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Acidic CO; electrolysis enables high CO, utilization through carbonate protonation and high Cy. selectivity due to the elevated
local alkalinity, yet its lifetime remains limited by gas diffusion electrode flooding. In this study, we reveal that a loosely
packed, house-of-cards structure can be obtained by incorporating 2D-structured graphene nanoplatelets (GNPs) with Cu-
based catalysts, effectively mitigating flooding. With an optimal GNP content below 9 wt.%, this structure enhances CO,
diffusion and significantly improves electrode lifetime, reaching 10 hours at a high current density of 600 mA cm. Excessive
GNP content leads to catalyst layer densification and accelerates flooding, highlighting the importance of a structure
sufficiently thick to accommodate liquid seepage but also sufficiently porous to allow CO, access throughout the entire
thickness. Our findings provide insights into a practical microstructural strategy for developing efficient and stable CO,

electrolysis systems.
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catalyst development, designing/tailoring the interfacial
Introduction environment, and systems engineering. In the eCO2RR, the local
The electrochemical carbon dioxide reduction reaction Microenvironment around the catalyst has a significant effect

(eCO2RR) — occurring at room temperature and ambient
pressure and involving the direct use of electricity — represents
a promising strategy for mitigating CO, emissions2. This
reaction between CO; and water shows potential for the
storage of renewable energy in the form of valuable chemical
feedstocks, such as hydrocarbons3#. The reaction activity and
product selectivity depend on the choice of catalysts and the

reaction conditions>® and can be regulated via, for example,
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on the Faradaic efficiency (FE) towards CO2RR products relative
to the competing hydrogen evolution reaction (HER). Due to the
limited solubility of CO, in water, the eCO3RR is typically
conducted at a neutral pH, ensuring a balance that minimises
the HER (favoured by an excess of protons) while also avoiding
the formation of carbonate species (which occurs under
conditions of excess OH")7.

Flow cell reactors, in which CO; is fed from the rear of a gas
diffusion electrode (GDE), effectively address the challenge of
the limited solubility of CO; in aqueous electrolytes®. Catalysts
are typically drop-cast, spray-coated, or directly grown on a
hydrophobic microporous layer (MPL), which sits atop a gas
diffusion layer (GDL) composed of carbon cloth. The CO,,
introduced from the rear of the GDE, diffuses first through the
GDL and subsequently through the MPL before reaching the

catalyst layer (CL). This rear-fed configuration reduces the
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diffusion distance of CO; in the liquid phase (on the order of
micrometres), thereby enhancing the local CO, concentration
near the catalyst surface compared to H-cell setups. Flow cells
can thus operate at current densities of hundreds of mA-cm2,
of mA-cm™

than the tens typically

significantly higher
achievable in H-cells.
Nevertheless, while a flow cell enables operation at high current
densities, it often faces a trade-off in terms of a limited
operational timeline due to various degradation mechanisms,
such as flooding, species evolution in the catholyte and anolyte,
membrane degradation, and catalyst reconstruction®. Among
these, flooding is one of the most critical issues, limiting the
operational time to only several hours®10. Under a high current
density, the potential-driven off-equilibrium conditions often
cause the electrolyte to penetrate the MPL, which can then lead
to salt crystallisation (upon reaching the solubility limit) due to
water evaporation!!. These salt crystals typically accumulate in
the MPL, blocking CO; access to the CL. Once flooding begins,
the reduced CO, diffusion to the catalyst is reflected in a
decrease in the CO,RR selectivity and an increase in the HER?2,
From the onset of flooding to its progression to severe flooding,
salt crystals progressively spread within the GDL, not only
blocking CO, access to the catalyst but also preventing the gas
products from leaving the reaction site, indicating the complete
degradation of the GDE.

Strategies for modifying the GDE to improve its resistance to
flooding include GDL, MPL, and CL engineeringl®13-15 A
common approach for all three components is tuning their
wettability by adding hydrophobic materials or ionomers to
their structures!®'®, The wetproofing of the GDL can be
adjusted to achieve optimal CO,RR selectivity versus the HER;
for example, 10% wetproofing allows for maximal CO FE on an
Ag catalyst, as it provides the ideal balance between
hydrophobicity and electrical conductivity!’. The resistance to
flooding can also be improved by incorporating a PTFE/carbon
black layer between the GDL and MPL via vacuum-assisted
infiltration®. The hydrophobicity of the CL is usually improved
by mixing the catalyst with hydrophobic binders (e.g., PTFE or
PDMS)*%-21 fluorinated silane, or hydrophobicionomers such as
PFSA%22, Compared to the MPL, which serves as a potentially
highly hydrophobic barrier to repel water and enable CO; flow,

