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Hydrogen production via water electrolysis is deemed a prime candidate for large-scale commercial
green hydrogen generation. However, during the hydrogen evolution reaction (HER) and oxygen evol-
ution reaction (OER), bubble accumulation on the electrode surface substantially elevates the required
voltage and diminishes electrolysis efficiency. In this work, we demonstrated a rice leaves-inspired aniso-
tropic microstructured gas conduction electrode (Ni-conduction) that can rapidly detach bubbles from
the anisotropic microstructure. The microstructured grooves on the electrode surface lower the interface
energy and modify bubble detachment dynamics, enabling swift bubble release and directed bubble flow
along the microstructured channels. As a result, the Ni-conduction achieves a reduction in HER/OER
overpotential, reaching values of 92/123 mV at 10 mA cm™2. This performance significantly surpasses the
performance of a flat nickel electrode (Ni-smooth), necessitating an overpotential of 183/176 mV under
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identical conditions. Furthermore, the assembled Ni-conduction||Ni-conduction overall water-splitting
device only needs a cell voltage of 1.53 V to reach 10 mA cm™2. Our research emphasizes the significance
of wettability design in electrode microstructure to enhance mass transfer and optimize water splitting

rsc.li/nanoscale efficiency, presenting novel strategies for the development of superior gas-evolution electrodes.

thus, it has emerged as a prominent area of research in recent
9-12
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Water electrolysis has the potential to generate green hydrogen
energy, thereby significantly contributing to the establishment
of a near-zero emission society." * However, bubbles generated
during the hydrogen evolution reaction (HER) and oxygen evol-
ution reaction (OER) adhere to the electrode surface in situ,
thereby diminishing the effective contact area between the
electrode and the electrolyte.>® This phenomenon results in a
reduction of the active area available for the electrolytic reac-
tion, consequently decreasing the efficiency of hydrogen pro-
duction via water electrolysis.”® As a result, the efficient
removal of bubbles from the electrode surface during water
electrolysis is essential to restore the effective active area, and

“Key Laboratory of Bio-Inspired Smart Interfacial Science and Technology, School of
Chemistry, Beihang University, Beijing 100191, P. R. China.

E-mail: tiandl@buaa.edu.cn

bSchool of Mathematics and Physics, University of Science & Technology Beijing,
Beijing 100083, P. R. China. E-mail: xfzhang926@ustb.edu.cn

“State Key Laboratory of Nonlinear Mechanics, Beijing Key Laboratory of Engineered
Construction and Mechanobiology, Institute of Mechanics, Chinese Academy of
Sciences, Beijing 100190, P. R. China

T Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4nr05151c¢

{These authors contributed equally to this work.

5812 | Nanoscale, 2025, 17, 5812-5822

years.
The most widely adopted strategy to address this issue
involves the construction of superhydrophilic electrode
surfaces.">'* Bubbles are unable to adhere to such surfaces
and detach from the electrode after undergoing nucleation
and growth to a sufficient size, thereby minimizing their influ-
ence on the electrode reaction.’®'® Currently, significant atten-
tion is directed towards the development of superwetting
nanostructures, including nanosheets,"””'®* nanocones,"’
nanowires,””*' and nanoporous,> which have demonstrated
promising applications in the field of water electrolysis.
Furthermore, designing electrodes that utilize wettability gra-
dients or shape gradients**™° to leverage the resultant Laplace
pressure differences is a predominant approach to facilitate
the directional motion of fluids.**>° Under an asymmetric
wettability gradient, the generated bubbles undergo defor-
mation, inducing a Laplace pressure that serves as a driving
force for the directional movement of the three-phase bound-
ary, thereby enhancing the detachment of the bubbles.?®*3*
However, only a few related methods have been explored for
gases transported over long distances on aerophobic surfaces.
Lots of biological surfaces demonstrate unique micro/nano-
structures that control droplet dynamics. Inspired by this,
these nature-based design strategies were applied to design
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wettable materials that achieve precise control of fluid
behaviors.>** For example, rice leaves have microscale struc-
tures that can arrange themselves in an orientation promoting
anisotropic water droplet movement.* Inspired by the aniso-
tropic wetting characteristics of rice leaves’ surface, a high-
efficiency electrode for hydrogen production via water electro-
lysis was developed. This electrode integrates wettability and
morphological design via laser etching and electrodeposition;
this design enhances bubble conveyance. The resultant aniso-
tropic microstructured gas conduction electrode (Ni-conduc-
tion) facilitates the in situ collection and directed transport of
H, and O, that are produced during the electrolysis process.
Ni-conduction achieves HER/OER overpotential of 92/123 mV
at 10 mA cm ™2, which is a considerable decrease from the over-
potential of a traditional flat nickel electrode (Ni-smooth) of
183/176 mV at 10 mA cm > Utilizing Ni-conduction as a
bifunctional electrode for overall water splitting, the system
operates at a low potential of 1.53 V at 10 mA cm™>. This novel
approach acts as a universal design concept for multiphase
catalytic systems; therefore, it has the potential to be applied
broadly to various gas evolution reactions.

