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HIGHLIGHTS

e A super-hydrophilic electrode was successfully developed by depositing porous NiFe nanoparticles onto annealed TiO, nanotubes

(NiFe/ATNT), facilitating rapid outgassing of nonpolar gases.

e The NiFe/ATNT electrode demonstrated an overpotential of 235 mV at 10 mA cm™2 for the oxygen evolution reaction in 1.0 M KOH
and served as the anode in the anion exchange membrane water electrolyzer (AEMWE), achieving a current density of 1.67 A cm™2
at 1.80 V.

e The AEMWE utilizing the NiFe/ATNT electrode exhibited remarkable stability, maintaining operation for 1500 h at 0.50 A cm™>

under challenging thermal conditions of 80 + 3 °C.

ABSTRACT The state-of-the-art anion-exchange membrane water
electrolyzers (AEMWE ) require highly stable electrodes for pro-
longed operation. The stability of the electrode is closely linked to
the effective evacuation of H, or O, gas generated from electrode
surface during the electrolysis. In this study, we prepared a super-
hydrophilic electrode by depositing porous nickel-iron nanoparticles
on annealed TiO, nanotubes (NiFe/ATNT) for rapid outgassing of
such nonpolar gases. The super-hydrophilic NiFe/ATNT electrode
exhibited an overpotential of 235 mV at 10 mA cm™2 for oxygen
evolution reaction in 1.0 M KOH solution, and was utilized as the
anode in the AEMWE to achieve a current density of 1.67 A cm™ at
1.80 V. In addition, the AEMWE with NiFe/ATNT electrode, which

enables effective outgassing, showed record stability for 1500 h at
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1 Introduction

Water electrolyzer is a well-established device that uti-
lizes renewable energy sources to produce green H, [1-7].
Conventional devices include alkaline water electrolyzer
(AWE) and proton-exchange membrane water electrolyzer
(PEMWE), but AWE suffers from low current density
and use of about 40% concentrated KOH solutions, while
PEMWE has barriers to megawatt-scale production of H,
due to the high cost of electrocatalysts and anti-corrosive
components [8, 9]. In recent years, researchers have devel-
oped an anion-exchange membrane water electrolyzer
(AEMWE) to balance performance and cost [1, 3, 10, 11].
However, achieving high efficiency of hydrogen evolution
reaction at the cathode and oxygen evolution reaction (OER)
at the anode remain challenges, thus the development of
cost-saving electrocatalysts has been extensively investi-
gated [3, 12-20].

Meanwhile, electrocatalyst development alone is lim-
ited to improving the performance of electrodes in water
electrolyzers [21]. One of the major obstacles in electrode
technology that reduces the electrolyzer performance is
the accumulation of nonpolar gas bubbles, such as H,
and O,, on the electrode surface, which blocks the active
sites of the catalysts [22-25]. To reduce the bubble adhe-
sion to the electrode surface, electrocatalysts with super-
hydrophilic or super-aerophobic surface have been utilized
[3, 24-26]. For instance, Wang and coworkers utilized a
super-hydrophilic Fe-Ni—P-S catalyst loaded on nickel
foam (NF) support as the OER electrode in AEMWE to
accelerate the release of O, bubbles from the electrode
surface [24]. However, since the generally utilized elec-
trode materials, such as NF, titanium felt (TF), and carbon
paper, were hydrophobic, gas bubbles accumulated on the
electrode, resulting in particle detachment/agglomeration
during the reaction [1]. Therefore, electrode development
strategies that combine the advantages of hydrophilic-
ity and effective gas evacuation are essential to advance
the long-term operation of electrolyzers. To achieve this,
recent researchers have investigated on hydrophilic elec-
trodes with distinct structures, like nanotubes, rather than
flat surfaces [27, 28]. The curvature and vertical orienta-
tion of nanotubes can reduce the bubble contact area with
the electrode, promoting smaller bubble formation and
quicker detachment.

© The authors

This work aims to present super-hydrophilic electrode sur-
face structures that allow O, bubbles to escape efficiently,
and to improve OER performances by including electrode
materials with high surface area, and enhanced stability. To
offer all these advantages, we prepared an annealed TiO,
nanotubes (ATNT) with a super-hydrophilic and rough
surface structure as a catalyst support by anodizing and
annealing of TF [27, 28]. Then, NiFe nanoparticles (NPs),
a well-known OER catalyst material, were electrodeposited
onto the ATNT (NiFe/ATNT) to elucidate the fascinating
properties of super-hydrophilic support. In the NiFe/ATNT
I Pt/C/ATNT configuration of the AEMWE cell, as-pre-
pared electrode outperformed IrO, and NiFe catalysts on
hydrophobic TF substrates. In addition, the NiFe/ATNT
I Pt/C/ATNT demonstrated record stability for 1500 h at
0.50 A cm™2 under high temperatures of 80+ 3 °C, high-
lighting the potential for commercialization of AEMWE by
applying enhanced hydrophilic electrodes.

2 Experimental Section
2.1 Preparation of ATNTs

As-purchased TF was cleaned with acetone under ultrasonic
treatment for 15 min. Then, rinsed the TF several times
with deionized (DI) water and dried in the oven at 60 °C for
20 min. Subsequently, the anodizing process was carried out
in a solution containing 95 vol% ethylene glycol, 5 vol% DI
water, and 0.75 wt% of NH,F using a direct current power
source under a constant voltage of 30 V between the anode
and the cathode for 6 h. TF was used as the anode, while
the aluminum foil was used as the cathode. The distance
between the two electrode was ~3 cm. After the anodiza-
tion process, resultant amorphous TiO, nanotube (TNT)
electrodes were cleaned with DI water and air-dried. The
synthesized TNT was annealed at 500 °C for 5 h in air to
transform the amorphous structure to anatase phase.

