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removal in superhydrophilic gas
diffusion electrodes via poly(vinyl alcohol) coating
for high-current anion-exchange membrane water
electrolysis
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Bubble-induced performance degradation caused by gas bubble accumulation, particularly at high current

density, significantly hinders the performance of anion-exchange membrane water electrolysis (AEMWE).

Herein, we present a simple and cost-effective strategy for enhancing mass transport in AEMWE:

applying a hydrophilic polyvinyl alcohol (PVA) coating to carbon paper (CP) to create gas diffusion

electrodes (GDEs). This simple and scalable GDE modification with enhanced hydrophilic and aerophobic

properties promotes efficient bubble detachment and suppresses bubble-induced transport losses,

resulting in improved GDE performance. The optimized PVA-coated GDE achieved a 35% improvement

in cell performance compared to untreated bare CP GDEs, reaching a current density of 2.85 A cm−2 at

2 V. Additionally, the PVA-coated GDE exhibited sustained operational stability, maintaining stable

operation for over 100 h. These findings offer a practical approach to mitigating bubble-induced

performance degradation and highlight the importance of electrode-level transport engineering for

high-performance AEMWE hydrogen production.
Introduction

The production of hydrogen through water electrolysis is
fundamental to the transition to a carbon-neutral energy
economy, with three leading technologies: polymer electrolyte
membrane water electrolysis (PEMWE), alkaline water electrol-
ysis (AWE), and anion-exchange membrane water electrolysis
(AEMWE).1 PEMWE is renowned for its high current density and
responsiveness, making it ideal for integration with variable
renewable energy sources; however, its reliance on expensive
precious metal catalysts presents economic barriers.2
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of Chemistry 2026
Conversely, AWE, the most established water electrolysis tech-
nology, leverages nonprecious metal catalysts and robust
designs for cost-effective, large-scale hydrogen production.
Nevertheless, it operates at lower current densities and
demonstrates slower adaptability to renewable energy uctua-
tions compared to PEMWE.3,4 AEMWE has emerged as
a compelling alternative, as it combines the cost-efficiency of
AWE with the high performance of PEMWE and leverages
cheaper catalysts while maintaining efficient hydrogen
production.

The performance and operational efficiency of AEMWE are
intricately governed by a combination of factors, including
ohmic resistance, charge-transfer resistance, and mass-transfer
resistance.5 In gas-evolving AEMWE, however, a distinct form of
transport-related loss arises from bubble-induced performance
degradation, rather than from classical concentration polari-
zation of reactants.6 This bubble-induced performance degra-
dation plays a critical role because it introduces an additional
ohmic component known as bubble-induced resistance. This
resistance occurs when gas bubbles accumulate within the
electrolyte or at the interface between the electrolyte and the
catalyst layer. These bubbles obstruct ion-conduction pathways
and thus increase the ionic resistance, thereby increasing the
high-frequency resistance (HFR).7,8 As bubble accumulation
progresses, the bubbles create localized “dead areas” on active
J. Mater. Chem. A
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catalytic sites, which aggravates both ohmic and mass transport
resistances and ultimately lowers the overall system effi-
ciency.9,10 While overcoming these bubble-induced perfor-
mance degradation challenges is essential for advancing
AEMWE technology to fulll the demands of large-scale
hydrogen production, most of the research has disproportion-
ately focused on improving catalyst activity, leaving this chal-
lenge relatively less explored.

Efforts to address bubble-induced performance degradation
have primarily centered on designing nanostructured catalysts.
For the hydrogen evolution reaction (HER), aerophobic Ni
nanorods have been developed to enhance hydrogen bubble
detachment by leveraging their unique structural properties.11

Similarly, MoS2-based catalysts with hydrophilic surfaces have
shown potential in facilitating bubble release and maintaining
efficient reaction interfaces.10 For the oxygen evolution reaction
(OER), nickel–iron layered double hydroxide (NiFe LDH)
monolayer structures have proven effective in improving oxygen
bubble release.12 Bifunctional catalysts, such as Fe0.2Ni0.8P0.5-
S0.5, have been explored to enhance mass transfer for both the
HER and OER.13 While these advancements are promising, their
implementation in full-cell applications faces signicant
hurdles. In particular, synthesizing nanostructures with precise
architectures and scaling them up for large-scale production
remain signicantly challenging. In contrast to catalyst-focused
approaches, modications to gas diffusion layers (GDLs), gas
diffusion electrodes (GDEs), or bipolar plates offer a practical
pathway to address bubble-induced performance degradation
in water electrolyzer systems. Lee et al. developed nanochannel
GDEs using femtosecond laser ablation to enhance both oxygen
diffusion and water transport.14 Huang et al. fabricated ordered
Ni GDLs, commonly referred to as a porous transport layer, with
straight-through pores and adjustable grid sizes via 3D printing
technology, accelerating gas escape in water electrolyzers.15

Yang et al. reported Au-coated stainless steel bipolar plates
produced through selective laser melting, demonstrating
superior mass transport properties.16 While these strategies are
effective, expensive manufacturing processes and the use of
noble metals are oen required. Moreover, such modications
may increase contact resistance between the catalyst layer and
the GDL, necessitating careful optimization to balance these
competing factors.17,18

