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ABSTRACT: Alkaline water electrolysis using non-noble electrocatalysts
represents a sustainable method of hydrogen production, but optimizing/
maximizing its performance still remains a challenge. While extensive
research has focused mainly on the synthesis and design of electrocatalysts,
less attention has been given to the structural and interfacial design of
electrodes, which critically affects the water-splitting performance. Of
particular importance is the interfacial controlled host electrode, which
serves as a uniform electrocatalyst reservoir through interfacial interactions
and a highly conductive current collector. Its porous structure, in addition
to electrocatalyst size and host-electrocatalyst interface, significantly
influences the total active surface area and operational stability. Here, we
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review recent advances in alkaline water electrolysis, highlighting the crucial role of interfacial interactions between host
electrode and electrocatalysts, and among adjacent electrocatalysts, as well as the structural design of host electrode.
Additionally, we explain how these interactions significantly contribute to operational stability. Commercialization challenges

are also discussed.

warming, and energy insecurity, amplified by an ever-
growing population, require the immediate expansion
of renewable energy sources and efficient energy storage
solutions.' ™ Although various renewable resources involving

L ooming threats of unpredictable climate change, global

wind, solar, and geothermal energy have undergone rapid
development and advancement, their inherent dependence on
weather and location poses a persistent challenge: their
fluctuating output hinders their ability to serve as reliable
energy sources.” Against this backdrop, hydrogen gas stands
out as the ultimate clean fuel with high energy density and
efficient conversion potential to power future human
societies.'~” However, current production methods, which
rely heavily on fossil-fueled steam methane reforming (~78%)
and coal gasification (~18%), cause environmental damage
through significant carbon dioxide emissions.”"°

To address this hydrogen production issue, electrocatalytic
water-splitting has emerged as an alternative means for
sustainable hydrogen production. Powered by electricity, this
technology splits water into hydrogen and oxygen, driving the
hydrogen evolution reaction (HER) at the cathode and the
oxygen evolution reaction (OER) at the anode.'"'* Notably,
this process frees us from fossil fuels while producing oxygen as
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a byproduct. To this end, considerable research has focused on
the development of eflicient and cost-effective HER and OER
electrocatalysts, primarily non-noble metal composites (Ni,
Co, Fe, and/or Mo) as affordable alternatives to noble and rare
metals (Pt, Ir and Ru), which limit large-scale electrolysis
applications due to their high cost despite their excellent water-
splitting efficiency."*™" In particular, since the alkaline water-
splitting (AWS) among various water-splitting systems can
effectively produce hydrogen using the non-noble metal
composite electrocatalysts, unlike the acid proton membrane
(PEM) system using the aforementioned noble and rare metal
electrocatalysts, the AWS system has been considered as one of
the most attractive water-splitting technologies for green
hydrogen production.'®'” However, the commercial AWS
system lags behind PEM electrolyzers in terms of operating
current density, typically capping out at <500 mA cm~2.'""*!
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Therefore, increasing AWS current density to ~1000 mA cm™>

with long-term durability is critical to enable rapid, industrial-
scale hydrogen production.””**

To enhance the hydrogen production efliciency of AWS
system, intensive research efforts have been concentrated on
developing HER and OER electrodes with low overpotentials
(this excess potential is necessary to overcome the energy barrier of
electrochemical water-splitting reaction) and long-term durability
at high current densities using diverse non-noble metal
electrocatalzsts, such as 3d oxides,>*™%’ phosphides,zg_3'l
nitrides,*>™>° and sulfides.’*™>° For instance, Hao et al.
reported remarkable electrocatalytic performance for both
OER and HER using 3d oxides (NisCo;Mo—OH nanosheets)
with impressive bifunctional properties.”” These nanosheets
achieved an overpotential of ~304 mV at 100 mA cm™ for
OER and ~52 mV at 10 mA cm™> for HER. Notably, the
resulting overall water-splitting device exhibited a low cell
voltage of 1.60 V at 100 mA cm™ and high stability for 100 h
at the same current density. Luo et al. also reported that Mo-
doped sulfide/phosphide (Mo—Nis;S,/Ni,P,) could be synthe-
sized onto 3D nickel foam through a solvothermal process,
which exhibited an extremely low overpotential of 238 mV at
the current density of 50 mA cm™ for OER."" Moreover, the
bifunctional overall water-splitting device required a signifi-
cantly low cell voltage of 1.46 V to achieve the current density
of 10 mA cm™?, with durability for over 72 h. Recently, Li et al.
demonstrated overall water-splitting device using porous Co—
P electrocatalysts-decorated Co foam. This device achieved a
low cell voltage of 1.98 V at a high current density of 2000 mA
cm™?, demonstrating its excellent eﬂiciency.42 In addition, it
exhibited enhanced durability, maintaining the stable operation
for 4000 h at a current density of 1000 mA cm™>.

Alkaline water electrolysis using non-
noble electrocatalysts represents a
sustainable method of hydrogen pro-
duction, but optimizing/maximizing its
performance still remains a challenge.

Applied current density also plays an important role in
determining the electrocatalytic performance (including over-
potentials, active sites of electrocatalysts, electron transfer at
the interface between electrocatalysts and host electrode, mass

transfer process, and mechanical/chemical stability) of the
AWS system.””*>** In particular, with increasing the applied
potential, the chemical structure of transition metal-based
electrocatalysts gradually deforms, which has a critical effect on
the electrocatalytic performance and operational stability of the
electrodes.”*® Various approaches to regulate this deforma-
tion and improve the electrocatalytic performance have been
reported. For example, Chen et al., reported that tertiary metal
catalysts such as FeCoNi are highly advantageous compared to
single or binary structured electrocatalysts in reliably
generating a highly active B-NiOOH phase, which is
considered to be the most active structure of NIOOH phases
at high current densities.” However, despite these advances in
enhancing the electrocatalytic performance of electrodes,
challenges still remain in further reducing overpotentials and
in significantly increasing the operational stability at elevated
current densities.