2.2 Deposition of NiFe-Catalyst on Different
Supporting Electrodes

The NiFe/ATNT electrode was prepared using the electro-

deposition synthesis process in electrolyte solution (100 mL
of DI water) containing NiSO,-6H,0 (2.64 g), FeSO,-7H,0
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(0.65 g), Na;C4H;0,-2H,0 (14.70 g), NH,C1 (2.67 g), and
NaBr (2.04 g). ATNT substrate and pure Ni plate (99%) were
used as cathode and anode, respectively. Both electrodes
are immersed vertically in the electrolyte solution. The con-
tinuous magnetic stirring with 300 rpm was applied to the
solution throughout the deposition process for homogeneous
deposition. The deposition was performed at a constant cur-
rent density of 100 mA cm™ and a constant bath tempera-
ture of 40 °C. The pH value of the solution was maintained
to be ~7.0. During the synthesis process, the bath composi-
tion and deposition time were varied to control the Ni-to-
Fe molar ratios and catalyst loading on ATNT, respectively
(Tables S1 and S2). After the electrodeposition process,
catalyst-deposited electrodes were cleaned with ethanol and
DI water several times to remove the remaining electrolyte
solution and dried in an oven at 60 °C for 30 min. As per
inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) results, the molar ratio of Ni:Fe was determined
to be 4:1. To compare the electrocatalytic performance of the
NiFe/ATNT catalyst electrode with other supporting elec-
trodes, NiFe/TNT and NiFe/TF catalyst electrodes were also
prepared using the same molar ratio (4:1) (Table S3) and
conditions.

2.3 Electrochemical Measurements

All the electrochemical measurements were performed at
room temperature using a standard three-electrode cell con-
nected to a BioLogic VSP potentiostat with 10 A booster.
For improved accuracy in electrochemical measurements,
each electrode was measured three times under the same
operation conditions. Pt mesh (1 cm?) and Hg/HgO were
used as counter and reference electrodes for all the elec-
trochemical measurements. On the other hand, the working
electrode varied for each case: TF, TNT, ATNT, Ni/ATNT,
NiFe/TF, NiFe/TNT, and NiFe/ATNT. Commercial IrO, and
Ni powder have been used as OER benchmark catalysts for
the comparison. To prepare the commercial IrO, on glassy
carbon (GC) electrode (IrO,/GC), catalyst ink was prepared
by mixing 2.5 mg of catalyst powder, 10 L of 5 wt% Nafion,
1.0 mL of DI water, and 0.25 mL of isopropyl alcohol, and
then the corresponding mixture was homogeneously mixed
by ultra-sonication for 30 min. Before the catalyst ink load-
ing, the L-shaped GC electrode was mirror-polished with
0.05 pm alumina powder and washed appropriately with DI
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water. Then, the prepared catalyst ink was loaded on GC
(0.196 cm?) with a catalyst loading of 20.4 ug cm™2. A simi-
lar catalyst ink preparation method was followed to prepare
the commercial Ni powder on the NF electrode using 5 mg
of Ni catalyst powder. Before loading the catalyst ink, the
NF was cleaned with acetone under ultrasonic treatment for
15 min. It was then immersed in a 0.1 mol L™! HCI solu-
tion at room temperature for 30 min to remove inorganic
impurities, followed by rinsing with DI water and drying at
60 °C for 20 min. The prepared catalyst ink was then sprayed
onto the NF (1 cm?) using a spray gun with a catalyst load-
ing of 5 mg cm™2. All applied potential was converted to
a reversible hydrogen electrode (Vpyg). At first, the work-
ing electrode was activated by cyclic voltammetry (CV) at
a scan rate of 100 mV s~! for 20 cycles in between 0.08
to 1.0 Viyg in an Ar-saturated 1.0 M KOH solution. The
final CV was recorded at a scan rate of 50 mV s~! for 2
cycles in an Ar-saturated 1.0 M KOH solution. Afterward,
linear sweep voltammetry (LSV) for OER was performed
at a scan rate of 5 mV s~! in the potential range of 1.0 to
1.80 Viyg in an O,-saturated 1.0 M KOH solution. Except
for CV, all electrochemical investigations were conducted
under O,-saturated conditions to affirm the O,/H,0 equilib-
rium at 1.23 Vyyg. The chronopotentiometric stability test
for prepared electrodes was conducted for 100 h at a current
density of 10 mA cm™ in an O,-saturated 1.0 M KOH solu-
tion. See the Supporting Information for more details about
electrochemical measurements.

2.4 Preparation of Electrodes for AEMWE

To prepare the electrodes, catalyst-coated substrate (CCS)
method was followed. The NiFe on ATNT (3 x 3 cm?) was
prepared by the electrodeposition process as reported in the
experimental section. The Pt/C/ATNT electrode was pre-
pared using a spray coating method. Catalyst ink was pre-
pared by mixing 15.62 mg of commercial Pt/C (20 wt%)
catalyst powder, 200 pL of the respective commercially
available ionomer for each membrane, 0.2 mL of DI water,
and 0.8 mL of isopropyl alcohol. The mixture was then
homogeneously sonicated for 60 min. Finally, the pre-
pared catalyst ink was uniformly sprayed onto the ATNT
substrate (2.5 2.5 cm?) using a spray gun. Each electrode
was separately hot-pressed at 60 °C and 4 MPa for 10 s to
ensure proper catalyst adhesion to the support before being

@ Springer
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incorporated into the membrane electrode assembly (MEA).
In case of the Fumasep membrane, a hot pressing machine
was used to press the membrane with electrodes.

2.5 Fabrication of MEA

The MEA was carefully prepared while assembling the elec-
trolyzer. Optimized NiFe/ATNT and commercial catalyst
Pt/C/ATNT electrodes were used as the anode and cathode,
respectively. A pre-treated membrane (see the Supporting
Information) was placed between the cathode and anode
like a sandwich. Then, Pt-coated Ti mesh was positioned on
the backside of both the anode and cathode to improve the
electrical conductivity between the bipolar plates and the
electrodes. After assembling all the components, the elec-
trolyzer was manually tightened using a wrench.