In this study, we present a novel strategy for addressing
bubble-induced performance degradation in AEMWE systems
by engineering hydrophilic CPs through a simple and cost-
effective polymer coating process (Scheme 1). This process
enables precise control of the degree of hydrophilicity. The
AEMWE performance was then systematically evaluated
according to the hydrophilicity of the GDEs. Low-cost polyvinyl
alcohol (PVA) polymer was employed as a hydrophilic coating
material to modify carbon-based GDEs, enabling them to
exhibit both hydrophilic and aerophobic properties. This
innovative approach signicantly improved bubble removal
efficiency and minimized bubble-induced performance degra-
dation. By optimizing the PVA coating level, we identied
a condition that maximizes bubble-removal benets while
minimizing the transport limitations associated with excessive
J. Mater. Chem. A
coating. These ndings demonstrate the potential of polymer-
coated GDEs for addressing bubble-induced performance
degradation in AEMWE systems, highlighting their potential as
a viable engineering approach for the development of high-
performance water electrolyzers.

Results and discussion
Polymer selection for the hydrophilic CP

The polymer-screening protocol for the hydrophilic CP is visu-
alized in Fig. 1. Several polymers, including PVA, poly-
vinylpyrrolidone (PVP), polyethylene glycol (PEG), polylactic
acid (PLA), and polyamide (PA), were initially considered as
potential candidates for hydrophilic polymers.19 Hydrophilicity
of polymers is governed by the functionalities on the backbone
and side-chains. In general, polar motifs stabilize a bound water
layer at the water-bubble interface (producing aerophobic
behavior), whereas non-polar backbones yield hydrophobic,
aerophilic surfaces. Accordingly, we rst screened polymers by
the polarity and hydrogen-bonding capacity of their backbone/
side-chain functionalities. Within this framework, PVA (dense –
OH groups; donor and acceptor), PVP (lactam amide C]O;
strong H-bond acceptor), PEG (repeating ether –O–; H-bond
acceptor), and PA (polyamide; –CONH– donor/acceptor) are
intrinsically hydrophilic polymers. By contrast, hydrophobic
polymers such as PP (hydrocarbon backbone with methyl side
groups) and PU (urethane linkages embedded within long
aliphatic/aromatic so segments that dominate the surface)
exhibit low effective surface polarity and therefore remain
hydrophobic.20–24

Among the hydrophilic candidates, we rst excluded PLA
and PA due to insufficient chemical stability in alkaline aqueous
media. PLA was ruled out because its ester linkages undergo
alkaline hydrolysis (saponication) in aqueous media, particu-
larly accelerated at elevated temperature, thereby resulting in
poor long-term stability.21 Although PA is hydrophilic, it
exhibits substantial water uptake and swelling, and its amide
bonds are also susceptible to alkaline hydrolysis at elevated
temperature, limiting durability in concentrated KOH.24

Next, mechanical stability and interfacial adhesion under
alkaline aqueous conditions guided the nal polymer selection.
PVP was excluded because the strong polarity of its lactam
carbonyls renders it readily water-soluble at room temperature,
without extensive crosslinking or covalent immobilization.20,25

As a result, PVP lms could be leached or dissolved during long-
term AEMWE operation. PEG was excluded because its highly
exible chains act as an internal plasticizer, lowering cohesive
energy density and weakening lm integrity and adhesion
under aqueous shear unless chemically bonded to the
substrate.22

Based on this polymer-screening protocol, PVA was selected
as the polymer for hydrophilic CPs. The high density of –OH
groups enables strong interfacial interactions with common
substrates (e.g., metal oxides and oxygen-functionalized
carbons), while an extensive interchain hydrogen-bond
network yields cohesive, mechanically robust, and adherent
lms. These features maintain a strongly hydrophilic
This journal is © The Royal Society of Chemistry 2026
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Scheme 1 Schematic of bubble dynamics on HER gas diffusion electrodes: bare GDE (left) vs. PVA-coated GDE (right).
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(aerophobic) surface that sustains a bound hydration layer and
mitigates gas-bubble adhesion, thereby improving moisture/
water management.26 In addition, PVA exhibits broad chem-
ical resistance across acidic, alkaline, and many organic envi-
ronments and provides adequate thermal stability (up to∼200 °
C), supporting uniform coatings with high mechanical strength
and long service life.27,28 In practice, the degree of hydrolysis,
molecular weight, and mild crosslinking can be tuned to
increase water resistance and suppress polymer leaching under
alkaline aqueous operation.23 PVA also offers practical advan-
tages, including environmental benignity, cost-effectiveness,
and nontoxicity, making it suitable for durable hydrophilic
coatings.29 Table 1 provides a comparative summary of the
properties of all the considered polymers. The initial screening
of polymer candidates, as summarized in Fig. 1 and Table 1, was
conducted by systematically evaluating their established phys-
icochemical properties documented in the literature to identify
the most suitable candidate for this study.
Material characterization of PVA-coated CP

