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Alkaline water electrolysis (AWE) is among the most developed technologies
for green hydrogen generation. Despite the tremendous achievements in
boosting the catalytic activity of the electrode, the operating current density of
modern water electrolyzers is yet much lower than the emerging approaches
such as the proton-exchange membrane water electrolysis (PEMWE). One of
the dominant hindering factors is the high overpotentials induced by the gas
bubbles. Herein, the bubble dynamics via creating the superaerophobic
electrode assembly is optimized. The patterned Co-Ni phosphide/spinel oxide
heterostructure shows complete wetting of water droplet with fast spreading
time (���� ms) whereas complete underwater bubble repelling with ���°
contact angle is achieved. Besides, the current collector/electrode interface is
also modi�ed by coating with aerophobic hydroxide on Ti current collector.
Thus, in the zero-gap water electrolyzer test, a current density of �.� A cm�� is
obtained at �.�� V and �� °C in � 	 KOH, which is comparable with the
state-of-the-art PEMWE using Pt-group metal catalyst. No major performance
degradation or materials deterioration is observed after ��� h test. This
approach reveals the importance of bubble management in modern AWE,
o
ering a promising solution toward high-rate water electrolysis.
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�. Introduction
Producing green hydrogen using wa-
ter electrolysis and renewable energy is
essential for tomorrow�s decarbonized
economy.[���] Compared with the proton-
exchange membrane water electrolyzer
(PEMWE), alkaline water electrolyzer
(AWE) is particularly advantageous as it
enables the use of materials comprising
a�ordable earth-abundant elements.[���]
This technology has a long history of
industrial deployment, hence enjoying rel-
atively low operating expense (OPEX).[�,��]
Nevertheless, conventional AWE delivers
much lower operating current densities
(<�.� A cm�	) in comparison with that
of PEMWE (>	 A cm�	).[��,�	] Therefore,
developing new materials and methods to
boost the hydrogen production rate in AWE
becomes a central focus in both academic
and industrial research.
One of the key hindering factors is the

huge polarization loss associated with the
bubbles adhering to the electrode.[�
,��] At

high current densities, it is estimated that such bubble-induced
overpotential is comparable to or even greater than the activa-
tion overpotential of the state-of-the-art catalysts. The increase
of the ohmic loss is the most dominant e�ect.[��] Theoretically,
the ohmic area-speci�c resistance (ASR) of a classic zero-gap
AWE in 
� wt% KOH electrolyte at �� °C is ��.�
 � cm	 us-
ing a �.� mm-thick Zirfon separator, which is comparable to
that of the Na�on-based PEMWE (��.�� � cm	).[��,��] In prac-
tice, however, this value often surpasses �.
 � cm	 due to the
�gas blanket� on the electrode and separator, impairing the trans-
port of ions.[��] Besides, additional overpotential loss can origi-
nate from the bubble �formation-departure� cycle which brings
complicated local convection of the electrolyte. The blocked active
sites by the bubble also causes extra energy loss at high current
density operation.[���	�]
There are indeed various engineering strategies of opti-

mizing the bubble dynamics such as the ��ow-through-the-
electrode� con�guration,[		] bubble-free operation using capillary
di�usion,[	
] and facilitated mass transport by ultrasound[	�] or
magnetic �eld.[	�] From the perspective ofmaterials science, �nd-
ing superaerophobic electrode surface seems to be a more facile
approach as it does not involve the architecture change of the
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Scheme �. The schematic comparison of bubble evolution in conventional and aerophobic electrode assembly.

conventional AWE.[	��	�] Recently, tremendous progress has been
made on developing active and superaerophobic catalysts. Yet the
underwater bubble contact angles of them are often in the range
of �������°, it remains challenging to further enhance the aero-
phobicity to minimize the overpotential loss.[	��
	] Furthermore,
despite their superior performance at low reaction rates (tens to
hundreds of mA cm�	) and in half-cell reactions, such catalysts
have been rarely tested in zero-gap AWE or at industrially rele-
vant conditions. It is yet unclear whether the optimized bubble
dynamics can indeed dramatically decrease the overpotential at
high reaction rate (>	 A cm�	).
In this work, we created the superaerophobic electrode as-

sembly by simultaneously optimizing the electrode and the
electrode/current collector interface. The developed cobalt-
nickel phosphide/oxide heterostructure was a superaerophobic-
superhydrophilic electrode that was bifunctionally active for both
hydrogen evolution (HER) and oxygen evolution reactions (OER).
The complete wetting of water droplet with fast spreading time
was achieved whereas complete underwater bubble repelling led
to ���° contact angle of air bubble. The zero-gap AWE integrated
with this catalyst and a superaerophobic current collector deliv-
ered a current density of 
.� A cm�	 with 	.	� V bias at �� °C. This
approach reveals the signi�cance of bubblemanagement over the
performance of AWE, o�ering a promising solution toward high-
rate water electrolysis.