2.6 Electrochemical Measurements of Assembled
AEMWE

After assembling the electrolyzer, the electrochemical
measurements were conducted using 1.0 M KOH solution
at different temperatures (25, 40, 50, 60, and 80 + 3 °C), dif-
ferent electrolyte flow rates on the anode side (1, 2, 3, and
5 mL min~!), and with different AEMs. Each experiment
was conducted at least three times to ensure data accuracy.
The electrochemical impedance spectroscopy (EIS) of the
AEMWE cell was measured at 1.40 and 1.60 V. A long-
term stability test was performed for 1500 h in an aqueous
1.0 M KOH solution at a current density of 0.50 A cm™2
at 80 +3 °C. The dynamic operational durability of the
AEMWE system was evaluated using square-wave cycling
tests under varying voltage conditions. The system was sub-
jected to 100 cycles between 0.10 to 1.60 V, and 50 cycles
between 0.10 and 1.80 V in 1.0 M KOH, low-alkaline (0.1 M
KOH), and DI water electrolytes at 80 +3 °C. During each
cycle, the cell voltage was held at 0.10 and 1.60 V, and sub-
sequently at 0.10 to 1.80 V, for 1 min each. To compare
the performance, an AEMWE cell was also prepared using
commercial catalysts such as 20 wt% Pt/C/ATNT (loading
amount of 2.5 mg cm™?) as a cathode and IrO,/ATNT (load-
ing amount of 3 mg cm™2) as an anode and examined under
the same conditions. More details can be found in Support-
ing Information.

© The authors

2.7 Photoelectrochemical (PEC) Measurements

The PEC measurements were conducted under simulated
solar light irradiation [29, 30]. The working electrode, with
an actual geometric area of 1 cm?, was exposed to an elec-
trolyte solution. The intensity of the solar simulator (150 W
xenon lamp, ABET technologies) was calibrated to AM 1.5G
(1 SUN, 100 mW cm™2). The anodic photocurrent value and
external bias vs. the reference electrode (Hg/HgO) were con-
trolled and monitored using a CHI 630 potentiostat (Austin,
TX). The PEC measurements were performed in aqueous
solutions of 0.1 M KOH with a scan rate of 20 mV s~

3 Results and Discussion

3.1 Synthesis and Characterization of ATNT-Based
Electrodes

We prepared various Ti-based substrates for the OER elec-
trode by anodizing and annealing treatments on TF (Fig. 1).
Pristine TF with a smooth surface was shown in field emis-
sion scanning electron microscopy (FESEM) (Fig. 1b) and
atomic force microscopy (AFM) images (Fig. 1c) with an
average surface roughness (the root-mean-square value of
the image pixel height, R ) of 18 nm over the surface area
of 3 pm2. Synchrotron X-ray diffraction (SXRD) demon-
strated the hexagonal-close-packed Ti (Tiy,) metal crystal
structure (Fig. S1a). After anodization of TF (see Experi-
mental Section) [27, 28], TiO, nanotubes were formed on
the TF surface (TNT) (Fig. 1j), increasing the R, value of
22 nm (Fig. 1k). Since the TNT was amorphous, it showed
similar SXRD patterns to the pristine TF (Fig. S1b) [27]. In
addition, the TNT exhibited low conductivity, so an anneal-
ing treatment was applied to convert the amorphous phase
into a crystalline anatase phase of TNT (ATNT) [28]. The
phase transformation of TNT to ATNT also led to three-
dimensional hierarchical porous structure formation, com-
bining both small and large pores, with a highly increased
R, value of 117 nm (Fig. 1r, s). The SXRD analysis of the
ATNT showed distinct anatase-TiO, (101) and (200) peaks
at 25.3° and 48.1°, respectively (Fig. Slc). X-ray adsorp-
tion fine structure (XAFS) analysis was conducted to con-
firm the surface structural transformation of TF during
the treatments. The X-ray absorption near edge structure
(XANES) showed clear pre-edge attributed to a dipole 1s to

https://doi.org/10.1007/s40820-025-01696-2
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3d transition of metallic Ti for TF, TNT, and ATNT similar
to Ti foil (Fig. S2a). However, TNT and ATNT also showed
quadrupole pre-edges owing to the formation of TiO, [31].
Fourier transform-extended X-ray adsorption fine structure
(FT-EXAFS) spectra of TNT and ATNT presented two

SHANGHAI JIAO TONG UNIVERSITY PRESS

distinct peaks of Ti-O (1.5 10\) and extended Ti-Ti (2.6 /OX)
bonds indicating TiO, formation while the TF presented a
single Ti-Ti (2.5 10%) peak (Fig. S2b). The extended Ti-Ti
bond of TNT was slightly shorter than that of ATNT, indi-
cating the amorphous structure of TNT [32].

@ Springer
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To demonstrate the different surface types of Ti-based
substrates, NiFe alloy, which was one of the promising
catalytic materials for OER, was electrochemically depos-
ited on them to obtain NiFe/TF, NiFe/TNT, and NiFe/
ATNT. The NiFe/TF electrode showed a thick surface
coating with agglomerated NiFe NPs (Fig. 1f), while both
the NiFe/TNT (Fig. 1n) and NiFe/ATNT (Fig. 1v) dis-
played less agglomeration of NiFe NPs. The R, values
were measured to be 43, 111, and 120 nm for NiFe/TF
(Fig. 1g), NiFe/TNT (Fig. 1o), and NiFe/ATNT (Fig. 1w),
respectively, indicating that the higher R, value of the
ATNT provides more nucleation sites for the formation
of smaller sized and higher dispersed NiFe NPs than the
other electrodes. The presence of the NiFe peaks at 44.0°
and 51.5° in SXRD confirmed the formation of NiFe NPs
on these electrodes (Fig. S1). The distribution of NiFe NPs
within TF, TNT, and ATNT was also confirmed by cross-
sectional FESEM images before and after NiFe deposi-
tion (Fig. S3). The FESEM images of NiFe/TF and NiFe/
TNT showed that NiFe NPs attached on the surface of
TF and TNT. However, NiFe NPs were formed not only
on the surface but also on the inside of ATNT due to the
high roughness and porous structure of ATNT. The cross-
sectional transmission electron microscopy image of NiFe/
ATNT was further examined to show the well-dispersed
NiFe NPs within the ATNT (Fig. 2a). The high-resolu-
tion transmission electron microscopy (HRTEM) images
of NiFe/ATNT revealed the lattice distances of 0.35 and
0.18 nm corresponding to the anatase TiO, (101) and
NiFe (200), respectively (Fig. 2b—d) [33—35]. The high-
angle annular dark field scanning TEM (HAADF-STEM)
image and energy-dispersive X-ray spectroscopy (EDS)
elemental mapping of NiFe/ATNT revealed the formation
of NiFe alloy on TiO, substrate without any doping of
Ni or Fe atoms in TiO, (Fig. 2e). Furthermore, HAADF-
STEM and EDS mapping images prepared by focused ion
beam (FIB) cutting showed internal nanoporous structure
of NiFe NP (Fig. 2f). Consequently, well-dispersed NiFe
NPs were successfully synthesized from surface to inner
side of ATNT substrate, due to the porous and highly
rough structure of ATNT which may offer improved OER
performance by efficient mass transfer of electrolyte/gas
[24, 36-38].