The PVA-coated hydrophilic CPs were prepared using a dip-
coating method, as illustrated in Fig. 2a. Specically, PVA
solutions with different weight percentages were prepared, and
CP was immersed in them to achieve uniform coating on the CP
surface. The uniformity of the PVA coating was conrmed
through optical microscopy and scanning electron microscopy
(SEM), which revealed no signicant changes in the surface
morphology aer the PVA coating (Fig. S1 and S2). The coated
This journal is © The Royal Society of Chemistry 2026
samples were denoted as PVA-C4, PVA-C2, PVA-C1, PVA-C0.5,
PVA-C0.25, PVA-C0.1, PVA-C0.05 and PVA-C0.025 based on the
concentration of the PVA solutions used. The actual amount of
retained PVA on the CP was quantied gravimetrically as areal
mass loading from the sample weight difference before and
aer dip-coating, rinsing, and drying (Table S1). Fig. S3–S6
provide a schematic illustration, cross-sectional SEM images,
and elemental mapping of the nal catalyst-coated GDEs, clar-
ifying the overall electrode architectures of both the PVA-coated
and bare CP GDEs and the location of the Pt-containing catalyst
layer.

The PVA coating on the CPs was conrmed using thermog-
ravimetric analysis (TGA), as shown in Fig. 2b. The thermal
decomposition prole of the PVA powder (dotted line) displayed
three distinct stages of mass loss (Fig. S7). The initial stage,
which occurred below 100 °C, was attributed to the evaporation
of residual moisture. The second stage, which occurred between
250 °C and 350 °C, involved the decomposition of hydroxyl
groups, resulting in the formation of water, aldehydes, and
methyl ketones. The third stage, which occurred above 400 °C,
involved the breakdown of the polyene structure into carbon
and hydrocarbons.30,31 All the PVA-coated CPs exhibited similar
thermal decomposition patterns (Fig. 2b). The degree of weight
loss correlated directly with the concentration of the PVA solu-
tion, conrming the successful deposition of PVA on the CP
surface. The PVA coating was further conrmed through Raman
spectroscopy (Fig. 2c). The Raman spectrum of the PVA powder
exhibited the characteristic C–H stretching vibration peaks of
PVA in the 2900–2950 cm−1 range32 (Fig. S10). These vibration
J. Mater. Chem. A
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Fig. 1 Screening protocol for the hydrophilic CP.
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peaks were also detected in the PVA-coated CPs, further con-
rming the successful deposition of the PVA layer on the CP
surface.

The adhesion of the PVA coating to CP is likely assisted by
hydrogen-bonding and other polar interfacial interactions.
Table 1 Comparison of the polymers for the hydrophilic CP. The scorin
(e.g., highly hydrophilic, robust chemical stability in alkaline media); ‘O’ (m
swelling or alkaline hydrolysis over time); ‘X’ (poor) indicates unsuitability

PVA PVP PEG

Name Polyvinyl
alcohol

Polyvinyl
pyrrolidone

Polyeth
glycol

Chemical formula

Hydrophilicity O O O
Water solubility O O O
Chemical stability O O O

Thermal stability O O O
Mechanical stability
(adhesion)

O O X

Eco-friendliness O O O

J. Mater. Chem. A
Carbon ber surfaces can contain oxygen-containing functional
groups, such as hydroxyl, carbonyl, and carboxyl groups.33,34 The
hydroxyl-rich PVA layer can interact with these sites and may
also interact with polar groups in the ionomer, which is
consistent with improved interfacial cohesion.35–38
g criteria are defined as follows: ‘O’ (excellent) indicates high suitability
oderate) indicates conditional suitability (e.g., susceptible to excessive
(e.g., inherently hydrophobic or highly soluble in water)

PLA PA PP PU

ylene Polylactic
acid

Polyamide
(nylons)

Polypropylene Polyurethane

O O X X
O X X O
X X O O
O O O O
O O O O

O O X X

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 (a) Schematic illustration of the PVA-coated CP synthesis process involving dip-coating. (b) TGA graph of the thermal decomposition
profiles for the PVA-coated CPs and PVA powder. (c) Raman spectra of the PVA-coated CPs highlighting the characteristic C–H stretching
vibration peaks.
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Hydrophilic and aerophobic properties of PVA-coated CPs

The aerophobicity and hydrophilicity of the PVA-coated CP
samples were compared to conrm their wettability. The aero-
phobicity, a critical parameter for evaluating wetting properties,
was assessed by measuring the contact angle between air
bubbles and the CP surface submerged in water. As shown in
Fig. 3a, the bare sample exhibited a bubble contact angle of
approximately 93°, whereas the PVA-C0.25 sample displayed
a signicantly higher bubble contact angle of 127°, indicating
an enhanced aerophobic surface. Moreover, the aerophobicity
of the PVA-coated CPs improved progressively as the PVA solu-
tion concentration increased (Fig. 3b). The PVA-C4 sample
achieved the highest bubble contact angle of 134° (Fig. S11).
These results conrm that the PVA coating signicantly inu-
enced the wettability of the CP.

The hydrophilicity of the PVA-coated CPs was also evaluated
by measuring the contact angle between water droplets and the
CP surface. The bare CP exhibited a water contact angle of
approximately 120°, indicating that it had a hydrophobic
This journal is © The Royal Society of Chemistry 2026
surface. Conversely, PVA-C0.25 exhibited a water contact angle
of 0° because it absorbed the water droplet instantaneously
(Fig. 3c). This nding clearly demonstrates that the PVA coating
signicantly enhanced the hydrophilicity of the CP.