Experimental section

Materials

CuSO,-5H,0, NaH,PO,-H,0, Fe(NO3);-9H,0O, and Ni
(NO3),-6H,0 were purchased from Alfa Aesar. Nickel metal with
99.9% purity and a thickness of 1 mm was used. All solutions in
the present research were prepared with deionized water.

Synthesis of Ni-conduction

The femtosecond laser method was employed to fabricate
various groove-containing Ni metal structures with ridge and
groove microfeatures. A beam from a high-repetition-rate fem-
tosecond laser system (Inngu Grace X 355-5) operating at 30
kHz and 1060 nm was utilized for the fabrication process. The
laser power, scan pitch, and speed were set to 10 W, 50 um,
and 15000 mm s, respectively. The Ni-conduction electrode,
featuring NiCuFeP nanoarray structure, was prepared on the
groove Ni metal substrate via electrodeposition. Prior to elec-
trodeposition, the groove Ni metal was cleaned with HCI and
deionized water, followed by being sonicated for 5 min. The
electrodeposition process was carried out using chronopoten-
tiometry at —1.2 V for 1000 s. This process took place in a
three-electrode setup at 25 °C, with the Ni-conducting serving
as the working electrode, Hg/HgO as the reference electrode,
and graphite as the counter electrode. The electrolyte solutions
comprised 0.03 mmol CuSO,-5H,0, 0.02 mmol NaH,PO,-H,0,
0.03 mmol Ni(NO3),-6H,0, and 0.02 mmol Fe(NO;);-9H,0.
After electrodeposition, the electrode was rinsed with water
and allowed to dry at room temperature.

Synthesis of Ni-smooth

The Ni metal surface was subjected to treatment with HCI and
deionized water, undergoing sonication for 5 min. Ni-smooth
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was subsequently prepared on the flat Ni metal surface, utiliz-
ing the same electrodeposition parameters.

Material characterizations

Scanning electron microscopy (SEM, CIQTEK Co., Ltd,
SEM5000) was employed to examine the prepared samples.
X-ray diffraction (XRD) patterns were captured using a
Shimadzu XRD-6000 instrument at a scanning rate of 5° per
minute. Contact angles of water (5 pL) and underwater
bubbles (5 pL) were determined using a contact angle meter
(SC14000) at ambient temperature. The adherence forces of
bubbles were quantified with a sensitive microelectromechani-
cal balance system (SCI300M). In this process, a bubble (5 pL)
was suspended with a copper loop and brought into contact
with the sample at a constant speed of 0.005 mm s™*. It was
then retracted at the same speed. The detachment dynamics of
underwater bubbles on the electrode surface were documented
using a high-speed camera (Revealer 2F01M). Furthermore, the
three-dimensional topography of the electrode surface was
analyzed with super-high magnification lens zoom 3D
microscopy (VHX-5000, Japan).