As another alternative, highly porous 3D host electrodes (or
current collectors) such as textile or paper host electrodes can
offer a pathway to boost the electrocatalytic performance of
HER and OER electrodes. Compared to conventional Ni foam
or carbon cloth, these host electrodes enhance mass transport
and facilitate deposition of larger electrocatalyst amounts.**
Sahasrabudhe et al. demonstrated this by electrodepositing
NiMo for HER and NiFe for OER onto a Ni cellulose paper
prepared through chemical reduction of Ni ions.*” These
electrodes reached exceptional activities, with overpotentials of
~32 mV at 10 mA cm™? for NiMo and ~240 mV at 50 mA
cm™? for NiFe. The device also exhibited robust stability
exceeding 200 h at 10 mA cm™2. However, in most cases,
chemical reduction deposition generally generates the
insulating organic impurities within electrocatalytic layers,
and furthermore struggles with producing highly uniform
coatings and structures due to limited control over interfacial
interactions between the host and deposited components.*”*"
In addition, the contact resistance occurring at the interface
between electrocatalysts and host electrode, as well as the
electrical resistances of electrocatalysts and host electrode
themselves, have a dominant effect on the total internal
resistance of the water-splitting electrodes, which is closely
related to the overpotentials of overall water-splitting electro-
des. That is, most of the approaches reported to date have
much difficulty in controlling the interfacial interactions
between electrocatalysts and host electrode as well as reducing
the internal resistance of electrocatalysts, thus resulting in
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Figure 1. Schematic illustration of the interfacial design strategies for 3D structured electrodes utilized in alkaline water-splitting

applications, incorporating various transition metal electrocatalysts.
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unsatisfactory electrical conductivity, uneven deposition, and
poor interfacial adhesion of electrocatalysts on the 3D porous
host electrode. To put it bluntly, the interfacial interaction
between the 3D porous substrate and the electrocatalytic layer
has not been thoroughly studied. Although unfavorable
interfacial interaction causes the detachment of electrocatalysts
from host electrode (by large amounts of hydrogen and oxygen
bubble gases) at high current densities as well as the
agglomeration and/or nonuniformit (i.e., decrease of
accessible electrocatalytic area),”>”>" little experimental
consensus has existed on the interfacial design that can
significantly improve the electrocatalytic performance of AWS
electrodes. Therefore, the development of unique approach for
efficiently resolving such critical issues has been strongly
demanded for commercially available high-performance AWS
electrodes.

A number of reviews on the alkaline water-splitting reaction
have been summarized to provide a comprehensive overview of
the electrolytic water-splitting mechanism and the progress in
the preparation of various non-noble metal electrocatalysts
with remarkable electrocatalytic activity and operational
stability for HER and OER.>>%* However, to the best of
our knowledge, the aforementioned other critical factors
involving the interfacial interactions, the structural design of
the host electrodes, and the uniformity of the electrocatalyst
coating on the host electrode have not been addressed in the
water-splitting-related reviews or perspective papers.

In this perspective, we introduce interfacial design
approaches and recent advances in 3D porous AWS electrodes
(Figure 1). Although this underscores the importance of
addressing challenges pertaining to membranes within water
electrolysis systems as well as electrocatalytic electrodes,”*~*
we focus on the issues related to securing and enhancing the
water-splitting activity and stability of the electrodes. The main
focus of this perspective is to discuss significant challenges in
the area of electrocatalysts and 3D porous electrodes, including
textile and/or paper-based AWS electrodes, and to present
potential approaches to overcome critical obstacles to the
development of high-performance AWS electrodes with low
overpotentials and long-term operation. First, we briefly
describe the basic mechanism of the electrochemical water-
splitting reaction, and then introduce various electrocatalysts
applicable to AWS electrodes, particularly self-supported, and
3D porous host electrodes prepared by different approaches.
We also present the recent advances in AWS electrodes using a
variety of interfacial interaction-induced assembly approaches.
In particular, we discuss in detail how the interfacial control
and design of electrocatalysts and host electrodes can
effectively improve the charge transfer kinetics within the
HER and OER electrodes and their operational stability.
Finally, we present a brief perspective on the direction of
optimized interfacial assembly for the realization of high-
performance AWS electrodes.

Electrolytic water-splitting in AWS involves two pivotal half
reactions: HER at the cathode and OER at the anode. The
corresponding half-cell reactions and overall reaction are
described as follows (1—3):"°’

HER: 4H,0 + 4e” — 2H, + 40H, E° = —0.828V
(1)

OER: 40H™ - O, + 2H,0 + 4e”, E° = +0.401 V
@)
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This review outlines recent advances in
alkaline water electrolysis, highlighting
the crucial role of interfacial interac-
tions between host electrode and
electrocatalysts, and among adjacent
electrocatalysts, as well as the struc-
tural design of host electrode.

Overall reaction: 2H,0 — 2H, + O,, E° = +1.230V

3)

Although the theoretical potential required for electrolytic
water-splitting is 1.230 V (25 °C, 1 atm), the water-splitting
reaction for commercial electrolysis occurs at cell potential of
1.8 to 2.0 V, which is about 0.55 to 0.77 higher than the
theoretical value (1.230 V).°°"°® Thus, for actual water
electrolysis, the extra energy, called overpotential, must be
supplied to the cell for actual water electrolysis due to the
presence of various energy barriers such as activation energy
(required to initiate the electrochemical reaction), ohmic
resistances (the resistances of electrode, electrolyte, and
separator encountered by ions and electrons), concentration
gradients (due to ion concentration at the electrode surfaces),
and mass transport (by limitations in the transport of reactants
to the electrode or the removal of products from the electrode
surface).””’° In this regard, one of major challenges in water-
splitting reaction is to develop highly efficient electrocatalysts
and electrodes to minimize the overpotentials caused by
various factors (more details will be given in the latter part).

Electrolytic water-splitting involves two
pivotal half reactions: HER at the
cathode and OER at the anode.

In addition, the HER mechanisms are strongly dependent on
the surrounding electrolyte, as demonstrated by following

three different mechanisms (4)-(6):""~"*
Volmer reaction: H,O + M + e~ — MH 4 + OH™  (4)
Heyrovsky reaction: MH 4, + H,O + ¢
- M+ OH + H, ()
Tafel reaction: 2MH 4, — 2M + H, (6)

The initiation of HER involves an initial step, known as the
Volmer reaction, wherein the adsorption of hydrogen (H,q4,)
occurs on the metal surface (M). In this case, the degree of
H,4, coverage on the metal surface significantly influences its
interaction with different reactants (H,O or H,,), thereby
dictating different pathways for H, molecules (Figure 2a,
b).”*”* Specifically, a low H,y, coverage tends to favor the
Volmer-Heyrovsky mechanism, while a high H,4 coverage
favors the Volmer—Tafel mechanism.