The hydrophilic and aerophobic properties of PVA-coated
CPs contribute signicantly to bubble removal during water
electrolysis. To verify the bubble removal effect of PVA-coated
GDEs, the behavior of H2 gas bubbles during the HER was
observed using a camera. A platinum-on-carbon (Pt/C)-coated
GDE was fabricated by hand-spraying a Pt/C catalyst onto the
PVA-coated CP, as illustrated in Fig. 2a. The performance was
evaluated using a three-electrode system with chro-
nopotentiometry at a current density of 400 mA cm−2, and the
rear of the GDE was captured during the operation. As shown in
Fig. 3d, the bare Pt/C coated GDE generated relatively large
bubbles (average size: 1.201 mm) that became trapped within it.
In contrast, the Pt/C coated PVA-C0.25 facilitated the formation
of relatively small bubbles (average size: 0.373 mm) and enabled
the rapid removal of the generated hydrogen gas (Fig. S12). The
J. Mater. Chem. A
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Fig. 3 (a) Contact angle measurement of air bubbles on the CP surfaces to assess aerophobicity. (b) Comparison of aerophobicity as a function
of PVA coating solution concentration. (c) Contact anglemeasurement of water droplets on the CP surfaces to assess hydrophilicity. (d) Captured
images of bubble formation on the GDE surfaces during the HER.
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optical observations clearly demonstrate the improved bubble
removal on PVA-coated GDEs.

To further elucidate these effects, scanning electrochemical
microscopy (SECM) measurements were performed under HER
operating conditions to provide quantitative and spatially
resolved electrochemical insights beyond optical visualization.
Although Naon 212 was used in the SECM platform for
experimental convenience, the SECM measurements were
intended as a comparative probe to evaluate the relative inter-
facial gas-release behavior of bare GDE and PVA-coated GDE
under identical local measurement conditions, rather than to
reproduce the full membrane environment of the AEMWE cell.
The measurements were performed in substrate-generation/tip-
collection (SG/TC) mode, where a Pt ultramicroelectrode (UME)
was biased for hydrogen oxidation reaction (HOR) while the
GDE simultaneously operated for the HER. Using identical
electrolytes and cell geometry, we directly compared the bare
GDE and PVA-coated GDE at jHER = −50 and −200 mA cm−2.
Fig. 4 presents the time-dependent HOR current measured at
the UME during SG/TC operation over the bare and PVA-coated
GDE substrates. The most noticeable difference between the
two samples is the amplitude and frequency of current uctu-
ations. At both current densities (jHER = −50 and −200 mA
cm−2), the UME signal above the PVA-coated GDE shows
markedly smaller and more stable current variations, whereas
the bare GDE exhibits large, irregular spikes. This trend is
quantitatively supported by the current-uctuation amplitudes
summarized in Table S3. Such strong current oscillations over
the bare GDE are consistent with transient perturbations of
local H2 transport near the interface, including intermittent
blocking and release events associated with gas evolution. In
J. Mater. Chem. A
contrast, the suppressed uctuations above the PVA-coated
GDE are consistent with a more stable local interfacial trans-
port environment. Fast Fourier transform (FFT) analysis of the
UME current further supports this interpretation, showing
reduced low-frequency components for the PVA-coated surface,
which is consistent with reduced low-frequency transport
perturbations during gas evolution (Fig. S13 and S14).

It should be noted, however, that the SECM signal in the
present SG/TC conguration is an indirect electrochemical
probe of local H2 transport rather than a direct measurement of
bubble dynamics. In addition to gas evolution itself, the UME
current response can also be inuenced by changes in local
diffusion paths, surface roughness/topography, and local
hydrodynamic perturbations near the probe. Therefore, the
SECM data alone do not uniquely determine absolute bubble
size, bubble coverage, or detachment frequency. Instead, they
provide a comparative indication that the interfacial transport
environment above the PVA-coated GDE is more stable under
otherwise identical measurement conditions. This interpreta-
tion is consistent with the direct optical observations of smaller
bubbles and the improved wettability of the PVA-coated
substrate.

Next, the differences in the time-averaged HOR current
density and the corresponding collection efficiency further
support the interpretation of more effective H2 bubble release
on the PVA-coated GDE. At both current densities (jHER = −50
and−200 mA cm−2), the PVA-coated GDE exhibits a lower mean
HOR current density and consequently a smaller collection
efficiency compared with the bare GDE (Table S2). Since the
same HER current was applied, this decrease does not indicate
reduced hydrogen generation but rather more efficient H2
This journal is © The Royal Society of Chemistry 2026
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Fig. 4 HOR current density measured at the UME during SG-TCmode over bare CP GDE under the HER current density of (a)−50mA cm−2 and
(b) −200 mA cm−2 and over PVA coated GDE under the HER current density of (c) −50 mA cm−2 and (d) −200 mA cm−2.
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removal near the electrode surface. In the PVA-coated GDE, H2

bubble growth is effectively suppressed and detachment occurs
more rapidly, minimizing local H2 accumulation and facili-
tating faster diffusion of H2 away from the GDE.

