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ABSTRACT: Electroreduction of carbon dioxide (CO2RR)
holds great promise as a CO2 emission mitigation strategy
while producing valuable chemicals. This study draws
inspiration from desert-dwelling lizards to design a flow-field
that increases the performance of the CO2RR in a zero-gap CO2
electrolyzer. It achieves a CO partial current density of 165.5
mA cm−2 at 200 mA cm−2, surpassing those of conventional
parallel and serpentine flow-field designs. Unlike more complex
strategies that can only partially prevent water flooding or salt
precipitation, our approach achieves both, solely by modifying
the cathodic flow-field, while using commercial electrocatalysts,
membranes, and standard operating conditions. When doubling
the cell size, the lizard-inspired serpentine flow-field significantly boosts CO production: CO selectivity is 46% and 97% higher
than for a conventional serpentine flow-field at 350 mA cm−2 and 400 mA cm−2, respectively. Thus, lizard-inspired flow-field
technology could provide a step-change in stable, scalable CO2RR, even using commercially available components for the use
of CO2 electrolyzers.

In recent years, there has been growing interest in utilizing
renewable energy to drive the electroreduction of carbon
dioxide (CO2RR), aiming to close the artificial carbon cycle

and produce valuable chemicals and fuels.1−3 The incorporation
of gas diffusion layers (GDLs) and a membrane electrode
assembly (MEA) in the cell architecture of zero-gap CO2
electrolyzers allows this device to reach industrially relevant
current densities (>200 mA cm−2) and selective conversion.
GDLs enable high current densities by decreasing the diffusion
length of CO2 from the gas phase to the surface of the MEA
where catalysis occurs.4 However, the alkaline environment of
this device promotes a pathway toward the formation of salt
deposits onto the GDLs via the production of carbonates, which
impedes CO2 transport to catalytic sites and enhances flooding
of the cell, resulting in device failure.4−10 Strategies to alleviate
flooding and salt precipitation in zero-gap CO2 electrolyzers
with gas-fed cathodes include (i) modification of the
concentration and composition of the electrolyte,11−15 (ii)
alteration of the properties of its cell components such as the
GDL and the membrane,5,16−20 (iii) pulsed electrolysis,21−24

and (iv) optimization of the operating conditions.4,8,25−28 An
additional strategy to circumvent the flooding issue in such
electrolyzers is proper modification of the flow-field design,
which is a critical but elusive aspect.

Flow-field design significantly affects the reactant distribution
and mass transport within the electrolyzer.29 A well-designed
flow-field ensures uniform delivery of CO2 to the catalyst
surface, which enhances its accessibility to catalytic sites,
improving the selectivity and yield of the desired products.
Recent studies have underscored the significance of flow-field
optimization in enhancing CO2 electrolyzer performance.18,30

For instance, interdigitated flow-fields exhibit ∼45 mA cm−2

higher CO2RR current density than their serpentine counter-
parts at a gas flow rate of 6 sccm, indicating more efficient
transport of gaseous CO2 to the catalyst (Cu/C/PTFE).31 The
pressure drop on the cathode side of the flow-field plays a critical
role in the stable operation of zero-gap CO2 electrolyzers, as it
enhances CO2 transport through the GDL and around salt and
water blockages.5 In a study using a small-scale cell size of 5.06
cm2, serpentine flow-fields have the highest pressure drop (∼
143 Pa), which is ∼81% and ∼143% higher than the
interdigitated and parallel flow-fields, respectively, and they
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demonstrate the highest CO partial current density (∼205 mA
cm−2) at 2.76 V.5 Even though these results are promising at
small scale, serpentine flow-fields are characterized by excessive
pressure drop at larger scale (>25 cm2),32 and thus, the
engineering of alternate flow-field designs preventing flooding
and salt precipitation is necessary. Preliminary results
demonstrate that a 50 cm2 spiral flow-field with unidirectional
and uniform distribution (UDF) enhances the mass transport of
CO2 to the surface of the MEA and, thus, the production rate of
CO maintaining a low pressure drop (∼ 6 kPa).33