�. Superaerophobic-Superhydrophilic
Heterostructure
Scheme �a depicts the bubble evolution on the electrode of a con-
ventional alkaline water electrolyzer. It is well documented that,
in addition to the normal electrode surface, a substantial portion
of bubbles are also generated at the interface of the current col-
lector (bipolar plate in a stack) and electrode. Therefore, in this
work, we simultaneously manipulated the aerophobicity of both
the electrode and the interface as shown in Scheme �b.
Generally, both the aerophobicity and hydrophilicity of ma-

terials are governed by the topography and chemical composi-
tion of the surface. Thus, we �rst designed a new electrode ma-
terial comprising Ni	P-CoP phosphide domains and NiCo	O�
spinel oxide domains (see Figure �a). The phosphide is hy-
drophilic with proven activities in both OER and HER[

,
�]; the
spinel oxide is an excellent OER catalyst with superhydrophilicity
in nature after surface oxidation. Importantly, the heterostruc-
ture promise to have synergistic e�ects toward higher electro-
activity.[
�] Both nanowire and nanosheet structures were pre-

pared on a Ni sheet by the phosphidation of Ni-Co hydroxide in
controlled atmosphere (see the Supporting Information for de-
tails). Ni	P, CoP, and Ni-Co spinel oxides were all identi�ed in
the X-ray di�raction (XRD) patterns (Figure �b). From the trans-
mission electron microscope (TEM) analysis, we noticed the ho-
mogenous distribution of both Co and Ni over the entire nanos-
tructure; yet elemental mappings from the energy-dispersive X-
ray spectroscopy (EDX) suggested the local segregation of phos-
phorus and oxygen in the hybrid structure (see Figure �c). In the
high-resolution TEM micrograph in Figure �d, we observed two
types of domains with distinct d-spacings. The P-rich domains
indeed contained Ni	P and CoP whereas the O-rich domains
were consisted of NiCo	O�. This conclusion was in accordance
with the selected area electron di�raction (SAED) pattern in Fig-
ure �e and was aligned with the surface analysis results using X-
ray photoelectron spectroscopy (XPS) in Figure S� (Supporting
Information).
We then optimized the surface morphologies of the hybrid

catalyst via tuning the synthetic conditions (see the Support-
ing Information). Seven di�erent patterns comprising nanowires
(NW), �nanowire bundles� (denoted as BW-�, BW-	, and BW-

), and �nanosheet bundles� (denoted as BS-�, BS-	, and BS-
).
All bundles were �	� µm in diameter, yet the wire/sheet den-
sities varied in each category (low to high density from � to 
).
Their scanning electron microscope (SEM) images were shown
in Figure �a and Figure S� (Supporting Information). The pre-
pared patterns showed di�erent degrees of wettability. A superhy-
drophilic surface shows a low water droplet contact angle (<��°)
while a superaerophobic surface is featured by as a high bub-
ble contact angle (>���°) underwater (see the schematic in Fig-
ure 	b). The regular phosphide surface (R-P) was indeed hy-
drophilic with a water contact angle (�w) of ��.� – 	.�°, sig-
ni�cantly lower than the industrial catalyst of pristine Ni sur-
face (�w = ��.� – 	.�°). The incorporation of spinel oxide in-
deed boosted the hydrophilicity as all hybrid surfaces were su-
perhydrophilic, showing the complete wetting with �w = �°. This
means the gas-solid interfacial tension (�gs) is larger than the sum
of liquid�solid (� ls) and gas�liquid (�gl) interfacial tensions.
To quantitatively compare the wetting dynamics of the super-

hydrophilic surfaces with �° contact angle, we used the spread
time (�t) as the descriptor which was de�ned by the time interval
between the droplet contact timepoint (tws) and the �nish time-
point of the complete wetting (twf) as shown by the schematic in
Figure S�� (Supporting Information).[
�]

�t = twf � tws (�)
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Figure �. a) The schematics of hybrid catalyst with phosphide and spinel oxide domains; b) XRD patterns of nanostructured hybrid catalyst; c) dark-�eld
TEM micrograph and the corresponding EDX elemental mappings of Ni, Co and P/O; d) HRTEM micrograph and e) selected area electron di�raction
(SAED) graph of hybrid catalyst.

Figure �. a) SEM images of BS-� and BW-�, additional microstructural images of other analogues were shown in the supporting information; b) the
schematics of superhydrophilic and superaerophobic surface; optical images of water and air bubble on the surface of c) R-P; d) NS; and e) BS-�.
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