the CL must ensure adequate ionic conductivity and water

2| J. Name., 2012, 00, 1-3

activity while avoiding full flooding to maintain syfficient CO,
access. Often, increasing the hydrophggi‘éllt%/’l%zgr/nljeﬁssmggzéﬁg
expense of electrical conductivity and the electrochemical
surface area; thus, the type and amount of the hydrophobic
additive must be optimised?3. While insufficient hydrophobicity
can lead to the complete flooding of the metal-based CL and
long CO, diffusion pathways, an excessive quantity of
hydrophobic material, combined with capillary forces, requires
a high capillary pressure to wet the CL, resulting in only the
partial hydration of the catalyst. Therefore, the catalysts should
ideally be covered with a thin layer of electrolyte without the
full flooding of the pores, which might be achieved with larger
hydrophobic pores?4. While some studies have focused on
bridging the gap in the hydrophobicity between the MPL and CL
by tuning the MPL through, for example, the creation of a
hydrophobicity gradient zone within the MPL?52%, research
efforts on designing the CL itself, to the best of our knowledge,
are limited. A notable approach to increasing the pore size is the
incorporation of two-dimensional (2D) structures, such as
nanosheets derived from exfoliated layered double hydroxides,
which can assemble into a house-of-cards architecture to
enhance pore connectivity and create larger voids?’. However,
the primary focus of such works has been to enable catalyst
loadings as high as 5.82 mg cm? by improving gas and
electrolyte transport.

Herein, we employ the house-of-cards structural design to
create larger pores within the CL, enhancing CO; diffusion
through it. By combining a high-void-fraction architecture with
a thin hydrophobic binder layer, the CL maintains an optimal
“wet-but-not-flooded” state, thereby extending the gas—liquid
interaction zone. In this configuration, the selectivity towards
C,.+ products reaches 70% in the acidic reaction environment
due to the high local alkalinity at the catalytic sites, while the
house-of-cards scaffold improves the resistance to flooding and
increases the operational lifetime of the GDE from 2 to 10

hours.

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 16


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ta00347h

Open Access Article. Published on 01 April 2026. Downloaded on 4/2/2026 1:55:18 AM.

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

lournal of-Materials' Chemistry A

Journal Name

Results and Discussion

Acidic CO2RR Over Highly Porous CuO Catalysts

The Cu-based catalyst herein, synthesised using a similar
protocol to previous works, involves Cu(ll) oxide®28,
showcasing a highly porous network morphology (Figure 1a).
The catalyst primarily comprises nanoparticles assembled into
high-aspect-ratio needles that are 200 to 500 nm long and 15 to
30 nm wide (Figures 1a, b and S1). High-resolution transmission
electron microscopy (HR-TEM) images, along with the
corresponding fast Fourier transform (FFT) patterns and their
rotational average intensity, indicate a polycrystalline copper
oxide structure, with diffraction peaks matching those of PDF
04-007-0518 (Figure 1c). In our prior work, this catalyst
demonstrated >25% selectivity towards H, in 0.1 M KHCOs;
within an H-cell. Considering these results, we hypothesised
that using an acidic electrolyte would yield a higher FE for H,°.
Consequently, CO; electrolysis was exclusively conducted under
acidic conditions in a flow cell. A single-pass configuration was
used to mitigate OH- and liquid product recirculation, as

previously demonstrated?°.
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Figure 1. Acidic CO, reduction reaction (CO,RR) over CuO catalysts. (a)
SEM image (scale bar: 500 nm), (b) bright-field TEM image, and (c) high-

resolution TEM image with the corresponding FFT pattern and its

This journal is © The Royal Society of Chemistry 20xx
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rotationally averaged intensity profile of the synthesise%%ldlqrggéa&%sé

(d) Product distribution of flow-cell CO,RR at 6@@%%@&95939(@-5?‘995&7&
of 1, 2, 3, and 14. (e) Operando Raman spectra of CuO at 10, 20, 30, and
50 mA cm2in a catholyte of pH 2.

At a current density of 600 mA cm?, the CO,RR product
distribution on CuO across three acidic pH conditions (3 M KCI
adjusted to pH 1, 2, and 3 with H3PO4) and in an alkaline
environment (1 M KOH, pH 14) was compared. The FE for H,
remains approximately 10% under all acidic conditions, while
the CO2RR products account for around 90%, demonstrating the
effective suppression of H, evolution in acidic electrolytes by
the added K* ions (Figure 1d)?%3%31, Across all acidic pH values,
the FE for H, remains stable with an increasing current density;
the product distribution, however, shifts from CO to C;Ha, likely
due to higher overpotentials at elevated current densities
(Figure S2). The FE for C+ products ranges from 45 to 55% at
200 mA cm2 and increases to 65—-75% at 800 mA cm2 (Figure
S2). When operating the cell at high current densities (e.g., 600
and 800 mA cm2 at pH 1 and 800 mA cm2 at pH 2), the FE for
Cy+ products exceeds 70% and approaches 76%, the value
achieved with a flow cell using 1 M KOH?°.