Results and discussion

In electrolytic water splitting, rapid desorption and transfer of
bubbles are necessary to achieve high efficiency. Design an
electrolytic water-to-hydrogen electrode by taking cues from
the anisotropic rolling characteristics of rice leaves can help
effectively direct bubbles away from the electrode surface by
integrating anisotropic microstructures and bubble buoyancy,
as depicted in Fig. 1a. To emulate the micrometer-scale fea-
tures of rice leaves (Fig. S1t) that confer anisotropy, an aniso-
tropic microstructured gas conduction electrode (Ni-conduc-
tion) was fabricated using laser engraving on a Ni metal sub-
strate and electrodeposition (Fig. S21). Scanning electron
microscopy (SEM) and optical microscope analyses revealed
that the nickel electrode, which was processed with laser
etching, adopted a 3D groove microstructure, where the
grooves measured 200 pm in width and spacing, as displayed
in Fig. 1b, ¢, and S3.1 The electrode surface is attached with a
500 nm popcorn-like spherical NiFeCuP nanostructure that
was obtained by electrodeposition, as shown in Fig. 1d and
S4.1 Three-dimensional microscope images revealed that the
gas conduction electrode has a depth of approximately
120 pm, showcasing a consistently organized 3D groove
pattern, as illustrated in Fig. 1e and S5.1 Energy dispersive
spectroscope (EDS) mapping analysis depicted in Fig. 1f, S7,
and S8f elucidate a homogeneous distribution of elements,
including Cu, Fe, Ni, and P, across both the Ni-conduction and
the Ni-smooth electrodes. Additional X-ray diffraction (XRD)
studies were conducted to ascertain the constituents of the Ni-
smooth and Ni-conduction electrodes, as represented in
Fig. 1g. The XRD spectra revealed clear diffraction peaks
corresponding to the nickel phase, which are characteristic of
the (111), (200), and (220) crystallographic planes at 44.9°,
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Fig. 1 Design concept and characteristics of anisotropic microstructured gas conduction electrode (Ni-conduction). (a) Inspiration from the aniso-
tropic wetting microstructure of rice leaves to design a Ni-conduction electrode; the bubble moves on the Ni-conduction electrode, along with the
grooves under buoyancy. The direction along the groove is Y, and the vertical groove direction is X. (b—d) SEM images of Ni-conduction at different
maghnification. (e) Three-dimensional microscope images of Ni-conduction. (f) EDS mapping images (Ni, P, Cu, and Fe) of Ni-conduction corres-
ponding to (c). (g) XRD patterns of flat nickel electrode (Ni-smooth), Ni-conduction, and Ni metal substrate. High-resolution XPS spectra of Cu 2p
(h), Fe 2p (i), and Ni 2p (j) for Ni-conduction.
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52.1°, and 76.6°, respectively; these planes are consistent with
the JCPDS No. 32-0306. To eliminate the influence of the Ni
metal substrate, it was substituted with carbon paper.*® As
observed in Fig. S9,f the XRD profile of the NiFeCuP/carbon
paper exhibited prominent peaks at 26.4° and 54.5° that were
assignable to the (002) and (004) planes of graphite, with no
additional peaks indicating the absence of crystalline phases.
This suggests that the electrodeposition yielded a NiFeCuP
layer in an amorphous state. The X-ray photoelectron spec-
troscopy (XPS) analysis of the Ni-conduction sample, as dis-
played in Fig. S10a,t validates the presence of pronounced
peaks corresponding to Ni, Fe, Cu, and P elements. In the Cu
2p XPS spectrum (Fig. 1h), the Cu 2p3, region features a satel-
lite peak at 944.1 eV, along with two distinct peaks at 932.5 eV
and 934.1 eV, which are ascribed to Cu’ and Cu®" states,
respectively. The Cu 2p4, region shows a satellite peak at 963.8
