanced mass activity of Cu for CORR.
This hydrophobic microenvironment facilitates the release of
gas-phase products within the MPL, thereby preserving the
exposure of the active catalytic sites during the CORR. The
sustained C—C coupling performance at diluted CO feeding
also supports the increased CO local accessibility. Overall, we
have reported a valuable electrode fabrication strategy that
tunes the catalyst location in a commercial GDE for a highly
enhanced and stable CORR.
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