The product distribution in acidic electrolytes is notably similar
to that observed in 1 M KOH using the same catalyst and
experimental setup, suggesting that the local pH at the reaction
sites is alkaline even when an acidic catholyte is used. The
alkaline surface pH is further confirmed by the presence of the
CuOy/(OH), peak in the operando Raman spectra, acquired at
current densities ranging from 10 to 50 mA cm2 to minimise the
accumulation of gas bubbles on the GDE surface (Figure 1e). At
an applied current density of 10 mA cm, one can note the
disappearance of the characteristic CuO phase peaks at 298 and
348 cm™ and that of a broad peak at 540—-660 cm-?, along with
the appearance of the CuO,/(OH), peak at 385—390 and 525—
535 cm™32, When probing at the same location on the GDE, the
area under the CuO,/(OH), peak increases correspondingly as
the current density is raised to 20, 30, and 50 mA cm?,
indicating a higher concentration of OH". Peaks corresponding
to the bicarbonate and carbonate phases at 1020 and 1060 cm~
1 begin to appear at current densities above 30 mA cm?2,
confirming the reaction between CO, and local OH- to form

adsorbed bicarbonate and carbonate species3334. The alkaline

J. Name., 2013, 00, 1-3 | 3
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surface pH, as demonstrated in previous studies, is favourable
for C—C coupling and C,: product formation, explaining the
observed selectivity towards Cy. products despite the use of an
acidic catholyte3>. Varying the CO, flow rate between 14.5 and
62.9 mL min'! has a minimal effect on the CO2RR selectivity in
the catholyte at pH 2: the H; FE remains below 10%, while the
Cy.+ FE lies between 63% and 70% (Figure S3). The single-pass
carbon conversion efficiency for C,. products is 3.3% at a
current density of 600 mA cm, obtained at a CO; flow rate of

14.5 mL min! (Supporting Information S1).

Prolonged Lifetime of Carbon-Based GDEs on a GNP-CuO
Scaffold

Under acidic CO2RR conditions (pH 2) at 600 mA cm2, the
lifetime of the CuO-GDE ranges from 3 to 4 hours using a single-
pass catholyte setup, as demonstrated recently?®. The CuO
catalysts were mixed with 2D structured graphene
nanoplatelets (GNPs) to extend the lifetime of the GDE. The
CuO—GNP combinations were prepared at four different
GNP:CuO mass ratios: 0.05:1, 0.1:1, 0.25:1, and 1:1. In all GNP—
CuO combinations, the CuO loading was maintained at
approximately 0.2 mg cm™ in the preparation of the GDEs, as
confirmed by inductively coupled plasma—optical emission
spectroscopy (Table S1). The product selectivity of these GNP—
CuO mixtures at 600 mA cm2 is shown in Figure 2a. All samples
exhibit similar product distributions to the GDE loaded with 0.2
mg cm2 of CuO. This indicates that the integration of GNP with
CuO does not alter the CO3RR selectivity and that CuO remains
the primary active phase for the reaction. In a densely packed
CL, for example one composed only of catalyst, it has previously
been demonstrated that there are selectivity gradient zones
within the CL3®. The zone far from the MPL and close to the
electrolyte mainly produces H, due to low CO, concentration
and high proton activity, whereas the zone close to the MPL

mainly produces C,. products due to the opposite trend. Similar

4| J. Name., 2012, 00, 1-3

significant changes in selectivity were observed with adense CL
composed solely of CuO catalysts; forDCe)‘x:a%Phlglzeg,/Dc?]Terlgéé‘PE
approximately doubled when the CuO loading increased from
0.2 to 1.25 mg cm2 (Figure S4). Here, the slight differences in
selectivity observed when varying the GNP:CuO ratios further
emphasize the advantage of the house-of-cards structure,
highlighting that the role of the GNP is simply to disperse the
same amount of catalyst within a thicker CL. The house-of-cards
structure provided by the GNP further expands the interface
between the catalyst, electrolyte, and CO, across the CL,

enabling homogeneous selectivity throughout the catalyst layer

thickness.