eV, with additional peaks for Cu” and Cu®* situated at 952.4 eV
and 954.1 eV, respectively.’” Fig. 1i illustrates that the peaks at
707.9 eV and 721.5 eV are predominantly due to the Fe-P (Fe
2p) bonding in NiFeCuP, whereas the peaks at 713.7 eV and
725.8 eV correspond to the Fe 2p;, and Fe 2p1/2 of Fe*,
respectively. Accompanying satellite peaks at 718.2 eV and
732.8 eV were also observed.*®*° The Ni 2p spectrum, as
shown in Fig. 1j, comprises two spin-orbit doublets that are
characteristic of Ni 2p;, (Ni** and Ni*" states at 856.9 and
857.6 V) and Ni 2p,/, (Ni** and Ni’** states at 874.1 and 875.7
eV), respectively, along with a satellite peak at 862.8 eV and
880.6 eV.*>*! Fig. S10bf presents the high-resolution P 2p
spectrum, consisting of a doublet for the P 2p;/, component at
129.4 eV and the P 2p;,, component at 131.4 eV. This doublet
originates from transition metal phosphides, while a distinct
peak at 133.6 €V aligns with the phosphate species (P-0).**
The wettability of the fabricated electrodes was assessed
through static contact angle measurements, as shown in
Fig. 2a and Fig. S11.1 The Ni-conduction electrode demon-
strated distinct anisotropic wetting behavior compared to the
Ni-smooth electrode, as evidenced by the variation in the static
contact angles of droplets and bubbles, along the groove’s
orientation (Y-direction) and perpendicular to it (X-direction).
The droplet (5 pL) contact angles (CA) in the air along the
Y-direction Ni-conduction, X-direction Ni-conduction, and Ni-
smooth were determined to be 27°, 82°, and 24°, respectively.
In comparison, the underwater bubble (5 pL) CA recorded for
the Ni-conduction in the Y-direction, the Ni-conduction in the
X-direction, and the Ni-smooth electrode were 146°, 159°, and
108°, respectively, signifying their aerophobic properties.
Significantly, in addition to featuring popcorn-like nano-
structures, the Ni-conduction electrode, which had been laser-
treated to form grooved microstructures, presented better
superaerophobic properties as compared to the Ni-smooth
counterpart. This phenomenon can be attributed to the dis-
continuity of the three-phase contact line between the bubbles
and the electrode micro/nanostructure surface, leading to a
significant decrease in the contact area between the bubbles
and the electrode surface.” The superior properties of surface
superaerophobicity and anisotropic wettability of the Ni-con-
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duction electrode contribute to the rapid detachment of
bubbles from the electrode surfaces during the gas evolution
reaction. To gain insight into the differences in bubble detach-
ment on the groove microstructured electrodes, we performed
an analysis of the bubble adhesion force for Ni-smooth and
Ni-conduction. Fig. 2b illustrates that at a compression dis-
tance of 0.5 mm, the Ni-conduction electrode exhibits a
reduced adhesion force (Agoree = 3.13 pN) as compared to the
Ni-smooth electrode (Agorce = 154.90 pN). This observation is
consistent with the results shown in Fig. 2c and S12;t this is
also illustrated by the variation in bubble attachment time in
Fig. 2b inset. Drawing from these findings, we conducted a
mechanistic investigation into the behavior of bubbles/dro-
plets infiltrating the surfaces of the Ni-smooth and Ni-conduc-
tion electrodes. The Cassie-Baxter and Wenzel models are
pivotal in correlating surface textures with the apparent CA of
bubbles on a submerged solid surface. For rough hydrophilic
surfaces, the apparent CA (6,,) is directly proportional to both
the intrinsic contact angle (¢) within the plane and the surface
roughness factor (r), which captures the ratio of the real
contact area to the projected area."?