Herein, we employ our nature-inspired chemical engineering
(NICE) methodology32,34−37 to design new flow-fields for zero-
gap CO2 electrolyzers, boosting their efficiency via optimized
structural features of the flow-fields (Figure 1). The NICE
approach is based on the fundamental understanding of the
mechanisms underpinning desired properties in biological
organisms and their implementation in technological applica-
tions, without neglecting the differences in context between
nature and technology.32,34−37 The flow-field design for CO2
electrolyzers herein draws inspiration from desert-dwelling
lizards, such as the Australian thorny devil and Texan horned
lizard, which possess intricate networks of capillary channels in
their integument that facilitate passive water transport.36,37 The
lizard-inspired flow-field is designed to improve water manage-
ment and enhance mass transport in electrochemical devi-
ces;36,37 recently, it has been implemented into polymer
electrolyte membrane fuel cells (PEMFCs) showcasing a stable,
flood-free operation at 100% relative humidity (RH) and
scalability.36,37 These results suggest that such a lizard-inspired
designmight also be a promising candidate for the elimination of
water flooding and salt precipitation in zero-gap CO2 electro-
lyzers. The capillary-driven water transport mechanism used by
lizards is implemented by creating capillaries directly on the

surface of conventional flow-fields in a zero-gap CO2 electro-
lyzer. The water transport mechanism, driven by capillary action
in the desert-dwelling lizards’ integument, remains effective
when scaled up, as confirmed by quantitative analysis showing
that capillary forces dominate over gravitational and viscous
forces.37 In our design, hydrophilic capillaries are laser-engraved
directly onto the surface of a serpentine flow-field (Section
S1.3), which is widely used due to its higher pressure drop
compared to a parallel flow-field, allowing the continuous
transport of reactants through the GDL to the electrocatalyst
and ensuring good catalyst utilization.5,38 The positive impact of
this design on the wettability of the surface of the flow-field was
initially demonstrated via contact angle (CA) measurements. A
water droplet (∼60 °CA) on the surface of a lizard-inspired
serpentine flow-field rapidly permeates through its structure
(Video S1), whereas it remains stagnant (∼90 °CA) on the
surface of a conventional serpentine flow-field, demonstrating
that this nature-inspired design effectively enhances passive
water transport in the flow-field. Based on these initial promising
results, we compare the efficiency and operational stability of a
lizard-inspired serpentine flow-field against conventional
parallel and serpentine flow-field based CO2 electrolyzers. X-
ray microcomputed tomography (micro-CT) is utilized to gain
deeper insights into the electrochemical and structural dynamics
within the different flow-fields.
Three distinct flow-fields (parallel, serpentine, and lizard-

inspired serpentine) were employed at the cathode side of a
zero-gap CO2 electrolyzer to evaluate changes in activity and
selectivity of CO2RR on an Ag gas diffusion electrode (GDE) at
room temperature and atmospheric pressure. CO2RR was
conducted at discrete current densities: 20, 50, 100, 150, 200,
250, and 300 mA cm−2, with each point held for 20 min under
steady-state conditions on electrodes with a geometric area of

Figure 1. Implementation of theNICE approach in the design and engineering of a flow-field for a zero-gap CO2 electrolyzer, inspired by desert-
dwelling lizards. The image of the thorny devil is taken from a sample at the UCL Grant Museum of Zoology, London, UK.
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2.25 cm2 (Figure 2). At lower current densities (20−150 mA
cm−2), the CO2RR exhibits similar cell voltages for all flow-fields
(Figure 2a), indicating that CO2 can then reach all catalytic sites
unobstructed. At 200mA cm−2, the COpartial current density of
parallel and serpentine flow-fields remain similar, but both are
surpassed by the lizard-inspired serpentine flow-field, which
achieves a maximum CO partial current density of ∼165.5 mA
cm−2 (Figure 2b). At 250 mA cm−2, the lizard-inspired
serpentine flow-field outperforms the serpentine and parallel
flow-fields by ∼14.4% and ∼38.7%, respectively, while at 300
mA cm−2, it shows a∼21.4% and∼69.8% improvement over the
serpentine and parallel flow-fields, respectively. This trend is also
reflected in the energy efficiency of the CO production (Figure
2c). Selectivity is also dependent on the chosen flow-field and
applied current density. For all flow-fields tested, CO selectivity
decreases as current density increases. At 300 mA cm−2, the
Faradaic efficiency (FE) of H2 in parallel, serpentine, and lizard-
inspired serpentine flow-field based CO2 electrolyzers reach
∼59%, ∼39%, and ∼31%, respectively (Figure 2d), suggesting
mass transport limitations arise, lowering CO2 utilization and
favoring the hydrogen evolution reaction (HER).5