Figures 2b and 2c show the C;H4 and H; selectivities over time
for GDEs with different GNP-to-CuO ratios, and Figure S5
presents the full product distributions. Two distinct
deactivation modes were observed. The first is characterised by
a gradual increase in the HER and a corresponding decrease in
CyH,4 production, as observed with the CuO-only composition
and the GNP:CuO ratios of 0.05:1 and 0.1:1. This is attributed to
catholyte penetration into the rear side of the GDE, which
restricts CO; (reactant) access to the catalyst and promotes
water splitting37:3%. In the second deactivation mode, observed
in the samples with GNP:CuO ratios of 0.25:1 and 1:1, the
reaction was forced to stop after detecting no gas at the outlet.
This is induced by salt crystal formation from the penetrated
catholyte, which blocks the escape pathways for the gas
products. As a result, these products are unable to diffuse
through the GDE and reach the gas outlet. In this scenario,
flooding occurs with no changes in the H; and C;H4 selectivities,
as the blockage primarily affects the gas products rather than
the CO; reactant. Both deactivation modes occur randomly
across all samples, depending on the progression of catholyte
seepage, and no specific mode can be consistently associated

with a particular GNP-to-CuO ratio.

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Acidic CO;RR selectivity and stability of CuO-only and GNP—CuO gas diffusion electrodes (GDEs). (a) Product distribution of flow-cell CO,RR

in the catholyte at pH 2 and 600 mA cm for the CuO-only GDE and GNP—CuO GDEs with varying GNP-to-CuO mass ratios. Evolution of (b) C;H, and

(c) H; faradaic efficiency (FE) over time for the GNP—CuO GDEs; the curves correspond to the samples with the longest lifetimes. (d) Average

lifetimes of CuO-only and GNP—-CuO GDEs; the error bars represent standard deviations from at least three independent samples. Comparison of

lifetime—current density merit of the GNP:CuO 0.1:1 GDE with values reported in the literature for (e) carbon-based and (f) non-carbon-based

GDEs.

The addition of GNP improves the lifetime of the GDE without
affecting the product selectivity (Figure 2d). In this study, the
average lifetime and standard deviation were calculated from
at least three independent samples (Figures S5-S10). The time
at which the H; FE exceeds 20% was defined as the “dead time”
of the GDE. The average GDE lifetime increases slightly from 185
minutes for the CuO-only system to 230 minutes for the sample
with 5 wt% GNP, reaching a maximum of 490 minutes at 10 wt%
GNP. However, further increases in the GNP content lead to a
decline in the average lifetime, which drops to 290 and 140
minutes for the remaining (higher) GNP loadings. The lifetimes
of carbon-based GDEs reported in the literature at different

current densities for various catalysts are summarised in Figure

2e121518,39-50  \ijth further details presented in Table S2.
Stability tests on carbon-based GDEs are typically conducted at
current densities between 100 and 200 mA cm?2, with the
lifetime reaching 150 hours at 200 mA cm2. In comparison, our
GNP:CuO 0.1:1 sample demonstrates a carbon-based GDE
lifetime of 10 hours at a significantly higher current density of
600 mA cm? (Figure S5), outperforming many GDEs from
previous studies that achieved similar lifetimes though at lower
current densities (100-200 mA cm™2). This lifetime—current
density merit is comparable to that of other PTFE-based GDEs
and self-supported porous Cu GDEs, which are generally more
durable than carbon-based ones (Figure 2f)7:2251-60_ Further

details are provided in Table S3. Notably, our CuO loading is only

Please do not adjust margins
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0.2 mg cm?, and further optimisation of the GNP:CuO 0.1:1
surface loading may prolong the GDE lifetime.

To elucidate the degradation mechanism in the CuO and GNP—
CuO GDEs, the reaction time was fixed at 150 minutes. This
duration is shorter than the lifetimes of the two less durable
samples (CuO and GNP:CuO 1:1) yet sufficiently long to observe
differences in the GDEs after operation under CO2RR conditions
at 600 mA cm2. We first evaluated the degree of flooding based
on the change in mass of the GDE, which reflects the amount of
salt retained in the pores of the CL, MPL, and GDL. After a
reaction time of 150 minutes, the used GDE was rinsed on the
catalyst side to remove residual electrolyte and on the backside
to eliminate large droplets that had fully crossed over and
visible salt crystals. This procedure ensured that only the salt
that had infiltrated into the pore structure was evaluated. Only
a 0.26-mg increase in mass can be observed for GNP:CuO 0.1:1,
indicating minimal flooding in this sample (Figure 3a). Slightly
higher mass changes were observed for GNP:CuO 0.05:10 (0.53
mg) and GNP:CuO 0.25:1 (0.79 mg). The most severe flooding,