X-ray photoelectron spectroscopy (XPS) was used to
examine the chemical structure of the prepared electrodes.
The Ti 2p XPS spectrum of pristine TF showed Ti® peaks

© The authors

and minor Ti** peaks, which are from the naturally oxidized
Ti on the surface, while the TNT and ATNT exposed domi-
nant Ti** and minor Ti?* peaks (Figs. 2g and S4). After NiFe
deposition, no Ti 2p peaks were observed due to the exist-
ence of thick NiFe layer on the flat TF surface (Fig. S4a).
In the cases of TNT and ATNT, the oxidation state of Ti
increased after NiFe deposition. Specifically, the Ti**/Ti !
ratio increased from 0.91 of TNT to 0.98 of NiFe/TNT (Fig.
S4b). In addition, the peak position of Ti** for NiFe/ATNT
was blue-shifted to that for ATNT. These are the results of
electron transfer from TiO, to Ni/Fe due to the lower work
function value of TiO, (4.12 eV) than Ni (5.15 eV) and Fe
(4.33 eV) [39, 40]. In this regard, the Ni 2p;,, and Fe 2p
XPS spectra were red-shifted for NiFe/TNT and NiFe/ATNT
compared with NiFe/TF, with NiFe/ATNT showing more
shift than NiFe/TNT (Fig. 2h, i). This larger peak shift could
be attributed to the higher R, value of ATNT than TF and
TNT, which helped to increase interaction sites between
the NiFe NPs and the ATNT during electrodeposition. The
HRTEM image at the interfacial region of NiFe and TiO,
showed atomic defects, supporting the presence of chemical
interaction between NiFe and TiO,, which could prevent
catalyst degradation (e.g., particle aggregation and detach-
ment) and enhance electrical resistance (Fig. S5). The XAFS
analysis also exhibited consistent phenomena well matched
with XPS results. The XANES spectra of the Ni K-edge
showed that the white line location of the electrodes was
red-shifted in the order of NiFe/ATNT < NiFe/TNT < NiFe/
TF < Ni foil, indicating more reduced states of Ni in NiFe/
ATNT (Fig. S6a). Because of the strong interaction between
TiO, and NiFe nanocrystals, electron transfer from TiO,
to Ni/Fe creates an excess electron state on the metal sur-
face. The excessive electron state will be rearranged and
accumulated near the surface of metal atoms, resulting in
the negatively charged state of Ni/Fe [41]. The Fe K-edge
XANES spectra demonstrated a similar trend to the Ni
K-edge (Fig. S6c). The FT-EXAFS profiles of Ni K-edge
and Fe K-edge for the NiFe/TF, NiFe/TNT, and NiFe/ATNT
exhibited metallic structures (Fig. S6b, d). The difference
between the Fe K-edge peak patterns of NiFe crystal and
Fe foil was attributed to the differences in crystal structure
between them [42].

The hydrophilicity of the prepared electrodes was ana-
lyzed by the wettability test. The pristine TF is hydropho-
bic, as indicated by the contact angle of 112.6° to the water
droplet (Fig. 1d). However, due to the hydrophilic NiFe

https://doi.org/10.1007/s40820-025-01696-2
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deposition, the NiFe/TF decreased the contact angle to 29.8°
(Fig. 1h) [24, 25]. On the other hand, the TNT and ATNT
exhibited hydrophilic properties without forming a measur-
able contact angle due to the formation of polar TiO, on
the surfaces (Fig. 11, t). In addition, the hydrophilic elec-
trodes may enhance the capillary effect, allowing water to
be rapidly attracted and spread across the surface. These
hydrophilic behaviors were maintained after the deposition
of the NiFe onto the TNT and ATNT (Fig. 1p, x). A similar
trend was also observed with commercial powder catalysts,

1 SHANGHAI JIAO TONG UNIVERSITY PRESS
S

where IrO,, Pt/C, and Ni powder on ATNT and TNT sup-
ports exhibited super-hydrophilic properties compared to
those on TF substrates (Fig. S7). The hydrophilic nature of
these surfaces allows unimpeded access of the electrolyte to
the catalyst during electrochemical reactions, promoting the
reaction kinetics and thus enhancing electrocatalytic perfor-
mances [24, 25, 38].

The super-aerophobic properties of the electrodes were
further evaluated using underwater contact angle measure-
ments. The pristine TF was aerophobic with a contact angle

@ Springer
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of 92.2° (Fig. S8a). However, due to the super-aerophobic
NiFe coating, the contact angle of NiFe/TF increased to
133.1° (Fig. S8d). TNT and ATNT displayed even greater
super-aerophobic properties (Fig. S8b, c), with contact
angles of 145.4° and 155.2°, respectively, which were fur-
ther enhanced after NiFe deposition (Fig. S8e, f). NiFe/
ATNT showed a higher contact angle (157.3°) compared to
NiFe/TNT (151.5°), likely due to higher surface roughness.
A similar pattern was observed with commercial powder
catalysts, where electrodes like IrO,/ATNT, Pt/C/ATNT,
and Ni powder/ATNT exhibited superior super-aerophobic
properties compared to their counterparts on TNT and TF
substrates (Fig. S9). These findings suggest that ATNT sup-
port provides high surface super-aerophobicity and optimal
wetting, enabling efficient bubble release and exposure of
catalytic sites, which enhances electrocatalytic performance.