To gain further insights into the observed phenomena,
electrochemical impedance spectroscopy was performed
(Figure S4). High-frequency resistance (HFR, or Ohmic
resistance) and total charge transfer resistance of the cell are

derived from equivalent circuit modeling (Figure S4a).39 The
HFR for all flow-fields remains relatively constant, between 0.5
and 1.0 Ω cm2, due to employing the same electrolyte (Figure
S4c). Analysis of the HFR suggests that the increase in voltage
(e.g., ∼3.76 V for serpentine vs ∼3.70 V for a lizard-inspired
serpentine flow-field at 250 mA cm−2 in Figure 2a) is attributed
to a higher HFR (e.g., ∼0.71 Ω cm2 for serpentine vs ∼0.45 Ω
cm2 for a lizard-inspired serpentine flow-field at 250 mA cm−2 in
Figure S4c) and potential degradation of the membrane,
exacerbated at higher current densities.39,40 The disparity in
FECO between serpentine and lizard-inspired serpentine flow-
fields (Figure 2d) is likely due to mechanical stress on the
membrane during electrolysis, which is an additional result of
membrane dehydration.39 Figure S4b illustrates more significant
differences in the Nyquist plots among the different flow-fields,
particularly at low frequencies. The low-frequency resistance
dominates at low current densities but decreases significantly
with increasing current density, suggesting that a substantial
portion is related to charge transfer resistance (Figure S4d).39

The lower charge transfer resistance of a lizard-inspired
serpentine flow-field compared to a serpentine flow-field at
higher current densities reflects enhanced charge transferability,
and reduced polarization losses during CO2RR.

41,42

To evaluate the stability of these zero-gap CO2 electrolyzers,
the CO2RR was conducted over 24 h at 200 mA cm−2 (Figure

Figure 2. (a) Cell voltage, (b) average partial current density of CO, (c) energy efficiency of CO production, and (d) total Faradaic efficiency
(CO-bottom bars, H2-top bars) for parallel, serpentine, and lizard-inspired serpentine flow-field based CO2 electrolyzers. Data were collected at
discrete current densities (20, 50, 100, 150, 200, 250, and 300 mA cm−2). Each experiment is replicated across three independent
measurements, and the error bars represent the standard deviation. The geometric area of each flow-field is 2.25 cm2.
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3). The cell voltage of all flow-fields initially decreases slightly
during the first 2 h (Figure 3a). As the CO2RR progresses, only
the lizard-inspired serpentine flow-field maintains a stable cell
voltage (∼3.5 V) and CO selectivity (∼81.3%) throughout the
operation of the device (Figure 3b), indicating that CO2 has
access to the catalytic sites of the MEA and, thus, flooding is
avoided. On the contrary, in the case of parallel and serpentine
flow-fields, there is a gradual increase in cell voltage
accompanied by a decrease in CO selectivity. After 10 h of
operation, there is a sudden drop of the cell voltage for the
parallel flow-field, coinciding with a drastic reduction in CO
selectivity to ∼6.4% due to salt precipitation (Figure 3d) and
flooding, boosting H2 selectivity to ∼50% (Figure 3c). The
parallel flow-field fails to operate past this point. For the
serpentine flow-field, the cell voltage increases steadily over the
first 22 h and then decreases, suggesting local membrane-
electrode delamination or electrolyte breakthrough, likely
induced by severe salt accumulation. This voltage collapse is
accompanied by a reduction in CO selectivity of ∼ 21% after 24
h of operation, along with increased H2 selectivity (∼20%),
consistent with performance losses due to flooding and salt
blockage, which is clearly visible on the back of the cathode side
of the Ag GDEs post electrolysis (Figure 3d).
XRD measurements (Figure S5) of Ag GDEs show that the