6 | J. Name., 2012, 00, 1-3

Journal Name

as indicated by the highest mass gains, is exhibited by the Cu0-
only (1.75 mg) and GNP:CuO 1:1 (1.98 mg%%lallr?& ess?/RﬁTﬁaor%BFﬁé@
initially exhibit a similar degree of hydrophobicity, as reflected
by the water contact angles (WCAs), ranging from 153° to 158°
(Figures S11 and S12). However, after a reaction time of 150
minutes at a current density of 600 mA cm?, the loss in
hydrophobicity varies among the samples (Figures 3b and S13—
S17). Figure 3c presents the average WCA, measured at three
(at the minimum) different locations (Figures S13—-S17) on the
used GDE. In the GNP:CuO 0.1:1 sample, the WCA remains
relatively high (136°). In contrast, the WCA decreases to 81.5°,
86.6°, and 80.8° for the GNP:CuO ratios of 0.05:1, 0.25:1, and
1:1, respectively. The most significant loss in hydrophobicity
was observed for the CuO-only sample, with a WCA of only 52°.
This reduction in hydrophobicity is closely correlated with the
mass gain due to flooding, suggesting that a greater loss in
hydrophobicity is a key factor contributing to more severe

flooding in the GDE.

This journal is © The Royal Society of Chemistry 20xx
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of the used GDEs after a reaction time of 150 minutes.
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The quantitative mapping of Cu and K across the cross-section
of the used GDEs after 150 minutes at 600 mA cm reveals the
degree of flooding (Figure 3d; the back-scattered electron
images and EDX acquisition areas are presented in Figure S18),
reflects the

consistent with the mass gain data, and

concentration distribution of each element. In the
concentration maps for the CuO-only and GNP:CuO 1:1
samples, K penetrates completely through the entire mass of
the GDE. In some regions, large salt deposits are visible within
the GDL. In the GNP:CuO 0.05:1 sample, similar salt blocks are
present, but they are more localised compared to the
widespread K distribution observed in the CuO-only and
GNP:CuO 1:1 samples (where K extends from the CL through the
MPL to the GDL). In the GNP:CuO 0.25:1 sample, no significant
K presence was detected in the GDL; however, the electrolyte
has noticeably penetrated through the CL and reached the MPL.
The least-flooded GDE is GNP:CuO 0.1:1, where K is confined to
the CL, with a negligible presence in both the MPL and GDL.
Count intensity maps acquired from two additional regions of
the used GDEs show a similar trend (Figures S19—S23). Notably,
Cu was also detected in the cross-sections, possibly due to
dynamic catalyst relocation via a dissolution—redeposition
process3’.

Considering the results thus far, the flooding resistance of the
GDE is improved by the addition of GNP, with the optimal
resistance observed at a GNP:CuO mass ratio of 0.1:1. However,
increasing the GNP content beyond this ratio results in reduced
flooding resistance. To elucidate this trend, it is necessary to
examine both the structure of the CL and the CO; diffusion
process for various amounts of GNP added to a fixed CuO
loading of 0.2 mg cm? on the GDE. A custom-made cell for
evaluating CO, permeation through the GDE is illustrated in
Figure 4a, consisting of an H-cell with two compartments,
where the GDE sample is placed between them using two

rubber gaskets to create gas- and liquid-tight seals. In the

compartment exposing the rear side of the GDE, CO; gas is

View Article Online
DOI: 10.1039/D6TA00347H

introduced in a flow-by configuration. In the opposite
compartment exposing the CL, a fixed volume of water is added,
followed by the insertion of a dissolved CO; probe. This design
closely mimics the flow-by mode of a typical flow cell and
enables the measurement of CO; diffusing through the GDE and
dissolving in the liquid phase. The CL thickness was determined
from the chemical contrast observed in the BSE-SEM images of
the GDE cross-section, with the bright layer corresponding to
the CuO-containing CL (Figure S24).

The concentration of dissolved CO; in the liquid compartment
of the cell increases over time, rising from the ambient level of
approximately 400 ppm to a saturation plateau of around 1600
ppm, close to the solubility limit of 33 mmol L (Figure 4b). With
the addition of approximately 5 wt% GNP to the CuO catalyst
(with the CuO loading fixed at 0.2 mg cm2 for all samples), the
time required to reach 1500 ppm of dissolved CO; is reduced
from 39 minutes to a mere 16 minutes (Figure 4c). An increase
in the CL thickness from 18 to 33 um can be noted (Figures 4d
and 4e), suggesting that the inclusion of GNP leads to a more
porous, less dense structure. Upon increasing the GNP:CuO
mass ratio to 0.1:1 (approximately 9%), the time required to
reach 1500 ppm of dissolved CO; rises to 22 minutes. This
increase can be attributed to a thicker CL (rising from 33 to 48
um), thereby creating a longer diffusion path for CO,. Within
this low-GNP mass range (up to 9 wt%), it is likely that the 2D
structure of GNP forms a scaffolded, house-of-cards-like
architecture. This structure introduces additional voids within
the CL, promoting more effective CO; diffusion than a densely
packed CuO-only layer, as evidenced by the top-view BSE-SEM
images of the GDE (Figure S25).