To delve deeper into these mechanisms, analysis of the Tafel
plot derived from the polarization curve can be insightful.
Ideally, the Tafel plot reveals the intrinsic properties of the
electrocatalysts and sheds light on the HER mechanisms at
active sites. In AWS systems, the Tafel slopes of 118, 39, and
29 mV dec™ correspond to the Volmer, Heyrovsky, and Tafel
steps in HER, respectively, indicating their role as the rate-
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Figure 2. Schematic diagram of the (a) Volmer-Heyrovsky and (b)
Volmer—Tafel mechanism on a catalyst surface for HER. (c)
Experimental “volcano plot” derived by Trasatti. For each metal
surface, the logarithm of the exchange current density j, is plotted
against M-H bond energy. Reprinted with permission from ref 80.
Copyright 2016, Wiley-VCH. (d) Volcano plot for the HER for
various pure metals and metal overlayers. The experimentally
logarithm of the exchange current density j, was plotted against
AGy values calculated using DFT calculations. Reprinted with
permission from ref 82. Copyright 2006, Springer Nature.
Conventional (e) AEM and (f) LOM mechanisms in alkaline
media. (g) Gibbs free energies for ideal and actual catalyst.

determining steps (RDS).%> More specifically, the Tafel eq (eq
7) further quantifies this relationship.”®

n = blogljil + a (7)

where 7 is the overpotential, b is the Tafel slop value, j is the
current density, and a is a constant. Notably, at zero
overpotential (7 = 0), the current density (j) becomes the
exchange current density (j,), reflecting the intrinsic charge
transfer between electrocatalysts and the reactants. Smaller
Tafel slopes indicates faster reaction kinetics, while higher j,
values su%%est lower driving force needed for the reaction to
proceed.””””® Therefore, electrocatalysts with low overpoten-
tials, high exchange current densities, and small Tafel slopes
stand out as excellent electrocatalysts for HER.

As shown in Figure 2c, Trasatti’s iconic “volcano plot”
reveals a crucial relationship between the logarithm of
exchange current density (log j,) and the metal—hydrogen
(M-H) bond strength for HER in acidic media.””*" This curve

serves as a guiding principle, highlighting metals with an
optimal M-H bond strength (neither too strong nor too weak)
for efficient HER, aligning with the Sabatier principle.®!
Following Trasatti’s groundbreaking work, researchers have
continuously refined this approach to establish robust
descriptors for diverse HER catalysts. In 2006, Norskov’s
group pushed the boundaries by correlating experimentally
measured HER j, with the free energy of hydrogen adsorption
(AGy+) usin§ density functional theory (DFT) calculations
(Figure 2d).”* This pioneering work offered a powerful
theoretical framework for catalyst design. Building upon
these advancements, Yan’s group further extended the concept
by establishing a similar correlation between HER j, and
calculated hydrogen binding energy in alkaline media,
demonstrating the versatility of this approach across different
electrolytes.”” Although these volcano plots provide a valuable
roadmap for HER catalyst design, their reliance on a single
descriptor (M-H bond strength) can sometimes limit their
accuracy. Numerous other factors influence HER activity,
prompting the introduction of additional descriptors such as
pH value, water adsorption, dissociation energy, and
adsorption strength of OH™ and d-band center.*" These
comprehensive descriptors offer a more nuanced under-
standing of catalyst performance in water-splitting systems.
Compared to HER, the OER presents a more complicated
mechanism due to its nature as a four-electron—proton
coupled transfer reaction involving multiple intermediates.*>*°
This inherent complexity of OER translates into a higher
overpotential than HER to overcome kinetic barriers. In AWS,
two typical OER mechanisms are recognized as follows: the
adsorbate evolving mechanism (AEM) and the lattice oxygen
mechanism (LOM).*”~*" Each mechanism is described in
Figure 2e, f and expressed by the following eqs 8-(15):

Compared to HER, the OER presents a
more complicated mechanism due to
its nature as a four-electron-proton
coupled transfer reaction involving
multiple intermediates.

AEM reaction:
O-M-O + OH™ - O-M(OH)adS—O + e (8)

O-M(OH),;,-O + OH™ = 0-M(0),4-O + H,0 + ¢~
(9)
0-M(0),4,-O + OH™ - O-M(OOH),4-O + e~ (10)

O-M(OOH),4-O + OH™ —» O-M-O + O, + H,0 + ¢~

(11)
LOM reaction:
O-M-O + OH™ —» O-M-O(OH),y4, + e~ (12)
O-M-O(OH),4, + OH™ » O-M-O, + O, + H,0 + ¢~
(13)
O-M-O, + OH  — O-M-OH + e~ (14)
O-M-OH + OH™ — O-M-O + H,0 + ¢ (15)