crystallographic planes of Ag remain unchanged after CO2
electrolysis,43 while the emergence of additional peaks (marked
with blue diamonds) indicates the formation of KHCO3 during

the reaction of hydrogen peroxide, a byproduct of CO2RR, with
the anolyte.8 The presence of Ag and K on Ag GDEs is also
confirmed by SEM (Figure S6).
The formation of salt precipitates within the GDE poses a

significant challenge to the stable operation of zero-gap
electrolyzers with an alkaline anolyte. A higher concentration
of K+ leads to a reduction in FECO due to an increase in the
electro-osmotic drag of water, exacerbating flooding of the
cathode and resulting in increased mass transport limitations for
CO2RR.

7 Micro-CT imaging was employed to quantitatively
evaluate the salt precipitation on all flow-fields after durability
measurement (Figure S7). The minimal Ag presence in the fresh
GDE is due to the initial infiltration of Ag nanoparticles during
electrode preparation. In contrast, increased brightness is
highlighted in the GDLs post electrolysis, indicating localized
accumulation of K, likely resulting from uneven distribution of
reactants. However, compared to the lizard-inspired serpentine
flow-field with only few bright spots, the parallel and serpentine
flow-fields show widespread and uneven accumulation of K.
A field-of-view of 300 × 300 × 200 voxel in x-y-z orientation,

with an isotropic voxel size of approximately 1.78 μm, was
selected for material segmentation of micro-CT images (Figure
S8). Given the nanoscale size of Ag, distinguishing it accurately
from K proves to be challenging. Therefore, both Ag and K are
categorized as “metals” in Figure S8b. However, considering that
the unreacted GDL contains minimal Ag, it is inferred that the
metallic content observed in the reacted GDLs predominantly

Figure 3. Variation of (a) cell voltage, (b) Faradaic efficiency of CO, and (c) total Faradaic efficiency over time during the CO2RR. (d) Images of
the back of the cathode side of Ag GDEs after electrolysis at 200 mA cm−2, showing the precipitation of salt crystals (red circle). The parallel
flow-field based CO2 electrolyzer fails to operate after 10 h due to salt precipitation and flooding. Each experiment is replicated across three
independent measurements, and the error bars represent the standard deviation. The geometric area of each flow-field is 2.25 cm2.
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consists of potassium precipitates formed during electrolysis. A
relatively loose layer of dispersed Ag particles is present on fresh
GDE (Figure 4a). Notably, a significantly higher number of
precipitates is observed within the GDEs mounted on parallel
and serpentine flow-fields compared to the GDE on lizard-
inspired serpentine flow-field, suggesting greater potassium salt
accumulation in the GDL pores, which impedes CO2 transport
to the catalytic sites (Figure 4a).44 The GDL on the serpentine
flow-field contains the highest amount of salt precipitates
(Figure 4b-c), with their quantities in the GDLs for the parallel,
serpentine, and lizard-inspired serpentine flow-fields being
∼149, 377, and 72, respectively. Specifically, at a depth between
100−200 μm, themetal fraction in the AgGDE of the serpentine
flow-field reaches 6%−10%, while in the lizard-inspired
serpentine flow-field it remains below 1%. Even though the
parallel flow-field operates flood-free for 10 h, severe salt
precipitation and significant flooding occurs thereafter, as
indicated by the faults observed in the GDL (Figure S8b, Figure
S9b). Additionally, the lizard-inspired serpentine flow-field