cos@,, =rcos@ (1)

Therefore, as the surface roughness of the electrode
increases, the 6, value increases accordingly, thus facilitating
the transition from the hydrophilic to the superhydrophilic
state (Fig. 2d; and e;). On the other hand, for intrinsically
aerophobic surfaces, an enhancement in the surface rough-
ness also induces a superaerophobic condition, as shown in
Fig. 2d, and e,.** In this superaerophobic state, minimal
bubble contact occurs with the roughened surface, creating a
liquid gap. Under such circumstances, the Cassie-Baxter
model from eqn (2) provides the appropriate theoretical frame-
work for analysis.’

cos Oy = fi(cos O +1) — 1, (2)

where f; and 6, are the partial contact areas, and CA is the
Cassie-Baxter state. Furthermore, the interaction between the
droplet/bubble contact plane and the microstructure surface
was examined using finite element analysis. Droplets could
spread more effectively over a microstructured surface than
over a flat one, as shown in Fig. 2d; and e;. For bubbles, the
microstructure is more aerophobic than the flat structure, and
its surface energy is very low. Therefore, bubbles are not
allowed to be adsorbed on the surface.** Upon contacting the
groove microstructure, bubbles exhibit a dynamic spread-con-
tract behavior due to momentum, as depicted in Fig. 2d, and
e4. This dynamic interaction allows easy bubble detachment
from the surface - this feature is typical of superaerophobic
materials that are characterized by the presence of discontinu-
ous three-phase contact lines. A 50 pL bubble slides along the
surface of the Ni-conduction electrode at 8° inclination, where
the primary impetus propelling the bubble is the buoyancy-
driven force (Fg) acting along the grooves. Conversely, the resis-
tance encountered by the bubble as it moves along the grooves
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Fig. 2 Wettability characterization and finite element simulation of Ni-smooth and Ni-conduction electrode. (a) Contact angle of drop (5 pL) and
bubble (5 pL) on Ni-smooth and Ni-conduction. (b) Bubble (5 uL) adhesion test with Ni-smooth and Ni-conduction. (c) Adhesion test of Ni-smooth
and Ni-conduction at different compression distances. (d; and d,) Contact relationship between droplets and bubbles on Ni-conduction surface and
(d3z and d,) finite element simulation. (e; and e;) Contact relationship between droplets and bubbles on Ni-smooth surface and (e; and e,) finite
element simulation. In the Y-direction, bubbles can be detached from the Ni-conduction electrode surface at an 8° angle, related schematic (f) and
photographic (g) images. In the X-direction, the bubble cannot be detached from the Ni-conduction electrode surface at an 8° angle, related sche-
matic (h) and the photographic (i) images.

is attributed to the CA hysteresis (Fcay).*> In the Y-direction, trast, along the X-direction, the Fcay is greater than Fy (18.2 x
the resistance offered by Fcay is less than Fgq (6.6 x 107° N < 107> N > 6.82 x 107> N), preventing the bubble from sliding
6.82 x 107" N), allowing the bubble to glide effortlessly along (Fig. 2h and i) at the same angle, and the bubble needs an
the groove as the bevel angle reaches 8° (Fig. 2f and g). In con- angle of 24° to slide. For the Ni-smooth surface at the same
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bevel angle, the Fy of the 50 pL bubbles was insufficient to
overcome the Fg,y in either direction, thus the bubbles
remained stationary (Fig. S13 and Table S17).

The performance of the alkaline HER/OER on the electro-
des was evaluated by using Ni-conduction and Ni-smooth elec-
trodes as the working electrodes in a three-electrode system
immersed in 1.0 M KOH solution, as shown in Fig. 3a. The
polarization curves for both Ni-conduction and Ni-smooth
electrodes are shown in Fig. 3b, with iR compensation applied.
The HER performance of Ni-conduction and Ni-smooth elec-
trodes are characterized by HER overpotentials of 92 mV and
183 mV at current densities of 10 mA cm™>. To delve deeper

View Article Online
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into the HER kinetics in an alkaline environment, Tafel slopes
were determined to gain insight into the catalytic mechanisms
and reaction pathways involved. Fig. 3c illustrates the Tafel
plots for the respective electrodes, which were derived from
the polarization curve data. The Tafel slopes calculated for Ni-
conduction and Ni-smooth electrodes are 78 and 98 mV dec™?,
respectively. Notably, the Tafel slope for Ni-conduction lies
within the typical range of 120 to 40 mV dec ™", suggesting that
the HER kinetics for Ni-conduction are governed by the
Volmer-Heyrovsky mechanism.*®*” The i-¢ curves (Fig. S14at)
recorded in an alkaline medium reveal that Ni-conduction can
sustain continuous operation for 30 hours without experien-
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Fig. 3 Electrochemical water splitting performances test. (a) Diagram of a three-electrode electrolytic cell for electrolysis of water. (b) HER linear
sweep voltammetry (LSV) curves of Ni-smooth and Ni-conduction in 1.0 M KOH. (c) Corresponding HER Tafel diagram. (d) OER LSV curves of Ni-
smooth and Ni-conduction in 1.0 M KOH. (e) Corresponding OER Tafel diagram. (f) Double-layer capacitances of the prepared electrodes. (g)
Polarization curves of the prepared electrodes for overall water splitting in the two-electrode configuration. (h) Calculated and measured volumes
for H, and O,. (i) Electrochemical water splitting performances of Ni-conduction comparison with the different electrodes.
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cing significant performance deterioration. Following 5000
cyclic voltammetry (CV) scanning, the polarization curve of the
Ni-conduction electrode for HER demonstrates minimal vari-
ation (Fig. S15at). This electrochemical stability suggests that
the Ni-conduction electrode possesses remarkable durability
under prolonged operational conditions.