Both these two mechanisms (AEM and LOM) start with the
adsorption of OH™ ions onto the active site. In the AEM, a
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Figure 3. (a) Schematic illustration for in situ growth of CoFe oxides and CoFeZr oxides on the nickel foam. Reprinted with permission from
ref 101. Copyright 2019, Wiley-VCH. (b) Fe K-edge XANES spectra of CoFe oxides and CoFeZr oxides. Reprinted with permission from ref
101. Copyright 2019, Wiley-VCH. (c) Co K-edge XANES spectra of CoFe oxides and CoFeZr oxides. Reprinted with permission from ref
101. Copyright 2019, Wiley-VCH. (d) The polarization curves of HER on CoFe oxides/NF (Nickel foam), CoFeZr oxides/NF, Bare NF, and
Pt/C in 1 M KOH. Reprinted with permission from ref 101. Copyright 2019, Wiley-VCH. (e) The polarization curves of OER on CoFe
oxides/NF, CoFeZr oxides/NF, Bare NF, and RuO, in 1 M KOH. Reprinted with permission from ref 101. Copyright 2019, Wiley-VCH. (f)
Schematic illustration for the fabrication of MoO3/Ni-NiO on carbon cloth. Reprinted with permission from ref 102. Copyright 2020, Wiley-
VCH. (g) Gibbs free energy diagram of the HER process of NiO, Ni-NiO, and MoO;—NiO surface. Reprinted with permission from ref 102.
Copyright 2020, Wiley-VCH. Gibbs free energy diagram of the OER process (h) at U= 0V and (i) U = 1.23 V for NiO, Ni-NiO, and MoO;—
NiO heterostructures. Reprinted with permission from ref 102. Copyright 2020, Wiley-VCH.
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Figure 4. (a) The idealized structure of carbonate-intercalated LDHs with different M*>*/M>" molar ratios showing the metal hydroxide
octahedra stacked along the crystallographic c-axis, as well as water and anions present in the interlayer region. Reprinted with permission
from ref 103. Copyright 2014, The Royal Society of Chemistry. (b) The schematic diagram of NiFeV LDHs structure. Reprinted with
permission from ref 109. Copyright 2018, Wiley-VCH. (c) The high resolution XPS spectra of Fe in the NiFe LDHs and NiFeV LDHs
nanosheets array. Reprinted with permission from ref 109. Copyright 2018, Wiley-VCH. (d) The high resolution XPS spectra of V in the
NiFeV LDHs nanosheets array. Reprinted with permission from ref 109. Copyright 2018, Wiley-VCH. (e) Proposed 4e-mechanism of OER
on NiFeV LDHs for DFT+U calculation. The Fe ion (*) in the (100) crystal plane was the active site. AG stands for the reaction Gibbs free
energy. Reprinted with permission from ref 109. Copyright 2018, Wiley-VCH. (f) Gibbs free energy diagram for the four steps of OER on
the NiFe LDHs (black line) and NiFeV LDHs (red line). The top was the brief 4e-mechanism of OER. The green box step was the
determining step and 7 was stand for overpotential. The lower activation Gibbs free energy of NiFeV LDHs predicts more favorable OER
kinetics. Reprinted with permission from ref 109. Copyright 2018, Wiley-VCH.

metal itself serves as the redox center, boasting metallic utilizes oxygen as the redox center, exhibiting oxygen-like
properties near the Fermi level. As the reaction progresses, electronic characteristics around the Fermi level. Since lattice
various intermediates (*OH, *O, *OOH) bond to the metal oxygen serve as the reaction center, it forms (0-0),,
surface (M), which remains remarkably stable as it merely hybridized bonds and oxygen vacancies (O,) when it

facilitates OER without being consumed. In contrast, LOM disappears during OER. These (O—O)zp bonds contribute to
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superior catalytic activity compared to AEM. However, the
repeated attachment and detachment of lattice oxygen to the
catalyst surface can lead to structural instability, often termed
the “instantaneous dissolution mechanism”.

These interwoven mechanisms highlight a crucial point:
OER necessitates a continuous oxidation—reduction cycle at
the catalytic site, beginning with the adsorption of water/
hydroxide ions and culminating in the formation of a dioxygen
molecule. This implies significant structural rearrangements at
the surface, shaping the electrocatalytically active structure.”
Therefore, understanding how electrocatalysts interact with
intermediates holds the key to enhancing the overall OER
performance. In particular, the Gibbs free energy change
associated with each reaction step depends on the variation in
the binding energies of the intermediates.”"”> These deviations
arise due to irregularities in the adsorption energies of
intermediate species on different electrocatalysts (Figure 2g).
In this case, identifying the reaction step with the highest free
energy change serves as the rate-determining step (RDS).
Given the complex nature of electrocatalysts and their
sensitivity, the identification of the RDS is of great importance.
Therefore, it provides critical insight for electrocatalyst design
aimed at optimizing OER efficiency.

The intrinsic electron structures of 3d-transition metals (Ni,
Fe, Co, Mn, Mo, Cu, etc.) play a significant role in both HER
and OER in alkaline media, influencing electron—proton
transfer rates and intermediate adsorption/desorption behav-
ior. Although these single transition metal electrocatalysts are
promising, their electrocatalytic activity is inherently limited
compared to noble metals, hindering practical applications. To
address this, considerable research has focused on transition
metal-based composites — (hydro)oxides, phosphides, nitrides,
sulfides, and others—as promising AWS electrocatalysts. In
these composites, strategically chosen heteroatoms can reshape
the electron structures, creating abundant active sites, lowering
energy barriers, and ultimately increasing water-splitting
reaction rates.”” > Furthermore, the interfaces between or
among different transition metal-based composites could serve
as active sites, optimizing the energy barriers of overall water
splitting and inducing differential charge densities to enhance
reaction kinetics and activities.*"'**

The following sections provide an overview of various
transition metal-based composites that can be used as HER
and OER electrocatalysts in alkaline media, with particular
emphasis on lowering the overpotentials through atomic
structural modification.

Earth-abundant transition metal oxides (TMOs) have
emerged as promising electrocatalysts for water electrolysis
due to their remarkable chemical stability and adjustable
electronic structures. Recent research has explored various
oxides such as Co3O4,96 CoFeZO4,97 NiO,”® Mn02,99 and
MoO,,"” demonstrating their effectiveness in water-splitting.
For instance, Huang et al. developed zirconium-regulated
CoFe,0, nanosheets on nickel foam through solvothermal
synthesis (Figure 3a).'”" This approach led to significant
enhancements in electrocatalytic efficiency for both HER and
OER. Through precise control over their active site density,
chemical composition, and electronic structure, they demon-
strated that the incorporation of Zr could enhance the intrinsic
activity of CoFe,O, nanosheets. As a result, the formed water-
splitting electrode exhibited impressively low overpotentials:
104 mV at 10 mA cm ™ for HER and 282 mV at 50 mA cm™
for OER in 1 M KOH (Figure 3b-e). Li et al. also reported the
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fabrication of amorphous NiO nanosheets electrocatalysts with
MoO; and Ni nanoparticles (MoO;/Ni-NiO) on carbon cloth
using a sequential electrodeposition strategy (Figure 3f).'"”
Through experimental analysis and DFT simulations, they
found that the Ni-NiO composite played a significant role in
facilitating the HER due to its favorable bonding strength with
hydrogen reactants. Simultaneously, the MoO;—NiO hetero-
structure was observed to optimize the energy barriers for the
formation of adsorbed oxygen species (O,q4,) as the RDS for
OER (Figure 3g-i). These optimized TMOs-based electro-
catalysts demonstrated low overpotentials of 62 mV at 10 mA
em™ for HER and 347 mV at 100 mA cm™ for OER.