3.2 Electrochemical Measurements

Electrochemical measurements of NiFe NPs formed on dif-
ferent Ti-based substrates were conducted in 1.0 M KOH
solution using a three-electrode system. The OER polariza-
tion curves were obtained via LSV at a scan rate of 5 mV s~
with 100% iR-correction (Fig. 3a). The evaluation of OER
performance for NiFe/ATNT catalysts with different Ni-to-
Fe molar ratios and catalyst loadings revealed that a ratio of
4:1 and a loading of 5 mg cm™? were found to be optimal
conditions (Figs. S10-S12, Tables S1, and S2). To provide
a basis for comparison, the OER performances of bare TF,
TNT, ATNT, Ni/ATNT, commercial Ni powder/NF, and
commercial IrO,/GC, were investigated under the same con-
ditions. Furthermore, we prepared NiFe deposited on a cal-
cined TF electrode forming TiO, layer on the surface (NiFe/
TOTF) (see Supporting Information for details, Fig. S13)
to emphasize the necessity of the ATNT preparation. To
achieve a current density of 10 mA cm™2, the NiFe/ATNT
demonstrated the overpotential of 235 mV, which was 73,
72,70, 49, 104, and 55 mV lower than the IrO,/GC, Ni pow-
der/NF, NiFe/TF, NiFe/TNT, Ni/ATNT, and NiFe/TOTF,
respectively. In addition, Fig. 3b showed the comparison
of overpotential values at current densities of 10, 20, and
50 mA cm™2, indicating that the NiFe/ATNT showed the
best OER activity among all the electrodes. The reaction
kinetics of the prepared electrodes were determined by the
Tafel slope derived from the steady-state polarization curve,
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as shown in Fig. 3c. The Tafel slope values of IrO,/GC, Ni
powder/NF, Ni/ATNT, NiFe/TF, NiFe/TNT, NiFe/ATNT,
and NiFe/TOTF were measured to be 74, 124, 143, 77, 72,
60, and 71 mV dec™!, respectively, suggesting the fastest
charge-transfer kinetics of NiFe/ATNT [12].

The Nyquist plots of prepared electrodes showed that
NiFe/ATNT exhibited lower charge transfer resistance
(smaller arc diameter) than NiFe catalysts on TF and TNT,
indicating performance improvement due to relatively faster
electron transfer (Fig. S14) [43, 44]. In addition, PEC char-
acterization was conducted under solar irradiation in 0.1 M
KOH for the prepared electrodes before and after NiFe depo-
sition, indicating the negligible semiconducting properties
of the TiO, (Fig. S15) [45].

The electrochemical active surface area (ECSA) of the
electrocatalysts was estimated by measuring double layer
capacitance (Cg4) from CV curves recorded at different
scan rates in the non-faradic region with a potential range
of 0.52-0.62 Vi (Fig. S16). Since the Cy is proportional
to the ECSA of the electrode [46], the higher the ECSA,
the more active sites on the electrode surface, leading to a
faster charge-transfer rate and stronger interaction between
the electrolyte and electrode during the OER [12, 46-51].
As shown in Fig. 3d, Cy was measured to be 4.1 mF cm™>
for the NiFe/ATNT, which is higher than those of NiFe/TF
(1.5 mF cm™), and NiFe/TNT (3.1 mF cm™). Therefore,
the increased ECSA of the NiFe/ATNT can be attributed
to the utilization of porous NiFe NPs [36], and enhanced
surface roughness [48]. In addition, the normalized LSV
plot by the ECSA (Fig. 3e) showed that NiFe/ATNT exhibits
superior intrinsic activity compared to NiFe/TF and NiFe/
TNT, indicating that the higher activity can be attributed to
the hydrophilic properties of ATNT [52].

To evaluate the long-term stability of the prepared cata-
lysts, a chronopotentiometric test at a constant current den-
sity of 10 mA cm™2 in 1.0 M KOH solution was conducted
for 100 h (Fig. 3f). The results revealed that the NiFe/TF
maintained its performance for up to 72 h. On the other hand,
the NiFe/TNT and NiFe/ATNT performed for 100 h without
a significant increase in overpotentials. The stable OER per-
formances of NiFe/TNT and NiFe/ATNT can be attributed
to the hydrophilicity effect of the electrodes [53, 54]. To
evaluate the impact of hydrophilic electrodes on catalyst sta-
bility, we performed TEM, XRD, XPS and FESEM analyses
on the electrodes after 100 h of OER testing. The TEM and
XRD results of NiFe/ATNT exhibited very similar physical
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properties before and after 100 h of OER test (Fig. S17). By
the way, the XPS results for the Ni 2p;,, and Fe 2p regions
predominantly showed the + 3 oxidation states, indicating
the formation of the OER-active NiFeOOH phase on the
surface during the stability test (Fig. S18a, b). In addition, as
shown in Fig. S18c, quantitative XPS analysis showed that
NiFe/ATNT and NiFe/TNT had minimal chemical degrada-
tion with 3.0% and 3.4% Fe/Ni ratio decreases, respectively,
compared to their fresh conditions. In contrast, NiFe/TF
exhibited a notable 5.4% lower Fe/Ni ratio than its pristine
one. This Fe dissolution might be attributed to the dead zone
formation on the hydrophobic TF electrode, which surfaces
intensifies local overpotential, accelerate Fe dissolution, and
shorten the catalyst lifespan [22, 55]. Post-FESEM analysis
revealed that NiFe/TF demonstrated considerable structural
damage (Fig. S19a, d), NiFe/TNT showed moderate changes
(Fig. S19b, e), whereas NiFe/ATNT exhibited almost no
morphological changes (Fig. S19c, f). These observations
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suggest that the super-hydrophilic ATNT substrate, with its
rough, three-dimensional hierarchical porous structure, is
more effective in reducing bubble accumulation, enhanc-
ing gas evacuation, and minimizing structural and chemical
damages, thereby improving long-term stability. In contrast,
hydrophobic TF surfaces cause bubble accumulation, which
promotes Fe dissolution under OER conditions, leading to
increased structural and chemical damages and ultimately
reducing the lifespan of the catalyst.