Increasing the GNP content to 20 wt% (GNP:CuO 0.25:1) results
in reduced CO; permeation, with the time to reach 1500 ppm
increasing to 26 minutes. Interestingly, the CL thickness
decreases slightly to 39 um, suggesting a densification of the CL.
At the highest GNP loading of 50 wt% (GNP:CuO 1:1), the CL

thickness remains almost unchanged (42 um, but within the

Page 8 of 16
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error bar). However, the time required to reach 1500 ppm
increases further to 32 minutes, indicating a continued loss of
CO; permeability. This progressive densification at higher GNP
loadings is likely due to the excessive amount of 2D GNP sheets.
While a low GNP:CuO ratio can create a loosely packed,

scaffold-like architecture with additional voids and enhance CO;

Journal ofcMaterials . Chemistry A

diffusion, a higher ratio leads to the stacking and aggregation of
the GNP sheets. The porous, percolated rl?gc‘\:/vlgr Oé?ft%?ﬁéo \Blé‘izcﬂ
a GNP ratio lower than 9 wt% is replaced by a more compact,
less permeable structure that hinders effective CO, mass

transport through the GDE.
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Figure 4. Balancing CO, transport and flooding accommodation in CuO-only and GNP—CuO GDEs. (a) Design of the custom-made cell for measuring

the CO, diffusion time. (b) Measurement of dissolved CO, transport across the GDEs in a flow-by configuration. (c) Time required for dissolved CO,

to reach 1500 ppm. (d) Average catalyst layer (CL) thickness determined from backscattered electron (BSE)-SEM images; the error bars represent

standard deviations from at least six independent regions. (e) Representative BSE-SEM images highlighting the chemical contrast for determining

the CL thickness.

Considering these observations, the longest lifetime, achieved
with a GNP:CuO ratio of 0.1:1, was attributed to a thick CL
exhibiting a house-of-cards structure. A thick CL with a high void
fraction provides more space to accommodate catholyte
seepage while still ensuring the sufficient diffusion of CO;
throughout the layer. Simply increasing the thickness of the CL
(from 18 to 27 um) by raising the catalyst loading (from 0.2 to
0.34 mg cm™) can increase the GDE lifetime (Figure S26);
however, an excessive loading (1.3 mg cm 2 and a corresponding

CL thickness of 56 um) leads to higher selectivity towards the

This journal is © The Royal Society of Chemistry 20xx

HER and a reduced resistance to flooding (Figure S27). By
incorporating a scaffold phase (2D structure), a comparable
thickness of 48 um (compared to 56 um obtained with a CuO
loading of 1.3 mg cm™) can be achieved with a minimal catalyst
loading of only 0.2 mg cm™2 and a scaffold phase loading of 0.02

mg cm2,

Regulation of Reaction Interfaces by GDE Microstructure
In a GDE, the equilibrium at the gas—liquid interface (where the

CO; reduction reaction occurs) is governed by the gas-phase

J. Name., 2013, 00, 1-3 | 9
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pressure, liquid-phase pressure, and capillary pressure, which is
determined by the pore size and surface wettability'1.243861 |n
the hydrophobic components of the GDE, such as the MPL and
the GDL, flooding is resisted by the capillary pressure: only
when the differential between the liquid- and gas-phase
pressure across the electrode exceeds the capillary pressure
threshold can the electrolyte invade the pores. Small pores in
hydrophobic materials create a higher capillary pressure, thus
providing greater resistance to flooding. For the CL, it should
have sufficient wettability to enable proton supply to the
reaction sites and provide sinks for liquid products. The CL also
needs to maintain adequate CO; diffusion within its structure to

ensure sufficient reactant availability. The CL must not become

completely flooded to avoid shifting the gas—liquid interface

towards the MPL side and limiting CO; access to the catalyst.