In addition to these oxides, layered double hydroxides
(LDHs) have emerged as another promising class of
electrocatalysts for water-splitting. These intriguing 2D
materials possess a distinctive supramolecular structure,
featuring positively charged brucite-like host layers inter-
spersed with exchangeable charge-balancing interlayer anions
(Figure 4a).'” Their formula, [M**,_ M (OH),] [A,, ™
mH, 0], reflects their tunability: the ratio of M**/M*" and the
nature of the metal cations or interlayer anions can be easily
adjusted to tailor their electronic structures. Taking advantage
of this versatility, researchers have actively explored various
strategies such as surface distortion, defect engineering, and
ion regulation to optimize LDHs for electrocatalytic water-
splitting applications.'”*™'"” For example, Zhou et al.
demonstrated the enhancement of electrochemical surface
area and wettability by introducing Fe-doped Ni/Co hydroxide
nanosheets through a cation-exchange reaction.'”® This
improvement was observed despite maintaining a similar Ni/
Fe ratio compared to conventional NiFe-LDH nanosheets.
Furthermore, Sun’s group employed a one-step hydrothermal
method to synthesize vanadium doped NiFe LDHs nanosheets
array on nickel foam (Figure 4b)." Their study highlighted
the role of vanadium doping in enhancing the catalytic
activities of Fe sites through electronic interactions between Fe
and V atoms. This approach induced the more facile electron
transfer, and further increased the active sites, as confirmed by
X-ray photoelectron spectroscopy (XPS) analysis and DFT
with a Hubbard U correction ((DFT)+U) simulation (Figure
4c-f). These results highlight how engineering LDH
nanostructures can significantly increase defects and active
sites, offering a promising approach to enhancing electro-
catalytic activity. However, a significant challenge remains:
most transition metal oxides and hydroxides suffer from
inherently low electrical conductivity, which limits the overall
efficiency of AWS systems.

Another strategy to overcome the limitations of transition
metal oxide catalysts for water-splitting is to manipulate their
band gap and Fermi level through nonmetallic element doping.
In this regard, elements such as phosphorus, nitrogen, and
sulfur have emerged as promising nonmetallic dopants. In
particular, pioneering work by Liu and Rodriguez in 2005 used
DFT calculations to identify Ni,P (001) as a highly effective
catalyst for HER.''® They attributed its success to the
“ensemble effect,” in which P atoms moderate the binding
energies of reactants and the catalyst, preventing overbinding
and under-binding for optimal activity. This paved the way for
numerous experimental explorations of nanoscale transition
metal phosphides (TMPs) for high-performance AWS. In
2013, Zhang’s group first synthesized nanoporous FeP
nanosheets via an anion-exchange route, achieving impressive
electrocatalytic activity and low Tafel slopes."'' Around the
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Figure S. (a) Crystal structure of Ni,P (001) surface (left), with experimental powder XRD pattern for the Ni,P nanoparticles and the
simulated pattern of Ni,P shown for comparison (right). Reprinted with permission from ref 112. Copyright 2013, American Chemical
Society. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY)
license (https://creativecommons.org/licenses/by/4.0/). (b) HR-TEM image of representative Ni,P nanoparticle, highlighting the exposed
Ni,P (001) facet and the 5.2 A lattice fringes that correspond to the (010) planes. Reprinted with permission from ref 112. Copyright 2013,
American Chemical Society. This article is an open access article distributed under the terms and conditions of the Creative Commons
Attribution (CC-BY) license (https:/ /creativecommons.org/licenses/by/4.0/ ). (c) Schematic illustration of the synthesis of Ni,P/MoO,/NF
HNRs (heterostructure nanorods arrays). Reprinted with permission from ref 116. Copyright 2020, Elsevier. (d) The charge density
difference in the heterostructures of Ni,P/MoO,. The yellow and blue isosurfaces represent charge accumulation and depletion in the space,
respectively. And the isosurfaces level is 0.018 au. The red, green, pink, and light blue spheres represent O, Mo, P, and Ni atoms,
respectively. Reprinted with permission from ref 116. Copyright 2020, Elsevier. (e) Calculated DOS for Ni,P/Mo0O,, Ni,P, and MoO,. The
Fermi Level is set at 0 eV. Reprinted with permission from ref 116. Copyright 2020, Elsevier. (f) The polarization curves of HER on bare NF,
MoO,/NF, Ni,P/NF, Pt/C/NF, and Ni,P/MoO,/NF HNRs in 1 M KOH. Reprinted with permission from ref 116. Copyright 2020, Elsevier.
(g) The polarization curves of OER on bare NF, MoO,/NF, Ni,P/NF, RuO,/NF, and Ni,P/MoO,/NF HNRs in 1 M KOH. Reprinted with
permission from ref 116. Copyright 2020, Elsevier. (h) Synthesis of the CoP NFs (nanoframes). Reprinted with permission from ref 117.
Copyright 2020, American Chemical Society. This article is an open access article distributed under the terms and conditions of the Creative
Commons Attribution (CC-BY) license (https://creativecommons.org/licenses/by/4.0/). (i) LSV curves for CoP NFs||CoP NFs and CoP
NCs (nanocubes) |[CoP NCs electrolyzers in 1 M KOH. Reprinted with permission from ref 117. Copyright 2020, American Chemical
Society. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY)

license (https://creativecommons.org/licenses/by/4.0/).
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Figure 6. (a) Schematic illustration for the synthesis N-NiCo-LDH. Reprinted with permission from ref 121. Copyright 2021, The Royal
Society of Chemistry. (b) Distribution of charge density differences at the Ni;N/Co,N interface in N-NiCo-LDH, where the blue and purple
colors represent the accumulation and depletion of the electronics, respectively (IApl= 0.035 e bohr™?). Reprinted with permission from ref
121. Copyright 2021, The Royal Society of Chemistry. (c) Schematic representation for the synthesis of CoFe-NA/NF electrodes. Reprinted
with permission from ref 122. Copyright 2022, Elsevier. (d) Calculated free energy diagram for hydrogen evolution at a potential U = 0
relative to the standard hydrogen electrode at pH = 0. The free energy of H' + e~ is by definition the same as that of '/, H, at standard
conditions. The free energy of H atoms bound to different catalysts is then found by calculating the free energy with respect to molecular
hydrogen including zero-point energies and entropy terms. Reprinted with permission from ref 131. Copyright 2005, American Chemical
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Figure 6. continued