Electrocatalytic OER performances were assessed to further
elucidate the enhancement in the electrochemical perform-
ance in groove microstructure. The OER performance of Ni-
conduction, requiring an overpotential of 123 mV to achieve a
current density of 10 mA cm™?, was notably superior to that of
Ni-smooth (176 mV) and commercial RuO, (250 mV), as
shown in Fig. 3d and S16b.7 To further probe the kinetic pro-
cesses involved in the alkaline OER of the Ni-conduction elec-
trode, Tafel plots for the different electrodes were generated
and are presented in Fig. 3e. These plots revealed that the
Tafel slope for Ni-conduction (73 mV dec™") was more favor-
able than that for Ni-smooth (123 mV dec™) electrode, thereby
affirming the enhanced OER kinetics associated with the
former. Moreover, the i-t measurements suggest that the Ni-
conduction electrode maintains its stable catalytic activity for
over 30 hours (Fig. S14b¥), with polarization curves analysis
showing minimal shift after 5000 cycles (Fig. S15bf). The
graphical representation in Fig. S177 of the electrodes’ Nyquist
plots reveals a decrease in the charge transfer resistance (R
for Ni-conduction compared to the Ni-smooth electrode, sig-
nifying that the former exhibits superior electron transfer
capabilities relative to Ni-smooth. To gain deeper insights into
the superior electrochemical performance of Ni-conduction, it
is crucial to assess the electrochemically active surface area
(ECSA) of the electrode material. Utilizing CV with varying
scan rates enables the measurement of CV curves for the elec-
trodes (Fig. S187), which in turn, enables the determination of
the electric double-layer capacitance (Cg4;). This capacitance is
an indicator of the electrochemical surface area. As shown in
Fig. 3f, the Cyq values for Ni-conduction and Ni-smooth are
2.22 mF cm™? and 0.8 mF cm™?, respectively, highlighting a
significantly larger active surface area for Ni-conduction com-
pared to Ni-smooth.

The water-splitting capabilities of the bifunctional Ni-con-
duction electrode were investigated further, leveraging its out-
standing catalytic activity for the overall water-splitting
process. Fig. 3g shows that the cell voltage required for the Ni-
conduction electrode to reach a current density of 10 mA cm™>
in a 1.0 M KOH electrolyte at room temperature; this is
impressively low at 1.53 V, which is less than the voltage
needed by 20% wt Pt/C-RuO, electrode (1.61 V). Moreover, an
exhaustive analysis was conducted to assess the energy
efficiency of the Ni-conduction electrode in the context of the
entire water-splitting reaction. The production volumes of O,
and H, were meticulously documented at specified intervals
throughout the procedure. The generated O, to H, ratio was
found to be nearly 1: 2, as illustrated in Fig. 3h. Moreover, the
Faraday efficiency for H, generation in 1.0 M KOH solution
with the Ni-conduction was greater than 95% (Fig. S19%),
demonstrating the high energy conversion efficiency of the Ni-
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conduction electrode-based system. The electrochemical water
splitting performances of the Ni-conduction electrode sur-
passes that of some non-precious metal alkaline electrolytic
water splitting electrodes (Fig. 3i and S20; Table S21).*%>?
Additionally, the Ni-conduction electrode exhibited stable elec-
trolysis in 1.0 M KOH for 30 hours at room temperature, main-
taining a current density of 10 mA cm™> and achieving an elec-
trolytic stability of 98.5% (Fig. S217). To investigate the struc-
tural evolution of the Ni-conduction electrode during the
electrochemical process, comprehensive characterization was
performed after 30 hours of HER and OER stability tests. As pre-
sented in Fig. S22 and S23,f both the SEM images and XRD pat-
terns indicated negligible morphological alterations and phase
transformations, confirming the excellent electrochemical stabi-
lity of the Ni-conduction electrode. These findings are consist-
ent with previous reports on transition-metal phosphides,
which have demonstrated similar structural robustness under
prolonged HER and OER stability tests.*>>*** These findings
point toward the superwetting groove microstructure of the Ni-
conduction electrode as a key factor in enhancing its electro-
chemical performance for both HER and OER.