Collectively, these results conrm that PVA-coated GDEs
exhibit both aerophobic and hydrophilic surface properties,
which signicantly improve their wettability. This improved
wettability contributes signicantly to bubble removal during
water electrolysis, as demonstrated by the rapid formation and
detachment of small hydrogen gas bubbles during the HER
performed in this study. This dual functionality of the PVA
coating enhances bubble removal efficiency, improving the
overall performance and operational efficiency of GDEs in
AEMWE applications.
AEMWE performance of the PVA-coated GDE

The practical utility of the hydrophilic and aerophobic PVA-
coated GDE was evaluated in an AEMWE system (Fig. 5a). The
GDEs for the HER were fabricated by hand-spraying a Pt/C
catalyst onto the PVA-coated CPs and a bare CP until a Pt
loading of 0.2 mgPt cm

−2 was achieved. To fabricate the OER
GDEs, a synthesized NiFe LDH catalyst was applied via hand-
spraying at a loading of 2 mgcat cm

−2. Both GDEs were then
assembled into an AEMWE cell using an FAA-3-50 membrane
This journal is © The Royal Society of Chemistry 2026
(Fumatech, 50 mm) that had been preconditioned in 1 M
potassium hydroxide (KOH) for over 1 day.

Fig. 5b and S15 show the polarization curves of AEMWE cells
operating under 1 M KOH conditions, comparing their perfor-
mances based on different concentrations of the PVA coating
solution (PVA-C0.05 to PVA-C4). As the concentration of the PVA
coating solution increased, the AEMWE performance improved
from the bare CP GDE to PVA-C0.25 (Fig. 5c). The optimal
concentration of the PVA coating solution was determined to be
0.25 wt% (PVA-C0.25), as it achieved a current density of 2.85 A
cm−2 at 2 V, which was ∼35% higher than that achieved by the
bare CP GDE (2.1 A cm−2). These results emphasize that the
aerophobic and hydrophilic properties of the GDEs signicantly
enhance AEMWE performance.

However, when the PVA solution concentration used for
coating exceeded 0.25 wt% (i.e., PVA-C0.5 to PVA-C4), the
AEMWE performance began to decline, unlike in the case of
PVA-C0.25 (Fig. 5c). Specically, the AEMWE cell with PVA-C4
exhibited a current density of 2.27 A cm−2 at 2 V, which was
approximately 25% lower than that of PVA-C0.25. To clarify this
trend, we deconvoluted the overall cell voltage of bare GDE and
PVA-C0.25 GDEs at the low current densities (<1 A cm−2) into
individual components, including thermodynamic, ohmic,
kinetic, and mass-transfer overpotentials. Under low current-
density conditions, the voltage contributions are dominated
J. Mater. Chem. A
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Fig. 5 (a) Schematic of the AEMWE cell. (b) Polarization curves of the AEMWE cells (black: bare CP GDE, red: PVA-C4, and blue: PVA-C0.25). (c)
Current density at 2 V as a function of the PVA solution concentration. (d) Decoupled overpotentials of the AEMWE cells, categorized into kinetic
and ohmic overpotentials. (e) Long-term stability test results of PVA-C0.25 at 1 A cm−2.
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by kinetic and ohmic terms, and the mass-transfer component
remains negligible. At 0.5 A cm−2, both bare CP GDE and PVA-
C0.25 exhibit nearly identical ohmic and kinetic overpotential.
This demonstrates that the dilute 0.25 wt% coating provides
superhydrophilicity without forming a continuous insulating
barrier. Due to the intrinsic surface roughness of the carbon
bers, sufficient physical contact points are preserved between
the carbon asperities and the catalyst layer, therebymaintaining
the electronic transport network. Only the PVA-C4 sample
shows a slightly larger ohmic overpotential, indicating that an
additional transport-related penalty emerges at excessive PVA
J. Mater. Chem. A
loading. As discussed below, this trend is more consistently
explained by hindered bubble evacuation through the porous
network than by bulk electronic resistance alone. Beyond 1 A
cm−2, however, the bare CP GDE displays a pronounced
increase in the total overpotential, driven primarily by an
increased ohmic component arising from gas-bubble accumu-
lation within the porous network. In contrast, the PVA-C0.25
GDE maintains a substantially lower ohmic overpotential over
the entire current range compared to bare CP GDE, indicating
more efficient bubble detachment and sustained electrolyte-
lled conduction pathways. This decoupling analysis
This journal is © The Royal Society of Chemistry 2026
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quantitatively shows that the PVA coating mitigates bubble-
induced ohmic blockage rather than conventional mass-
transfer resistance. Accordingly, mass-transfer overpotentials
are not the dominant factor at >1 A cm−2, whereas bubble-
related ohmic losses become increasingly signicant at higher
current densities (Fig. 5d and S16).