Society. (e) Nitrogenase FeMo cofactor (FeMoco) with three hydrogen atoms bound at the equatorial ,S sulfur atoms (Left). Hydrogenase
active site with one hydrogen atom bound (Middle). MoS, slab with sulfur monomers present at the Mo edge (Right). The coverage is 50%,
i.e., hydrogen is bound at every second sulfur atom. The lines mark the dimension of the unit cell in the x-direction. Reprinted with
permission from ref 131. Copyright 2005, American Chemical Society. (f) Schematic illustration of the fabrication of Fe—Ni,S,/NF.
Reprinted with permission from ref 132. Copyright 2018, American Chemical Society. (g) Calculated free energy diagram of HER over the
(210) plane of Ni;S, and Fe—Ni;S,. Reprinted with permission from ref 132. Copyright 2018, American Chemical Society. (h) Raman
spectra of Fe,, ,-Ni;S,/NF before and after oxygen evolution for 20 h. Reprinted with permission from ref 132. Copyright 2018, American
Chemical Society. (i) iR-corrected polarization curves of Fe,; ¢,-Ni;S,/NF||Fe,, s5-Ni;S,/NF and Pt/C/NF||IrO,/NF water electrolyzers in 1
M KOH at 5 mV s™'. The inset shows H, and O, bubbles evolving from Fe,; ,-Ni;S,/NF electrodes. Reprinted with permission from ref

132. Copyright 2018, American Chemical Society.

same time, Schaak, Lewis, and their colleagues reported the
synthesis of catalytically active Ni,P hollow nanoparticles,
confirming the high density of the Ni,P (001) surface as
predicted by theory (Figure 5a, b).''” Driven by these
successes, the field of TMPs for water-splitting continues to
flourish, as evidenced by the growing number of research
publications.

That is, these reports highlight the promise of transition
metal phosphides (TMPs) as quasi-platinum catalysts for
water-splitting. Their combination of electrical/chemical
stability, optimal conductivity, robust mechanical strength,
and abundant unsaturated surface atoms renders them highly
compelling."""'* One notable feature is the role of negatively
charged phosphorus (P) atoms, which serve as effective proton
traps and dissociation, boosting HER activity. Additionally,
when TMPs are subjected to anodic potential, an amorphous
transition metal oxyhydroxide shell is formed on the TMPs,
which functions as an active shell for OER. This intrinsic
bifunctionality positions TMPs as ideal candidates for efficient
water-splitting.””''> Recent demonstrations have provided
further insight into this potential. Yang et al. reported on the
synthesis of Ni,P/MoO, heterostructure nanorods using a
selective phosphorization strategy (Figure 5c).''® They also
conducted the analyses on the work function, differential
charge density, and density of states (DOS) of Ni,P/MoO, to
understand the effect of P atoms and electron structure change.
These investigations revealed that the work function of Ni,P
(111) and MoO, (011) were estimated to be approximately
5.01 and 8.56 eV, respectively. These results indicated a
reinforced dipole polarization at the interface between Ni,P
and MoO,, resulting in the enhanced charge concentration and
the increased electrocatalytic performance (Figure S5d).
Furthermore, the DOS near the Fermi level for Ni,P/MoO,
was significantly higher than those of Ni,P and MoO,,
suggesting the enhancements in electronic conductivity and
electron transfer capacity. These structures exhibited remark-
ably low overpotentials for both HER (34 mV at 10 mA cm™%)
and OER (270 mV at 50 mA cm>), demonstrating their
impressive bifunctional capabilities (Figure Se-g). To further
support this point, Ji et al. designed and synthesized CoP
nanoframes using a multistep approach.''” The resulting
hollow structures, with highly dispersed and active sites,
delivered superior bifunctional activity, achieving an overall
water-splitting cell voltage of 1.65 V at 10 mA cm™* (Figure
Sh, i). As a result, the exceptional properties of TMPs, with
their demonstrated bifunctionality in advanced nanostructures,
position them as highly promising electrocatalysts for bifunc-
tional AWS electrodes.

In addition to transition metal phosphides, transition metal
nitrides (TMNs) with nitrogen (N) atoms in place of

phosphorus (P) offer another promising avenue for electro-
catalysis in water-splitting. The incorporation of N enhances
catalytic activity in several ways: first, by increasing metallic
conductivity for efficient electron transfer; second, by
providing additional active sites for reaction; and third, b

increasing corrosion resistance for long-term stability.''®~"*"
These benefits stem from the electronegativity of the N atoms.
Within the metal lattice, N increases metal spacing and
weakens interatomic forces. This, in turn, allows N to control
the d-electron density and narrow the d-band of TMNSs. This
fine-tuned electronic tuning then regulates the adsorption and
desorption energies of key intermediates in water-splitting
reactions, optimizing catalytic performance. In particular,
bimetallic TMNSs, which utilize the synergistic action of two
metals, have emerged as more effective bifunctional electro-
catalysts than single-metal nitrides for both HER and OER,
demonstrating exceptional advantages in AWS: abundant
active sites for eflicient reactions and robust chemical/
structural stability for sustained performance.

Synthesis of TMNs typically involves topochemical
processes, utilizing metal oxides and nitrogen sources such as
N,, NH;, urea, or organic compounds. A representative
example comes from Wen et al, who designed a NizN/
Co,N bimetallic heterojunction within NiCo-LDH via
calcination in pure ammonia (Figure 6a).'”' This unique
structure reinforced electron interactions, optimized inter-
mediate adsorption, and facilitated water-splitting (Figure 6b).
The resulting Ni;N/Co,N on Ni foam achieved remarkable
performance: low HER overpotential of 35 mV at 10 mA cm™>
with a Tafel slope of 34 mV dec™", and a cell voltage of 1.55 V
at 10 mA cm™* without iR compensation. Another impressive
demonstration came from Chen et al., who fabricated CoFe-N
alloy nanosheets on nickel foam using a hydrothermal and two-
step calcination approach with urea and NH; (Figure 6¢)."*
These nanosheets exhibited low hydrogen and water
adsorption energies, resulting in high HER activity (over-
potential of 73 mV at 10 mA cm™?). Interestingly, the surface
reconstruction from CoFe-N to metal oxyhydroxides signifi-
cantly boosted electrostatic adsorption of OH™ ions, leading to
excellent OER performance (overpotential of 250 mV at 10
mA cm™?).