The influence of the hydrophilic behavior on the gas (O,)
bubble release of the electrodes during electrochemical
measurements was investigated by utilizing a high-defini-
tion camera (Fig. S20) to capture and analyze the bubble
release patterns on the prepared electrodes during the OER.
We conducted this experiment in a half-cell configuration
at 80+ 3 °C. When examining NiFe/TF electrodes, the O,
bubbles formed on the electrode surface adhered strongly
and connected to adjacent bubbles to form a network of
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bubbles (Fig. 3g). Consequently, these bubbles grew in size
and formed poor mass transfer zones, often known as “dead
zones,” on the electrode surface [53]. As illustrated in ear-
lier studies, dead zones restrict the influx of reactants into
the electrode, causing an inadequate supply of reactants in
these regions and subsequently resulting in a diminished
reaction, as observed in this case with the OER. The sizes
of released bubbles were noticeably reduced on the surface
of the NiFe/TNT compared to those observed on the NiFe/
TF (Fig. 3h). Although the NiFe/TNT was hydrophilic, its
flat surface prevented the bubbles from detaching quickly,
forming dead zones. For the NiFe/ATNT, we observed that
the generated O, bubbles were much smaller than those of
the other two electrodes and quickly escaped from the elec-
trode surface, limiting the creation of dead zones on the
electrode surface (Fig. 3i). Additionally, live observations
of gas bubbles release pattern from the prepared electrodes
during the half-cell test further confirmed these results, as
detailed in Video S1. These results showed that the ATNT
substrate with its high surface roughness, hydrophilicity, and
hierarchical porous structure enhances the surface area-to-
volume ratio, providing numerous bubble nucleation sites
and reducing bubble contact with the electrode. Addition-
ally, the smaller NiFe NPs on the ATNT substrate further
increased nucleation sites due to the high surface area of
the electrode. The synergistic effects promoted the rapid
formation and detachment of smaller bubbles, reduction of
dead zones, exposure of more active sites, and enhancement
of electrochemical performance at high current densities
[24, 38, 48, 54]. The average diameters of the O, bubbles
released from the electrode surfaces were measured to be
124 +13,75+6, and 23 + 8 pm for NiFe/TF, NiFe/TNT, and
NiFe/ATNT, respectively (Fig. S21).

3.3 AEMWE Performance

To evaluate the potential applicability of NiFe/ATNT,
water electrolysis experiments were performed using
a custom-made single-cell electrolyzer with a surface
area of 5 cm? (Figs. 4a and S22a). The electrical resis-
tivity of as-prepared electrodes was priorly tested by
the four-point probe resistivity method to convince the
AEMWE suitability (Table S4). After anodization, TNT
(1.37 mQ cm) and ATNT (1.35 mQ cm)-based elec-
trodes exhibited slightly increased electrical resistivity
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than TF (0.54 mQ cm), but the values remained still
metallic range (107% t0o107% Q m). After the deposi-
tion of the NiFe catalyst onto the respective substrates,
the resistivity values were changed to 0.50 mQ cm for
NiFe/TF, 1.18 mQ cm for NiFe/TNT, and 1.22 mQ cm
for NiFe/ATNT. The slightly lower resistivity of NiFe/
TNT than NiFe/ATNT can be attributed to the larger
size of NiFe NPs, which enhances electrical conductiv-
ity [56]. These results indicate that the thin TiO, layer
had a negligible impact on the overall electrical resist-
ance of the electrodes. The NiFe/ATNT was used as the
anode and a commercial Pt/C sprayed on the ATNT was
used as the cathode. While most reported electrolyzer
setups employed a 40 wt% of Pt/C on their cathodes, we
used 20 wt% of Pt/C to reduce the cost. Furthermore, the
spraying uniformity of Pt/C on Ti-based substrates was
evaluated using laser-induced breakdown spectroscopy
(LIBS). The LIBS mapping revealed that the deviation in
LIBS intensity was about 7%, indicating spatial uniform-
ity of the Pt amount was controlled to >90% level (Fig.
S23). Since the choice of a membrane is important as
it directly impacts the efficiency, durability, and overall
performance of the AEMWE [1, 3], we conducted an ini-
tial analysis using three commercial membranes such as
PiperION, Fumasep FAA-3-50, and Sustainion® X37-50
grade RT (Fig. S22b). The assembled electrolyzer (NiFe/
ATNT I Pt/C/ATNT) was initially circulated witha 1.0 M

Lat

KOH solution with a constant flow rate of 3 mL min~
an operating temperature of 60 + 3 °C. The NiFe/ATNT |
Pt/C/ATNT with PiperION demonstrated the best perfor-
mance (1.28 A cm™2) among Sustainion® X37-50 grade
RT (0.86 A cm™?) and Fumasep FAA-3-50 (0.88 A cm™?)
at 1.80 V (Fig. S24a). The assessment of AEMWE perfor-
mance under different electrolyte flow rates and operat-
ing temperatures revealed that the optimal conditions for
the NiFe/ATNT Il Pt/C/ATNT setup were a flow rate of
3 mL min~! and an operating temperature of 80 + 3 °C
(Fig. S24b, c and see Supporting Information) [3, 57,
58]. At this optimal condition, the three membranes were
tested again for performance comparison. Since the ionic
conductivity of Fumasep FAA-3-50 (25-60 mS cm™') is
lower than that of PiperION (80-150 mS cm™!), NiFe/
ATNT || Pt/C/ATNT setup with Fumasep FAA-3-50
exhibited reduced performance (Fig. S24d) [3]. In con-
trast, the Sustainion® X37-50 grade RT membrane failed
to operate at 80 + 3 °C, possibly due to its limited thermal
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and alkaline stability [57, 58]. The superior performance
of PiperION is attributed to its advanced polymer back-
bone and high-density functional groups, which enable
stable and efficient hydroxide ion transport even at ele-
vated temperatures.