To understand why the ohmic loss decreases from bare CP to
PVA-C0.25, we next examined the bubble nucleation and
detachment behavior. Hydrogen bubble generation in the
AEMWE occurs through a heterogeneous nucleation process on
the electrode surface. In this mechanism, a geometric factor
f(qb) – where qb is the bubble-side contact angle and f(qb) has
a value between 0 and 1 – is incorporated into the homogeneous
nucleation model to account for the reduction in the energy
barrier caused by the presence of a solid surface, as illustrated
in Fig. S17(a) (Note S2).39 As the PVA coating concentration
increases, the surface becomes more aerophobic. This aero-
phobic characteristic causes a larger bubble contact angle as
observed in Fig. 3(b) and S11. Consequently, the nucleation
free-energy barrier as shown in Fig. S17(b) rises with increasing
PVA coating concentration thereby suppressing of bubble
nucleation. Once a nucleus is formed, the bubble grows on the
electrode surface until the buoyant force acting on it equals the
adhesive force caused by surface tension. This force balance
denes the bubble departure diameter described in Fig. S18 and
Note S3. As the PVA coating concentration increases up to PVA-
C0.25, the bubble detachment diameter decreases, indicating
facilitated bubble release. Assuming that the projected bubble
coverage scales with the square of the bubble detachment
diameter, the coverage of PVA-C0.25 is estimated to be
substantially lower than that of bare CP (Note S4). These results
suggest that the reduced ohmic loss of PVA-C0.25 originates
mainly from reduced bubble coverage and more effective pres-
ervation of electrolyte-lled ionic conduction pathways.

To clarify why the performance declines again beyond PVA-
C0.25, we then analyzed the pore structure of the coated CP
using mercury intrusion porosimetry (MIP). The bare CP
exhibited a median pore diameter of 28.55 mm and a total
intrusion volume of 2.3877 mL g−1, whereas the optimized PVA-
C0.25 sample showed similar values of 28.45 mm and 2.1064 mL
g−1, indicating that the dilute coating largely preserves the
original porous transport network. In contrast, PVA-C4 exhibi-
ted a reduced median pore diameter of 26.05 mm and a lower
total intrusion volume of 1.7910 mL g−1. When pores larger
than 25 mm are taken as macroporous gas-release pathways, the
integrated macropore volume fraction remains nearly
unchanged from bare CP to PVA-C0.25 but decreases for PVA-C4
(Fig. S19, Table S4 and Note S4). In addition, the reduced pore
radius in PVA-C4 increases the relative capillary barrier for
bubble passage through the porous network, which would
further hinder bubble evacuation (Note S4). These results
indicate that although the improvement in surface aero-
phobicity is nearly saturated beyond PVA-C0.25, excessive PVA
loading reduces the accessible porous pathways for gas removal
and increases the resistance to bubble passage through the
GDE.
This journal is © The Royal Society of Chemistry 2026
Finally, to determine whether the decline beyond PVA-C0.25
could instead originate from reduced bulk electronic conduc-
tivity, we analyzed the ex situ conductivity trend (Fig. S20) and
estimated its corresponding voltage contribution (Note S5).
Although the conductivity decreases at higher PVA loading, the
calculated additional voltage loss is on the order of 10−5 V,
which is far too small to explain the observed increase in ohmic
loss by itself. Therefore, the performance decline beyond PVA-
C0.25 is more appropriately interpreted as arising primarily
from hindered bubble evacuation and the resulting increase in
bubble-induced ohmic resistance, while the contribution from
bulk electronic resistance is secondary.

Finally, the PVA-coated GDEs maintained their AEMWE
performance for 100 h and showed no signicant increase in
overpotential during operation. This supports the operational
stability of the PVA-coated GDE (Fig. 5e). Moreover, the aero-
phobic and hydrophilic GDE enabled efficient bubble release
andminimized bubble accumulation inside the AEMWE cell. As
a result, the system achieved stable and continuous operation
through effective bubble management. A comparison with
representative bubble-management strategies reported for
AEMWE and closely related water-electrolysis systems is
provided in Table S5. Collectively, these ndings highlight the
potential of PVA-coated GDEs to facilitate effective bubble
management at the catalyst layer and GDL interface in AEMWE
systems when coated with an appropriate concentration of PVA.
This improvement enhances the overall performance of
AEMWE systems through their hydrophilic and aerophobic
properties. To further assess the stability of the PVA-coated GDE
aer long-term AEMWE operation, post-mortem SEM,
elemental mapping, and wettability analyses were performed.
The post-test SEM and EDS results (Fig. S21 and S22) remain
comparable to the fresh-electrode data (Fig. S3–S6), showing no
obvious structural collapse, catalyst-layer delamination, or
major redistribution of the Pt-containing catalyst layer.
Although the ultrathin PVA coating is not directly resolved as
a distinct SEM layer because of its conformal and low-contrast
nature, the post-test PVA-coated GDE still shows markedly
improved wettability relative to the bare CP GDE (Fig. S23),
indicating that the hydrophilic surface functionality is largely
retained aer durability testing.

Conclusion

In this study, we developed a novel strategy for addressing
bubble-induced performance degradation in AEMWE systems
by engineering GDEs with hydrophilic and aerophobic proper-
ties through PVA polymer coating. PVA was identied as the
most suitable material because of its hydrophilic nature, robust
adhesion, chemical resistance, and cost-effectiveness. A simple
dip-coating process was employed to fabricate PVA-coated CPs
with different PVA concentrations, enabling the precise opti-
mization of bubble-removal benets while avoiding transport
limitations associated with excessive coating. The PVA coating
enhanced the wettability of the CPs and increased the nucle-
ation energy barrier, which suppressed bubble formation. It
also weakened the adhesion between the bubble and the surface
J. Mater. Chem. A
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so the bubble detached at a smaller diameter. Therefore, the
amount of hydrogen bubble accumulation inside the AEMWE
decreased during operation. Among the tested congurations,
the PVA-C0.25-coated GDE demonstrated the most favorable
balance between enhanced bubble removal and preserved
porous transport pathways, achieving a current density of 2.85 A
cm−2 at 2 V and a 35% improvement in performance compared
to bare CP. The long-term stability of the PVA-coated GDEs was
validated through extended operation over 100 h, conrming
their stable operation under continuous operational condi-
tions. These ndings underscore the potential of PVA-coated
GDEs to address bubble-induced performance degradation in
AEMWE systems, offering a scalable and cost-effective strategy
for enhancing the performance of hydrogen production
technologies.