Beyond TMPs and TMNs, transition metal chalcogenides
(TMCs) - which include elements such as sulfur (S), selenium
(Se), tellurium (Te), and others - have also received significant
attention in water-splitting applications.'*'** Their appeal lies
in a unique confluence of advantages: affordability, abundant
defect sites, tunable electronic structures, diverse morpholo-
gies, and impressive electrocatalytic properties. Within this
class, transition metal sulfides (TMSs) such as MoS,,"*
WS,,'*° CoS,,"*” CuS,"*® FeS,,'*” and NiS,"* are particularly
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Table 1. Electrochemical Performances Comparison of Transition Metal-Based Water-Splitting Electrodes in AWS

Water-Splitting Electrode
Ni-FeO,/FeNi;/Ni foam

Cu/Cu,O/NiO @NiCu
foam

CoFeZr oxides/Ni foam

HER: NiMo M/O @glassy
carbon

OER: NiFeMo M/O
@glassy carbon

MoO;/Ni-NiO @Carbon
cloth

Ce @NiCo-LDH/Ni foam
NiFeV LDH/Ni foam

Nig s3Feq 1;(OH),/glassy

carbon

CoFe-LDH@NiSe/Ni
foam

P—V—NiFe LDH NSA“/
Ni foam

HER: H-NiFe LDH/Ni
foam

OER: O-NiFe LDH/Ni
foam

CoP nanoframe/glassy
carbon

Co—Ni,P/Carbon fiber
cloth

Ni,P/MoO,/Ni foam
Ni—Mn—FeP/NiFe Foam

CoFe-NAY/Ni foam

Ni;FeN/r-GO/aerogel

Ni;N/Co,N-LDH/Ni
foam

Fe,Ni;_,S,/Ni foam

Fe—Ni;S,/Ni foam

N-Ni;S,/Ni foam
N-NiS,/glassy carbon
NiP,/NiSe,/Carbon fiber
cloth
CPF-Fe/Ni/Carbon cloth
Ni,P/V-Pi/Carbon cloth

NiFe LDH-NiSE/Ni foam

Fabrication Method

Combution process, Calcination

Hydrothermal method, Calcanation,
Electroreduction

Solvothermal method

Hydrothermal method, Calcination

Electrodeposition

Hydrothermal method

Hydrothermal method

Solvothermal method, Cation-exchange

reaction

Hydrothermal method, Selenization,
Electrodeposition

Hydrothermal method, Plasma reduction

Hydrothermal method, Chemical aging
method

Chemical etching, Phosphorization

Hydrothermal method, Calcination,
Phosphorization

Hydrothermal method,Phosphorization
Chemical etching, Phosphorization

Hydrothermal method, Calcination,
Nitridation

Ton-exchange process, nitrogenization

Hydrothermal method, Nitridation

Chemical etching

Hydrothermal method, Ion exchange
reation

Selenizaition, Nitridation
Selenizaition, Nitridation

Phosphoselenization

Solvothermal method

Hydrothermal method, Oxidation,
Phosphorization

Hydrothermal method

Ovex(-potentlal

71 @50 mA cm™

272 @1000
mA cm™?

79 @10 mA cm™
104 @10

mA cm™?
16 @10 mA cm™>
50 @50 mA cm™
62 @10 mA cm™?

134 @S0
mA cm™

38 @10 mA cm™
19 @10 mA cm™

59 @10 mA cm™

136 @10
mA cm™?

31 @10 mA cm™

34 @10 mA cm™?

103 @10
mA cm™?

177 @100
mA cm™?

73 @10 mA cm™
94 @10 mA cm™
35 @10 mA cm™
72 @10 mA cm™>
47 @10 mA cm™

142 @20
mA cm™

232 @100
mA cm™

110 @10
mA cm™

89 @10 mA cm™

160 @100
mA cm™?

42 @10 mA cm™

80.8 @10
mA cm™?

276 @100
mA cm™?
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Ovel(;potentlal

269 @50
mA cm™?

405 @1000
mA cm™

264 @20
mA cm™?

282 @50
mA cm™?

221 @10
mA cm™?

347 @100
mA cm”

250 @S0
mA cm™?
192 @10
mA cm™
245 @10
mA cm™
127 @10
mA cm™?
295 @100
mA cm™

184 @10
mA cm™?

323 @10
mA cm™?

185 @10
mA cm™?

205 @100
mA cm™?
250 @10
mA cm™?
270 @10
mA cm™?
250 @10
mA cm™?
252 @100
mA cm™?
214 @10
mA cm™2
222 @20
mA cm™2
249 @100
mA cm™
330 @100
mA cm”
295 @20
mA cm™
250 @10
mA cm™?
329 @100
mA cm™?
194 @10
mA cm™?
245 @10
mA cm™?

240 @100
mA cm™?

Overall Cell

Voltage (V)
1.58 @50
mA cm™>

1.80 @500
mA cm™

1.63 @10
mA cm™?

1.53 @10
mA cm™?

1.55 @10
mA cm™?

1.68 @10
mA cm™?

1.51 @10
mA cm™?

143 @10
mA cm™?

1.48 @10
mA cm™?

1.65 @10
mA cm™?

1.48 @10
mA cm™?

1.564 @10
mA cm™?

1.60 @10
mA cm™?

1.55 @10
mA cm™?

1.51 @10
mA cm™?

1.54 @10
mA cm™?

1.48 @10
mA cm™?

1.56 @10
mA cm™?

1.57 @10
mA cm™?

1.44 @10
mA cm™?

1.53 @10
mA cm™?

Operational
Stability
100 h @30
mA cm™?

100 h @10
mA cm™?

12h @10
mA cm™?

20 h @10
mA cm”
35h @10
mA cm™?
18 h @187
mA cm™

10 h @10
mA cm™?

120 h @10
mA cm™?

1000 h @40
mA cm™?

100 h @10
mA cm™?

30 h @15
mA cm™?

20 h @20
mA cm™

360 h @500
mA cm”

50 h @10
mA cm™?

100 h @10
mA cm™
24 h @10

mA cm™?
64 h @500
mA cm™2

10 h @20
mA cm™?

8 h @20
mA cm™

24 h @10
mA cm™?