Ideal wetting is achieved by coating the catalyst particles with a

thin layer of a hydrophobic binder; thlso‘cc}eelpég{RgTég éz'stH'c
surface with an electrolyte film for supplying protons, providing
sinks for liquid products, and enabling ionic buffering, while the
remaining voids ensure CO; diffusion. Similar to the MPL, small
pores can be beneficial for the CL by increasing the capillary
threshold when the CL is partially hydrophobic. However, pore
volume is also important for accommodating liquid seepage,
and increasing pore volume solely by increasing catalyst loading
may lead to large gradients between different selectivity
zones3®, Therefore, creating a house-of-cards structure through
GNP incorporation enables higher pore volume while extending
the mixed interface between the catalyst, electrolyte, and CO,

throughout the CL.

GNP:CuO 0.05:1

a CO, diffusion through CL

CuO-only

GNP:CuO 0.1:1

GNP:Cu0 0.25:1 GNP:CuO 11
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Page 10 of 16

Figure 5. Schematic (not drawn to scale) of the CL cross-section for the CuO-only GDE and GNP—CuO GDEs at various GNP-to-CuO mass ratios,
based on a constant CuO catalyst loading across all samples; the differences in the CL thickness reflect observations from SEM cross-sectional
imaging. (a) Illustration of the CL structure and tortuosity relevant to CO, diffusion. (b) Depiction of wetting behaviour within the CLs, highlighting

the free volume available to accommodate electrolyte seepage.

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Resistance to flooding can be further enhanced via the
microstructuring of the CL architecture, by tuning the pore
properties to facilitate CO; transport and accommodate liquid
seepage. For a dense and thin CL composed of only CuO (0.2 mg
cm?2), the CL is likely to become fully flooded when
electrowetting occurs, as the capillary force draws liquid into
the small pores. Provided that CO, access to catalytic sites
remains sufficient, increasing the catalyst loading (CuO-only,
0.34 mg cm™) can act as a physical barrier to flooding since the
additional material may reduce the pore connectivity and
increase the total pore volume, slowing down electrolyte
intrusion. However, for excessively high catalyst loadings (CuO-
only, 1.3 mg cm™), an extensively thick barrier results in a
reduced buffering capacity3®, which leads to the accumulation
of OH-ions at the gas—liquid interface (now located closer to the
MPL) and severe flooding. Furthermore, while reduced pore
connectivity hinders liquid intrusion, it also limits CO, access, as
reflected by the increased FE for H,. The incorporation of an
inert, 2D phase at an appropriate mass ratio can modify the
pore connectivity and pore volume of the CL, thereby altering
the tortuosity and liquid distribution within the CL, as illustrated
in Figure 5. Upon the addition of 5 wt% GNP (GNP:CuO mass
ratio = 0.05:1), the CL thickness doubles, while the time
required to reach a saturated CO; concentration is reduced by
half. This suggests that the addition of GNP modifies the pore
structure of the CL, likely reducing tortuosity and allowing CO,
to diffuse more rapidly through a thicker CL. These results
support the formation of a house-of-cards architecture
introduced by the GNP, which improves the pore connectivity
and increases the pore volume. Upon increasing the GNP
content to 9 wt% (GNP:CuO ratio = 0.1:1), the time required for
CO; to diffuse through the entire GDE increases, most likely due
to the longer diffusion path associated with the thicker CL. We
concluded that the house-of-cards structure is preserved at

these two GNP percentages, as the CL thickness increases with

the GNP:CuO ratio. With a thicker CL maintaining this

Journal of-Materials'Chemistry A

View Article Online
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architecture, the CO; diffusion time becomes longer because of
the increased travel distance, though an increased void volume
is available to accommodate electrolyte seepage. The GNP:CuO
mass ratio of 0.1:1 represents an optimal balance between CO,
diffusion and liquid intrusion, enabling a maximal GDE lifetime.
Further increases in the GNP content (GNP:CuO ratios of 0.25:1
and 1:1) lead to longer diffusion times, even though the CL
thickness remains unchanged. This suggests an increase in
tortuosity, forcing CO; to travel across a more convoluted path
within the CL. The addition of material with no accompanying
increase in the CL thickness indicates the densification of the CL.
Specifically, excessive GNP partially disrupts the anisotropic
arrangement as in the house-of-cards structure, resulting in a
more isotropic, in-plane ordering. This arrangement increases
the CL tortuosity and may block pores, hindering CO, access.
Moreover, densification reduces the volume of void space
available to accommodate electrolyte seepage, which explains
the observation of a reduced GDE lifetime at GNP contents

above 9 wt%.