Furthermore, to distinguish the impacts of super-hydro-
philic and hydrophobic substrates on electrolyzer perfor-
mance under optimal conditions, the performance of the
NiFe/ATNT setup was compared with that of the NiFe/TF
setup. As shown in Fig. 4b, the NiFe/TF | Pt/C/TF configu-
ration showed lower performance, with a current density of
0.71 A cm™ at 1.80 V and 80+ 3 °C. This was more than
two times less than the NiFe/ATNT I Pt/C/ATNT under the

o
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&

same conditions. To understand the impact of hydrophilicity
and gas bubble accumulation on this improvement, compara-
tive EIS analysis was conducted on these AEMWE setups
at two voltage conditions: 1.40 V (no bubble) and 1.60 V
(with bubble). As shown in Fig. 4c, at 1.40 V, the AEMWE
with NiFe/ATNT exhibited lower system resistance
(0.089 Q cm?) than NiFe/TF (0.167 Q cm?). Under the more
challenging condition of 1.60 V, the system resistance for
the AEMWE with NiFe/ATNT slightly increased to 0.092 Q
cm?, while the NiFe/TF configuration showed a significant
increase to 0.244 Q cm?2. According to Ohm’s law, the lower
internal resistance of AEMWE with ATNT electrodes ena-
bles a higher current density compared to AEMWE with
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TF, likely due to fewer dead zones, as depicted in the ear-
lier section. On the other hand, the TF-supported AEMWE
showed higher internal resistance due to the accumulation
of gas bubbles, creating dead zones on the electrode surface.
In addition, the AEMWE with the NiFe/ATNT electrode
exhibited a lower Tafel slope (87 mV dec™!) from 100%
iR-corrected LSV graphs compared to the NiFe/TF elec-
trode (114 mV dec™!) (Fig. 4d). The NiFe/TF electrode
also showed a significant deviation from the extrapolated
Tafel line at higher current densities, while the NiFe/ATNT
electrode exhibited only minimal deviation. To understand
this, the cell overpotential was divided into mass-transfer
overpotential (n,,,,..), ohmic overpotential (1), and kinetic
overpotential (n,;,) (see Supporting Information). At a low
current density of 0.30 A cm™2, 1, dominated the overall
polarization (Fig. S25). The total overpotential for the NiFe/
ATNT electrode was consistently lower than for the NiFe/
TF electrode across all current densities. At higher currents
(0.50 and 1.00 A cm™?), the NiFe/TF electrode showed a sig-
nificant ), contribution, while the NiFe/ATNT electrode
had a much lower 1, (Fig. 4e). The small n,, value of the
NiFe/ATNT electrode is due to the fast gas bubble release,
minimized dead zones, and improved active site exposure/
reactant transport compared to NiFe/TF at high current den-
sities compared to NiFe/TF electrode (Fig. 4f, g).

To determine whether the performance improvement is
due to the substrate effect or the NiFe NPs, AEMWE experi-
ments were also conducted using commercial catalysts, such
as IrO, and Ni powder, as the anode catalysts on both super-
hydrophilic ATNT and hydrophobic TF substrates. In this
analysis, LSV curves revealed that the IrO,/TF configura-
tion had a lower current density of 0.73 A cm™2 at 1.80 V
and 80+ 3 °C, approximately 0.15 A cm™ less than the
IrO,/ATNT configuration (Fig. S26a). Upon comparing the
EIS analysis at 1.40 and 1.60 V (Fig. S26b), IrO,/ATNT |
Pt/C/ATNT configuration surprisingly demonstrated lower
system resistance (0.121 Q cm?) compared to the IrO,/TF
configuration (IrO,/TF | Pt/C/TF) (0.152 Q cm?) at 1.40 V.
Moreover, at 1.60 V, the IrO,/ATNT configuration experi-
enced a slight increase in resistance to 0.137 Q cm?, while
the IrO,/TF configuration showed a significant increase to
0.179 Q cm?. A similar trend was also observed with com-
mercial Ni powder as an anode catalyst on super-hydrophilic
ATNT and hydrophobic TF substrates (Fig. S26c¢, d). We
also performed additional tests using commercial Ni pow-
der as the cathode catalyst on ATNT and TF, by replacing
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Pt/C. The results showed that the NiFe/ATNT || Ni powder/
ATNT setup achieved a current density of 0.77 A cm™ at
1.80 V and 80 +3 °C (Fig. S26e). This setup outperformed
the hydrophobic TF-based configuration (NiFe/TF || Ni
powder/TF) with the same catalysts. EIS analysis at 1.40
and 1.60 V (Fig. S26f) further demonstrated the advantages
of the NiFe/ATNT || Ni powder/ATNT setup, which had a
lower system resistance of 0.153 Q cm?” at 1.40 V compared
to 0.170 Q cm? for the NiFe/TF || Ni powder/TF configu-
ration. At 1.60 V, the resistance of the Ni powder/ATNT-
based setup increased slightly to 0.179 Q cm?, whereas
the Ni powder/TF-based setup showed a significant rise to
0.427 Q cm?. These experiment results indicated that the
super-hydrophilic ATNT substrate more effectively elimi-
nates the formation of dead zones and substantially reduces
electrolyzer resistance, enhancing overall performance.
The long-term stability of the NiFe/ATNT Il Pt/C/ATNT
was tested at a constant current density of 0.50 A cm™ at
80+ 3 °C for 1500 h (Fig. 5a). By comparing with other
AEMWE using non-noble metals as anode, the performance
and stability of the NiFe/ATNT I Pt/C/ATNT surpassed prior
results (Fig. 5b; Table S5) [11, 13-16, 24, 59-70] We used
XPS and microscopic analyses to examine the chemical and
morphological changes of the NiFe/ATNT after AEMWE
stability test. The XPS peaks on Ti 2p region revealed that
the ATNT substrate maintained a stable TiO, phase under
the anodic condition of AEMWE (Fig. S27). However, Ni
2p;,, and Fe 2p regions mainly showed 3 + oxidation state,
indicating the formation of OER active NiFeOOH phase
during the stability test (Fig. 5c, d) [71, 72]. HRTEM and
FESEM images of NiFe/ATNT after the AEMWE stabil-
ity test also revealed that NiFe NPs fully transformed to
NiFeOOH nanosheets (Figs. Se and S28), well matched with
XPS results [36, 72]. The electrolyzer showed an overall
degradation rate of approximately 0.20 mV h™! over the
1500 h stability test (Fig. 5a). The first 500 h exhibited
a degradation rate of 0.12 mV h™!, which then increased
to 0.24 mV h™! during the next 500 h, and further rose
to 0.26 mV h™! in the final 500 h. These findings suggest
that, although the NiFe/ATNT catalyst formed the active
NiFeOOH phase during the stability test, gradual morpho-
logical changes in the catalyst surface likely resulted in a
slow loss of contact between the membrane and the catalyst
layer, contributing to the degradation of the electrolyzer
over time. EIS analysis conducted at 1.60 V showed a slight
increase in the resistance value of the electrolyzer from
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0.092 to 0.126 Q cm? during the stability testing (Fig. S29).
These post-test characterizations confirmed that the NiFe/
ATNT is highly stable under harsh conditions. To evalu-
ate the efficiency of the AEMWE system with the NiFe/
ATNT || Pt/C/ATNT setup, we conducted a cell efficiency
test using 1.0 M KOH as the electrolyte at 0.50 A cm™ for
60 s at 80 + 3 °C, with a flow rate of 3 mL min™' (Fig. S30).
The results showed a cell efficiency of 79.47%, indicating
the hydrophilic ATNT substrates as efficient supports for
electrolyzer applications. We further calculated the energy
consumption of the NiFe/ATNT || Pt/C/ATNT setup under
the same operational conditions using Eq. S7, yielding a
value of 4.05 kWh Nm™. For comparison, commercial
electrolyzers typically consume 4.5—7.5 kWh Nm™ for
AWE and 5.8—7.5 kWh Nm™ for PEMWE [73]. The lower
energy consumption of the NiFe/ATNT || Pt/C/ATNT setup
indicates its superior performance than existing technolo-
gies. The energy efficiency of this setup based on energy
consumption was found to be 87.4% with KOH using Eq.
S8. These results demonstrate that our system is close to
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achieving the International Renewable Energy Agency‘s
(IRENA) target of reducing energy consumption to below
4 kWh Nm™ or 42 kWh kg™! by 2050 [2].