During an electrochemical reaction, the accumulation of
bubbles on the electrode surface leads to a reduction in the
active surface area, which in turn, impacts the electrochemical
activity. The overpotential loss (17) experienced by an electrode
is significantly influenced by the formation of bubbles at the
electrode-electrolyte interface during the process of water
electrolysis:>®

1 = Nact + Nohm + Hcons (3)

where #act, feon, and 7onm are activation overpotential, concen-
tration overpotential, and ohmic overpotential. The 7, is com-
monly associated with the energy losses that occur during the
electrochemical reactions at the electrode surface; the
dynamics of bubble adhesion and detachment determine the
value of 1,., serving as a crucial indicator to assess the electro-
chemical performance of an electrode. The behavior of hydro-
gen bubbles on the surface of the prepared electrodes was
monitored in situ using a high-speed camera under a steady
current of —10 mA cm™> (Video S1f). Fig. 4a reveals that as
compared to the Ni-smooth electrode (Fig. 4b), the Ni-conduc-
tion electrode facilitates the efficient detachment of gas
bubbles, thereby reducing their residence time. Moreover, the
groove microstructured substrate effectively constrains bubble
size, leading to a more consistent distribution of hydrogen
bubbles and expediting their removal. The Ni-conduction elec-
trode proved to be highly effective in curbing bubble diameters
to a mere 50 um (Fig. 4c;); the release of these bubbles
occurred predominantly within 100 ms (Fig. S247). On the
other hand, the Ni-smooth electrode yielded a markedly larger
average bubble diameter, clocking in at around 560 pm, with a
size distribution that ranged broadly up to 640 pm (Fig. 4c,).
Bubble detachment from Ni-smooth was largely delayed, with
a concentration at approximately 2600 ms (Fig. S24b¥). The
findings imply that Ni-conduction is adept at controlling the
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Fig. 4 Bubble evolution mechanism of Ni-conduction electrode during the electrolysis of water. The bubble G; (first in situ growth) and G; (later
in situ growth) that grow between the ridge and the groove; G; floats and fuses with G, after desorption to achieve co-desorption at Ni-conduction
(a;). Bubbles grow and detach in place during the process on Ni-smooth (b,). Bubble evolution mechanism of Ni-conduction (a;) and Ni-smooth
(b2). ry, r, are the radii of the plane where the section of the bubble surface intersects in the X and Y directions. Bubble separation volume distribution
for Ni-conduction (c;) and Ni-smooth (c;) during the HER process. Gas velocity finite element simulation of Ni-smooth (d,), and Ni-conduction with

groove width and spacing of 0.1 mm (d,), 0.2 mm (dz), 0.3 mm (d,).

formation of bubble sizes, with enhanced mass transfer
efficiency for bubble separation and ionic transmission. Our
study shows that the incidence of bubble fusion is significantly
higher during bubble formation on the Ni-conduction elec-
trode, and the bubbles are rapidly separated along the fluted
microstructure substrate after fusion. When bubble nucleation
occurs at the boundary of a ridge and a groove, elliptical
bubbles are formed during the initial growth stage, accelerat-
ing the nucleation, growth, and merger of bubbles. This
phenomenon can be explained by Laplace’s equation:*®

1 1
ap=r(r+3). (4)
I'x ry

This journal is © The Royal Society of Chemistry 2025

where AP is surface pressure; y is the unit interface force of
water, and ry, ry, is the radius of the plane where the section of
the bubble surface intersects in the X and Y directions. For an
ellipsoidal bubble, the internal pressure is different due to the
different ambient partial pressures at the top (Pupper) and
bottom of the bubble (Ppotcom):

Pypper = pgh + Patm + AP, (5)
Ppottom = Pg(h + Zry) + Patm + AP, (6)
where p is liquid density; g is the acceleration; % is depth at the

top of the bubble, and Py, is atmospheric pressure. However,
due to its surface energy action, the bubble must shrink into a
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sphere to achieve the minimum surface energy. Its interfacial
force was ygnrinik:

Yshrink = Y1-g — Yg-s T Yg-1 COS 0, (7)

where y;_¢ is solid-liquid interfacial tension; y, ¢ is gas-solid
interfacial tension; y,_ is gas-liquid interfacial tension, and ¢
is the bubble contact angle. The combined upward force
(Fenipsoia) Of the external buoyant forces acting on the bubble
is:

4
Fellipsoid = pgnrxzryg - PthryS + Yshrinkl Fadhesion, (8)

where both S and L are the work area and distance traveled by
the bubble to form a spherical bubble after normalization of
the bubble. This results in violent perturbation of the bubble
as it shrinks into a sphere, causing the bubble to detach. The
force on the sphere is:

4 3
Fsphere = pgm’x & + Fadhesion, (9)

The whole desorption process is as follows: take bubbles G,
and G, for example, bubble G, first nucleates and grows to a
certain scale. G, nucleates, and then G, floats up according to
the above principles. G, grows in situ, and finally, G; and G,
merge to achieve overall accelerated desorption (Fig. 4a). The
adherence of bubbles to the Ni-smooth electrode is signifi-
cantly higher compared to that on the Ni-conduction electrode
(Fig. 4b). When a bubble detaches, it will float upward along
the groove, and the top bubble will be fused by the detached
bubble, which will greatly increase the buoyancy of the merged
bubble, accelerating its detachment, driving its upward move-
ment, reducing the desorption volume, and finally achieving
fusion desorption (Fig. S25t). After bubble detachment,
bubbles rise along the groove under the action of buoyancy
and are close to the electrode surface, causing other growing
bubbles to rise as well, as shown in Fig. S26.1 As the upward
force that aids bubble detachment is dependent on the
bubble’s volume, a considerable volume is necessary for a
bubble to desorb from the surface of the Ni-smooth electrode.
This may cause difficulty in detaching bubbles from the elec-
trode surface. Furthermore, hydrogen flow rates (m s™') for
different groove widths on the electrodes were visualized by
further computational fluid dynamics (CFD) simulations for
mass transfer comparisons (Fig. 4d). Compared to the micro-
structures, the gas flow rate on the planar surface is slower
(Fig. 4d,), and hydrogen can easily attach to the electrode
surface, leading to active site occupation. In contrast, in the
groove structures (Fig. 4d,-d;) hydrogen presents a uniform
flow distribution when flowing in a flow-through mode. This
groove structure allows the gas to form a linear path distri-
bution at a stable velocity, reducing the diffusion of hydrogen
into the active center. Notably, the structure with a groove
width of 0.2 mm shows the fastest volumetric flow rate
(Fig. 4d,). Consequently, rice leaves inspired the development
of an anisotropic microstructured Ni-conduction electrode,
which facilitates anisotropic bubble transport across its
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surface. This design not only diminishes bubble adhesion to
the electrode but also promotes the swift detachment of
bubbles, thereby enhancing the electrochemical performances
of the system.

Conclusions

In summary, we investigated the bubble dynamics on groove
microstructured electrode surfaces that were inspired by bio-
mimetic rice leaves through both experimental and theoretical
means. This gas conduction nickel electrode is distinguished
by its notable attributes: by preparing an anisotropic surface
that is both hydrophilic and aerophobic, unique popcorn-like
nanostructures and grooved microstructures were achieved
that facilitate the formation of small volume bubbles that
experience ready formation, conduction, and desorption. By
constructing an anisotropic micro/nanostructure gas conduc-
tion nickel electrode surface, the adhesion force of bubbles on
the electrode is reduced, while the anisotropic transfer behav-
ior of bubbles on the electrode surface is guided by the syner-
gistic effect of the micro/nanostructure and buoyancy force,
making the bubbles detach from the electrode surface rapidly.
Consequently, the Ni-conduction electrode has the HER/OER
overpotential of 92/123 mV at 10 mA cm™ >, thereby substan-
tially exceeding the performance of the Ni-smooth electrode
that requires an overpotential of 183/176 mV under the same
conditions. Moreover, the two-electrode electrolyzer with Ni-
conduction requires only 1.53 V to achieve 10 mA cm™>. Our
findings demonstrate that engineering electrode wettability
and architecture can enhance gas mass transfer, thereby ele-
vating electrochemical performance. Our research establishes
a theoretical framework to predict bubble behavior on wettable
surfaces and paves the way for practical applications of wetta-
ble surfaces, such as in fluid transfer and water electrolysis
processes.
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