shows significantly fewer large precipitates within the GDL
compared to the parallel and serpentine flow fields (Figure 4c).
A histogram of the size distribution of metal (Ag or Ag and K)
within the GDL (depth: 100−350 μm) of these flow-fields was
constructed, revealing that the number of precipitates larger
than 1000 μm3 is ∼19 in the parallel flow-field, ∼36 in the
serpentine flow-field, and only ∼6 in the lizard-inspired
serpentine flow-field (Figure 4c). These observations indicate
increased potassium salt precipitation in parallel and serpentine
flow-fields, correlating with their degradation in FECO. There-
fore, upon the incorporation of the lizard-inspired capillary
microchannels onto the conventional serpentine flow-field, the
amount of salt is minimized due to efficient water management.
These promising results are obtained when capillary micro-

channels are incorporated within a flow-field for a geometric
MEA area of 2.25 cm2. At such small scale, the distribution of
CO2 within the flow-field and the removal of products are
inherently more uniform.33 However, as the size of the
electrolyzer increases and higher conversion efficiency is

Figure 4. (a) Three-dimensional visualization of metal before and after electrolysis captured by micro-CT. The metal (labeled in yellow)
denotes Ag for the GDE before reaction and Ag+K for the GDEs after reaction. (b) Themetal fraction in Ag GDEs (depth: 0−350 μm), with the
inset showing the metal fraction in GDLs (depth: 100−350 μm). (c) Histogram of the size distribution of Ag or Ag+K within the GDLs (depth:
100−350 μm). This is a statistical analysis of the volume of all precipitates within the GDLs, with the horizontal axis representing the volume of
each precipitate and the vertical axis representing the number of precipitates within that volume range. The geometric area of each flow-field is
2.25 cm2.
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targeted, spatial variations in reactant distribution along the gas
channel become more significant.5 To evaluate the effect of a
lizard-inspired serpentine flow-field design in a larger electro-
lyzer, we doubled the cell size from 2.25 to 5.06 cm2 (Figure
S10). This upscaling was performed to test the robustness of the
flow-field design under increased spatial constraints. The lizard-
inspired serpentine flow-field retains its properties effectively,
maintaining a higher CO selectivity and reducedH2 formation at
current densities exceeding 200 mA cm−2 (Figure S10a-c). At
300 mA cm−2, the CO selectivity of the lizard-inspired
serpentine flow-field is 21% and 16% higher than that of the
serpentine flow-field at cell sizes of 2.25 cm2 and 5.06 cm2,
respectively. Furthermore, at current densities of 350 mA cm−2

and 400 mA cm−2, the CO selectivity exceeds that of the
traditional serpentine flow-field by 46% and 97%, respectively,
for a cell size of 5.06 cm2. The lizard-inspired design enhances
gas flow management and mass transport dynamics, ensuring
efficient removal of salt byproducts and water.36,37 The lizard-
inspired serpentine flow-field (5.06 cm2) still has a minimal
amount of salt precipitate (Figure S11c), while high salt
precipitation on the back of the cathode side of the Ag GDE is
observed for the parallel flow-field, where the channels are
flooded (Figure S11a). This improvement is critical for
sustaining a high CO2RR efficiency and selectivity in larger
devices. Moreover, the lizard-inspired serpentine flow-field
achieves these enhancements without incurring additional
voltage penalties (Figure S10d). This characteristic is partic-
ularly advantageous, as it allows for improved performance and
selectivity without compromising the overall energy efficiency of
the system.
In summary, this study highlights the significant impact of a

nature-inspired flow-field design on the activity and stability of
the CO2RR in zero-gap electrolyzers, building on its proven
success in PEMFCs. The comparative analysis of parallel,
serpentine, and lizard-inspired serpentine flow-field based CO2
electrolyzers reveals that while all designs exhibit comparable
performance at lower current densities, significant differences
arise at higher current densities. Specifically, at 200 mA cm−2,
the lizard-inspired serpentine flow-field achieves a maximum
partial current density for CO of 165.5 mA cm−2, outperforming
both the parallel and serpentine flow-fields. This indicates that
the lizard-inspired design is more effective in overcoming mass
transport limitations and sustaining the CO selectivity under
high current densities. Furthermore, the lizard-inspired
serpentine flow-field shows superior stability, maintaining a
stable cell voltage and a CO selectivity of approximately 81.3%
over 24 h at 200 mA cm−2. In contrast, the conventional
serpentine flow-field experiences a decrease in CO selectivity,
although it is less severe than the parallel flow-field, which suffers
a sharp decline in CO selectivity to 6.4% after just 10 h. These
variations are largely attributed to the effective management of
water and reduced salt precipitation afforded by the lizard-
inspired design. Micro-CT analysis confirms that the lizard-
inspired serpentine flow-field has minimal salt crystal formation,
which prevents the blockage of the active sites of the catalyst and
gas transport channels, further underscoring its potential for
enhancing CO2RR performance.
The observed salt precipitation detailed in the above sections