Materials and methods
Synthesis of the PVA-coated CP

The PVA-coated CP was synthesized by preparing PVA (MW: 89
000–98 000, Sigma) solutions. PVA was dissolved in 200 mL of
deionized (DI) water (18.2 MU cm) at concentrations ranging
from 0.05 wt% to 4 wt% and stirred at 85 °C for 2 h. Subse-
quently, CP (AvCarb, MGL190, 2 cm × 5 cm) was uniformly
coated via dip-coating by immersing it in the prepared PVA
solution at 85 °C for 12 h.40 Finally, the coated CP was rinsed
with DI water to remove any residual PVA and then dried in
a vacuum oven at 25 °C for 12 h. The actual amount of retained
PVA on each coated CP sample was determined gravimetrically
from the sample weight difference before and aer dip-coating,
rinsing, and drying, and the value was normalized by the
geometric area of the substrate to obtain the areal mass loading
(mg cm−2).

Synthesis of NiFe LDH

NiFe LDH was synthesized using a previously reported
method.41,42 Nickel nitrate hexahydrate (Ni(NO3)2$6H2O;
45 mmol, Sigma), iron nitrate nonahydrate (Fe(NO3)3$9H2O;
15 mmol, Sigma), and urea (300 mmol, Sigma) were dissolved in
200 mL of DI water and stirred for 1 h. The pH of the mixture
was adjusted to approximately 10.0 using a 1 M sodium
hydroxide solution prepared with 97.0% sodium hydroxide
(pellets, Sigma). Aer an additional hour of stirring, a copreci-
pitation reaction was conducted by heating the mixture at 100 °
C for 20 h. Aer the reaction, the precipitate was washed with DI
water and absolute ethanol (>99.5%, Daejung) three times each
before being separated through centrifugation. The nal
product was dried in a vacuum oven at 60 °C for 24 h.

GDE fabrication and cell conguration

The gas diffusion electrodes (GDEs), dened here as the
catalyst-coated GDLs, were prepared by spraying the catalyst ink
onto either the bare CP or the PVA-coated CP substrates. To
fabricate the cathode GDE, 0.25 g of Pt/C (46.9 wt%,
TEC10E50E, Tanaka Kikinzoku Kogyo K. K.) was dispersed in
a 15 mL mixture of DI water and isopropyl alcohol (IPA) (DI
J. Mater. Chem. A
water : IPA volume ratio= 1 : 2). An ionomer solution (0.795 mL,
I/C ratio of 0.6, FAA-3-10-solut, Fumatech) was added to the
dispersion, which was then sonicated for 1 h to ensure proper
dispersion. Aer sonication, the ink was manually sprayed onto
CP, achieving a platinum loading of 0.2 mgPt cm

−2. To fabricate
the anode GDE, 0.3 g of the NiFe LDH catalyst was dispersed in
a 15 mL mixture of DI water and IPA, to which 0.4 mL of FAA-3-
10 solution was added. This mixture was sonicated for 1 h and
then hand-sprayed onto CP, achieving a total catalyst loading of
2 mgcat cm

−2.
The FAA-3-50 membrane (Fumatech, 50 mm) was pretreated

by immersing it in a 1 M KOH (Daejung) solution for 24 h and
then transferring it to a fresh 1 M KOH solution for an addi-
tional 24 h. The membrane was thoroughly rinsed with DI water
immediately before the cell assembly.

Evaluation of bubble removal from the GDEs using a three-
electrode system

Electrochemical tests were conducted using a three-electrode
system to evaluate bubble removal from the GDEs. The PVA-
C0.25 GDE and bare GDE were used as the working elec-
trodes, with Pt/C spray-coated onto their surfaces. A Hg/HgO
electrode was used as the reference electrode, and a platinum
wire served as the counter electrode. The bubble dynamics were
observed under HER conditions in a 1.0 M KOH electrolyte.
Electrochemical measurements were conducted using an
electrochemical workstation (Metrohm Autolab PGSTAT204)
with chronopotentiometry at a constant current density of 400
mA cm−2. The rear of the GDE was imaged during the HER to
monitor the bubble evolution.

The bubble size distribution was quantitatively analyzed
using ImageJ soware. The electrode surface area was used as
a reference to calibrate the scale of each bubble image. The
diameters of individual bubbles were measured by the program,
and the data were compiled into a histogram to illustrate the
bubble size distribution. The average bubble size was calculated
from the measurements, providing a numerical representation
of the bubble evolution during the HER.