Methods

Synthesis of CuO catalysts & preparation of GDEs

The Cu-based catalysts were synthesised using a similar
protocol as previously reported!®. Briefly, 1.3g of
Cu(NOs)2-3H,0 (Sigma-Aldrich) was dissolved in 100 mL of
Milli-Q water, after which 30 mL of 0.15 M NH4OH prepared
from ammonium hydroxide (28% NHs, Alfa Aesar), was added.
Subsequently, 10 mL of 1.0 M NaOH (Reactolab SA) was
introduced dropwise at 2 mL min'! under continuous magnetic
stirring to induce Cu(OH); precipitation. The mixture was stirred
for 30 min, and the resulting precipitate was collected by
centrifugation, filtered, and washed sequentially with deionised
water and ethanol. The washed solid was freeze-dried for 72 h

and calcined in air at 300 2C for 1 h to obtain CuO catalysts.
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Catalyst inks were prepared by dispersing 4 mg of the
as-synthesised CuO (for CuO-only inks) or 4 mg of the CuO/GNP
composite powder in 1 mL isopropanol. To this dispersion,
16 pL of a 5 wt% PTFE suspension (diluted from a 65 wt% stock
(Fuel Cell Store)) was introduced. The ink was spray-coated onto
as-received gas diffusion electrodes (YLS-30T, Suzhou Sinero
Technology Co.) to reach theoretical CuO loading of 4 mg per
10 cm?. After solvent evaporation, the coated GDEs were
calcined in air at 300 °C for 30 min to melt the PTFE and achieve

a uniform, conformal coating over the catalyst layer.

Electrochemical characterizations & products quantification
Electrochemical tests were conducted using a potentiostat
(Metrohm Autolab PGSTAT302N). Gaseous products were
quantified in real time via an online gas chromatograph (SRl
Instruments 8610C) equipped with both a thermal conductivity
detector and a flame ionisation detector. Upon completion of
chronopotentiostatic runs, the electrolyte was collected for
analysis of liquid products by 1H nuclear magnetic resonance
(1H NMR; Bruker 400 MHz AVIII HD) spectroscopy.

Electrolysis was performed in a single-pass flow cell setup
identical to that described in previous work (ref xx), featuring a
cation-exchange membrane (Nafion 115, lon Power) separating
cathode and anode compartments. The electrode area exposed
to electrolyte was 0.5cm? A leakless Ag/AgCl reference
electrode (Metrohm) and a platinum plate counter electrode
were used. The catholyte consisted of 3 M KCI (Sigma-Aldrich),
with pH adjusted to 2 via addition of 3 M H3PO4 (diluted from
85%, Sigma-Aldrich). The anolyte was a 3 M KHCOs solution

(Thermo Scientific).

Material characterizations

Scanning electron microscopy (SEM) and energy-dispersive
X-ray (EDX) elemental mapping were performed on a FE-SEM
Bright-field and high-resolution

(ThermoFisher Teneo).

transmission electron microscopy (HR-TEM) images were
acquired on a ThermoFisher Tecnai Osiris operated at 200 kV.
Elemental compositions were quantified by inductively coupled
plasma—optical emission spectrometry (ICP-OES; Agilent 5110).

Operando Raman spectroscopy was conducted in a custom

semi-flow cell under continuous CO, gas flow. The catholyte

12 | J. Name., 2012, 00, 1-3

comprised 3 M KCl, acidified to pH 2 with 3 M H3PQq, while,the
anolyte consisted of 3 M KHCOs. Both 2%6%90 %%/SD%/?\T(])%%

static during measurement. A Leica 63x immersion objective
was used for signal collection, with excitation from a 632 nm
laser. Water contact angles were measured using a Kriss
EasyDrop Drop Shape Analyser. CO, permeation measurements

were performed using a dissolved-CO; probe (BGT Technology,

Beijing).

Conclusion

In summary, this study confirmed the formation of C,. products
in the CO2RR under acidic conditions, driven by a high local
alkalinity at the catalyst surface. However, this also induced the
flooding of the GDE, despite the acidic bulk electrolyte.
Introducing a loosely packed CL with a high void fraction and
partial wettability, termed the “house-of-cards” structure,
showed promise in mitigating flooding. This structure was
obtained by incorporating GNPs — a 2D, nonreactive material —
into the catalyst ink, followed by spray-coating onto the GDE.
For a GNP content below 9 wt%, a house-of-cards structure was
successfully formed, as evidenced by an increased CL thickness
and a reduced CO; diffusion time through the layer. At a GNP
mass fraction of 9% (GNP:CuO mass ratio = 0.1:1), the GDE
lifetime reached 10 hours at a current density of 600 mA cm?,
attributed to an optimal CL structure that balanced CO;
transport with the void volume to accommodate electrolyte
seepage. Higher GNP fractions induced CL densification,
reducing the void volume and CO; diffusion and shortening the
GDE lifetime. This microstructural design of the CL
complements ongoing research efforts on the microporous and
gas diffusion layers, offering a viable approach to enhancing the

flooding resistance of GDEs.
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