contradicts earlier reports in the literature suggesting that a low
concentration of the anolyte combined with an anion exchange
membrane-based MEA can avoid salt precipitation.8,45 Even an
anolyte containing 0.1 M KHCO3 combined with a Sustainion-

based MEA leads to significant salt concentration after short
operation of the CO2 electrolyzer.
While the field of CO2RR has advanced significantly in

catalyst development and optimization of operating conditions,
flow field design remains an underrepresented area despite its
critical influence on performance and scalability of the CO2
electrolyzer, as evidenced by the limited number of publications
on this topic. A recent report investigated the uniform
distribution of CO2 across the catalyst layer via amultiserpentine
flow field design achieving 12 h of stable operation at 100 mA
cm−2.46 However, the optimization of gas flow alone within the
flow field is insufficient; our study goes beyond the uniformity of
the CO2 distribution, directly addressing critical challenges such
as water flooding and salt precipitation through a nature-
inspired flow field design achieving superior stability with 24 h of
operation at 200 mA cm−2. Another report investigates the
influence of operating parameters, namely anolyte concen-
tration, cation species, membrane thickness, and temperature,
on cation accumulation and salt formation.47 The combination
of optimal parameters results in a 144 h stable operation at 200
mA cm−2 with no measurable salt deposition. However, under
the same operating conditions as in our study (0.1 M KHCO3,
room temperature, 50 μm thick Sustainion membrane, 200 mA
cm−2), the operation of the device fails after only 100 min. In
contrast, our work employs a single, practical strategy that
effectively prevents water flooding and salt accumulation
without relying on complex parameter combinations, resulting
in a stable 24 h operation at 200 mA cm−2.
Thus, none of the other proposed strategies (addition of

solvents to the cathode to dissolve and remove precipitates,
rinsing of the cell, modified polymer membranes, optimization
of the operating conditions) have emerged as a single standalone
solution to this issue. They are always combined, e.g. cell rinsing
and optimal operating conditions, to enable long-term
operation, hereby increasing the complexity of the electrolyzer
setup and the electrochemical measurements.4,8,47,48 On the
contrary, our nature-inspired approach circumvents water
flooding and salt precipitation on the GDE via sole modification
of the cathodic flow-field. Commercial electrocatalysts and
membranes are used for the preparation of GDE, while common
operating conditions are utilized. This reduces the cost and
complexity of the CO2RR setup allowing the stable operation of
the zero-gap electrolyzer.
Future research should focus on several key areas to further

enhance the CO2RR performance and scalability. Increasing the
cell size beyond the tested 5.06 cm2 value will help assess the
effectiveness for larger, industrially relevant systems. Addition-
ally, optimizing operational parameters such as flow rate, anolyte
composition and concentration, temperature, pressure, as well as
pulsed electrolysis�an area that remains scarcely explored in
current literature�could further improve performance by
better preventing the formation of carbonate salt. Moreover,
extending stability tests beyond 24 h will be essential to validate
long-term durability under practical conditions. Such studies
could incorporate periodic electrochemical diagnostics and
post-mortem structural analysis to monitor degradation
phenomena over time. Furthermore, integrating computational
fluid dynamics (CFD) simulations to elucidate the impact of
flow field design on CO2 transport and salt/water blockages
could bridge gaps in mechanistic understanding and guide the
rational design of the CO2RR systems.
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