Scanning electrochemical microscopy (SECM)

SECM measurements were conducted using a commercial
scanning electrochemical microscope (M470, Bio-Logic SAS)
equipped with a 25 mm Pt ultramicroelectrode (Pt UME, Bio-
Logic, U-P5/25, RGz 10). Prior to each experiment, the Pt UME
was mechanically polished with alumina suspensions and
aligned by recording approach curves in an aqueous solution
containing 5 mM K3Fe(CN)6 and 1 M KCl. The working elec-
trodes for SECM were fabricated following the same procedure
used for the gas diffusion electrodes (GDEs), cut into 1.0 × 1.3
cm2 rectangles, a Naon 212 membrane (Chemours) was
laminated onto the electrode by hot-pressing at 120 °C for
3 min. Naon 212 was strategically selected as the laminated
membrane for SECM measurements to facilitate the experi-
mental setup, particularly for its superior thermal stability and
ease of processing during the hot-pressing procedure. This
conguration was specically designed to guide the evolved gas
This journal is © The Royal Society of Chemistry 2026
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toward the back side of the GDL, thereby enabling clearer
observation of the local interfacial electrochemical environ-
ment. During alignment, a negative feedback SECM curve was
obtained over the area covered with a 60 mm Kapton lm by
measuring the [Fe(CN)6]

3−/[Fe(CN)6]
4− reduction current at

−0.25 VSCE as the tip approached the insulated substrate. Based
on the negative feedback curve, the tip-to-substrate distance (d)
was xed at 50 mm, corresponding to an itip/ibulk ratio of 0.88.
The d values from negative feedback modes was nally deter-
mined by tting the experimental approach curves to the
calculated theoretical curve.

IT(L) = itip/ibulk = 1/[A + B/L + Cexp(D/L) + (EL/F + L)] for

negative feedback

where A= 0.45718, B= 1.46042, C= 0.43127, D=−2.35067, E=

−0.14544, and F = 5.576 for RG = 10.43

Under these xed measurement conditions, the SECM
response in SG/TC mode was used as a comparative probe of
local interfacial H2 transport. The measured tip current reects
the accessibility of electrochemically generated H2 to the Pt
UME, but it can also be affected by the local geometry of the
interface and transport conditions near the probe. Therefore,
the SECM measurements were used here to compare relative
differences between bare and PVA-coated GDEs rather than to
directly quantify absolute bubble size or detachment frequency.
AEMWE single-cell test

Anion-exchange membrane water electrolyzer single cells were
tested at 50 °C. A 1 M KOH solution was circulated through both
the anode and cathode compartments at a ow rate of 10
mL min−1 using an MPP20 pump (Maxclever, 3 V). A DC power
supply (EX20-240, ODA Technology) was connected to the cell
for voltage application. The polarization curve was obtained by
performing a voltage sweep from 1.4 V to 2.2 V in 50 mV
increments. Durability testing was conducted using chro-
nopotentiometry at a constant current density of 1 A cm−2.
Galvanostatic EIS and overpotential loss decoupling (AEMWE)

EIS was carried out on the assembled AEMWE cell using an
electrochemical workstation (Metrohm Autolab PGSTAT204)
with Booster 10A (Metrohm Autolab). The cell was rst stabi-
lized at 10 mA cm−2, then EIS was recorded under load at 10, 25,
50, 75, 100, 150, 200, 300, 400, 500, 600, 700, 800, 900, 1000 mA
cm−2. Each step was held 3 s before acquisition. The frequency
was swept from 10 kHz down to 10 Hz using NOVA soware.

The high-frequency resistance (HFR) was obtained from the
real-axis intercept of the Nyquist plot (or from the 10 kHz
magnitude/phase t when the intercept was ambiguous).
Ohmic loss was computed ashohmic = i × HFR

Aer iR-correction, the activation loss in the 10–50 mA cm−2

region was tted to the Tafel relation

hact ¼ aþ blog

�
i

iref

�

This journal is © The Royal Society of Chemistry 2026
For pragmatic loss decoupling, we xed a reference current
density of 25 mA cm−2 (denoted iref). Using the tted Tafel slope
(denoted b), the activation loss was calculated.
Material characterization

TGA was conducted using a TGA/DSC thermogravimeter (SDT
Q600 V20.9 Build 20). The PVA-coated CPs were heated from
room temperature to 500 °C at 1 °C min−1 in an Ar atmosphere,
and the changes in their weight were recorded. The morphol-
ogies of the PVA-coated CPs were observed using eld-emission
SEM (FE-SEM; JEOL FE-SEM-7100) and optical microscopy
(OLYMPUS, BX21). Raman spectroscopy (Nano Photon, RAMAN
WALK) was performed over a range of 50–3700 cm−1 to deter-
mine the presence of PVA in the PVA-coated CP.

The contact angle of water droplets was measured using
a contact angle meter (SmartDrop_Plus, FEMTOBIOMED Inc.).
A 6–7 mL droplet of water was placed on the bare CP and the
PVA-coated CP samples that were synthesized with various PVA
concentrations, and the contact angle was recorded. To
measure the contact angle of air bubbles, a tank was lled with
DI water, and the CP samples were suspended upside-down in
it. Air bubbles (diameters: 5–10 mm) were introduced to adhere
to the sample surfaces, and the resulting contact angle was
observed.
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