Bubble transport in an electrolyzer is more complex than
in a half-cell system due to the zero-gap configuration. To
investigate this, we employed an advanced transparent elec-
trolyzer to observe bubble behavior in both the NiFe/ATNT
and NiFe/TF electrode setups (Fig. S31a; Video S2). At a
constant current density of 0.2 A cm™2, the NiFe/TF || Pt/C/
TF setup (hydrophobic) exhibited large bubble formation
and slow bubble release (Fig. S31b). In contrast, the NiFe/
ATNT || Pt/C/ATNT setup (super-hydrophilic) rapidly gen-
erated numerous small gas bubbles, facilitating efficient
bubble evacuation from the electrolyzer (Fig. S31c). These
findings indicated that the ATNT substrate facilitates gas
bubble release and reduces dead zones compared to the TF
substrate, and thus extends the lifespan of electrolyzer.

The pure water AEMWE performance was also evaluated
with the NiFe/ATNT || Pt/C/ATNT configuration, using DI
water as the electrolyte under the same operating conditions
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as KOH. The results showed that the NiFe/ATNT || Pt/C/
ATNT system achieved a current density of 0.69 A cm™ at
1.80 V (Fig. S32a) and exhibited good stability, operating con-
tinuously for 100 h at 0.2 A cm™ with a degradation rate of
0.92mVh’! (Fig. S32b). The cell efficiency of the NiFe/ATNT
|| Pt/C/ATNT setup was evaluated using DI water as the elec-
trolyte at 0.50 A cm™2 for 60 s, with a flow rate of 3 mL min™!
and a temperature of 80+ 3 °C, yielding an efficiency of
63.78% (Fig. S32c, d). We further evaluated the energy con-
sumption of the NiFe/ATNT || Pt/C/ATNT setup under the
same conditions, obtaining a value of 5.03 kWh Nm™. The
corresponding energy consumption efficiency with DI water
was determined to be 70.3%.

The dynamic operational durability of the AEMWE system
with NiFe/ATNT || Pt/C/ATNT configuration was evaluated
by simulating start-stop water electrolysis operations in 1.0 M
KOH, 0.1 M KOH, and DI water under different voltage condi-
tions. The system underwent 100 square-wave cycles between
0.10 and 1.60 V and 50 cycles between 0.10 and 1.80 V at
80+3 °C (Fig. S33a), with each voltage held for 1 min per
cycle. In 1.0 M KOH, the current density exhibited only a min-
imal change of approximately 0.08 mA cm™2 per cycle com-
pared to the first cycle (Fig. S33b). Even under more demand-
ing conditions of 50 square-wave cycles between 0.10 and
1.80 V, the current density decreased by only 0.22 mA cm™2
per cycle (Fig. S33c, d). In 0.1 M KOH, the system showed
good stability, with current density losses of 0.15 mA cm™>
per cycle over 100 cycles (0.10—1.60 V) and 0.34 mA cm™2
per cycle over 50 cycles (0.10—1.80 V) at 80+ 3 °C. Under
DI water conditions, the system also demonstrated good sta-
bility, with a current density loss of 0.27 mA cm™2 per cycle
over 100 cycles (0.10—1.60 V) and 0.46 mA cm™ per cycle
over 50 cycles (0.10—1.80 V) at 80 +3 °C. The observed
increase in current density loss in DI water is likely due to
the lower ionic conductivity than alkaline electrolytes. These
findings demonstrate the excellent stability of the NiFe/ATNT
|| Pt/C/ATNT system across different electrolytes and dynamic
cycling conditions.

4 Conclusions

We have developed a super-hydrophilic and highly rough-
ened ATNT as a catalyst substrate through anodizing and
annealing treatment on TF. Subsequently, NiFe NPs were
successfully electrodeposited onto the ATNT substrate with
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controlled surface morphology and composition. Electro-
catalytic analysis revealed that the super-hydrophilic nature
of the NiFe/ATNT enabled certain advantageous character-
istics, such as OER overpotential of 235 mV at 10 mA cm~2,
a smaller value of Tafel slope (60 mV dec™!), lower charge-
transfer resistance, increased ECSA, and advanced stability
compared to hydrophobic electrodes in this study. Under
optimized conditions, AEMWE with NiFe/ATNT configu-
ration showed more than twofold increase in current den-
sity (1.67 A cm™2 at 1.80 V) compared to the commercial
IrO,/TF (0.73 A cm™?) and the NiFe/TF (0.71 A cm™) on
hydrophobic substrate configurations. In addition, AEMWE
with NiFe/ATNT performed record stability over 1500 h at
0.50 A cm™2 under harsh condition of 80 +3 °C. The results
are attributed to the distinctive properties of NiFe/ATNT,
including super-hydrophilicity combined with effective gas
evacuation, porous NiFe NPs structure, and modified elec-
tronic structure. We believe that this study opens up new
opportunities for researchers developing AEMWE systems
by providing insights into the interplay between surface
properties and electrochemical performance.
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