30 h @10
mA cm™?

200 h @10
mA cm™?

20 h @10
mA cm™?

75h @114
mA cm™?

161

162

101

163

102

164

109

108

107

165

166

117

167

116
168

122

169

121

170

132

171

172

173

174

175

176
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Table 1. continued

HER OER
Overpotential Overpotential Overall Cell Operational
Water-Splitting Electrode Fabrication Method l81)'A'AV) l(;an) Voltage (V) Stability ref
Ni;Fe, Cr,/Carbon cloth  Carbothermal shock method 128 @10 239 @10 1.59 @10 20 h @10 177
mA cm™ mA cm™> mA cm™> mA cm™?
NigMozC/NiMoO,/ Hydrothermal method, Carbothermal 29 @10 mA cm™ - - 60 h @50 178
Carbon cloth hydrogen reduction mA cm™?
V-CoP@a-CeO,/Carbon Phosphorization, Electrodeposition 68 @10 mA cm™ 225 @10 1.56 @10 35 h @20 179
cloth mA cm™ mA cm™ mA cm™
140 @100 300 @20 1.71 @100
mA cm™ mA cm™> mA cm™>
340 @100
mA cm™>
N-CoP/Ce0O,/Carbon Hydrothermal method, Nitridation, 217 @100 215 @10 1.52 @10 504 h @400 180
cloth Phosphorization mA cm™ mA cm™ mA cm™ mA cm™
333 @200
mA cm™
538 @300
mA cm™
NiSe,/3DSNG*/Ni foam Chemical vapor deposition, 117 @10 256 @100 1.59 @10 50 h @20 181
Hydrothermal method mA cm™ mA cm™> mA cm™ mA cm™
247 @50
mA cm™
269 @100
mA cm™?
NiSe,/Ni;Se,/Ni foam Calcination, Selenization 145 @10 309 @100 1.56 @10 36 h @10 182
mA cm™? mA cm™? mA cm™? mA cm™?
Sm@NiCu-LDH/Ni foam  Hydrothermal method 192 @50 347 @50 1.629 @10 36 h @10 183
mA cm™ mA cm™> mA cm™> mA cm™?
NiS,@MnO,H,/Ni foam  Hydrothermal method, Electrodeposition 179 @10_2 326 @1092 1.53 @10_2 100 h @1_(2)0 184
mA cm mA cm mA cm mA cm
347 @300
mA cm™
270 @100 356 @300
mA cm™ mA cm™>
Co,P—Ni;S,/Ni foam Hydrothermal method, Phosphorization 110 @100 331.7 @100 1.54 @10 24 h @100 185
mA cm™ mA cm™? mA cm™ mA cm™
164 @500 358.3 @500
mA cm™ mA cm™
O-CoP/Ni foam Hydrothermal method, Calcination, 124 @100 312 @400 1.56 @20 24 h @20 186
Phosphorization mA cm™ mA cm™> mA cm™ mA cm™
174.9 @400
mA cm™
Cu;N/Ni foam Nitridation, Electrodeposition 118 @10 286 @10 1.6 @10 mA cm™ 240 h @10 187
mA cm™ mA cm™> mA cm™

“NSA: nanosheet array. “NS: nitride/alloy nanosheet. “DSNG: S,N codoped graphene foam

promising. Their high catalytic activity makes them attractive
in various scientific fields, from electronics to electrocatalysis.
In addition, compared to other TMOs, the TMSs often exhibit
superior electrical conductivity due to their narrower band
gaps, which gives them semiconductor-like behavior.

Initially, transition metal sulfides (TMS), especially layered
MoS,, dominated research as promising HER electrocatalysts.
In 2005, the Norskov group used DFT calculations to shed
light on the potential of MoS,."”" They showed that the
(1010) Mo-edge structure of MoS, bears striking similarities to
nitrogenase, a natural hydrogen-producing enzyme. In
addition, they found that the MoS, edge serves as an active
HER site with a Gibbs free energy of hydrogen adsorption
(AGys+) close to that of platinum, the benchmark catalyst. This
discovery sparked numerous research efforts to experimentally
and theoretically locate the active sites of MoS, for HER
(Figure 6d, e).

Interestingly, while some TMSs show susceptibility to
oxidation, transforming into corresponding oxides/(oxy)-
hydroxides, this does not diminish their promise for OER. In
fact, these postoxidized catalysts often outperform directly
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synthesized single metal oxides/hydroxides. A recent study by
Zhang et al. illustrated this by presenting a free-standing
electrocatalyst consisting of vertically oriented Fe-doped Ni;S,
nanosheet arrays grown on Ni foam (Figure 6f)."*” This
innovative structure exhibited remarkable activity and
durability for both HER and OER. The Fe-doping imparted
metallic behavior to Ni;S,, which resulted in exceptional
electronic conductivity and optimized water and H adsorption
on the catalyst surface, thereby enhancing the intrinsic HER
activity of the active sites (Figure 6g). In addition, during the
OER process, the near-surface sulfide was transformed into
Ni—Fe(oxy)hydroxide, a more active material than single-
component Ni(oxy)hydroxide (Figure 6h). This conversion
further improved the overall performance. When integrated
into a water-splitting electrolyzer, the Fe-doped Ni;S,/Ni foam
catalyst achieved a remarkable cell voltage of 1.54 V at a
current density of 10 mA cm™> (Figure 6i).

Although these various transition metal-based catalysts,
including oxides, hydroxides, phosphides, nitrides, and sulfides,
offer exciting possibilities for efficient water-splitting due to
their impressive oxidation—reduction capabilities, their corre-

https://doi.org/10.1021/acsmaterialslett.4c00659
ACS Materials Lett. 2024, 6, 3133—3160


www.acsmaterialsletters.org?ref=pdf
https://doi.org/10.1021/acsmaterialslett.4c00659?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Materials Letters

www.acsmaterialsletters.org

sponding electrocatalytic performance has not yet reached
substantial practical value for large-scale hydrogen energy
production. Specifically, Table 1 shows the electrocatalytic
performance of some transition metal-based catalysts reported
in recent years. Despite the impressive water-splitting perform-
ance metrics such as low overpotentials and Tafel slopes, many
of these electrocatalysts operate at only low current densities
(<500 mA cm™?) and suffer from inadequate stability (<500
h). These limitations render them unsuitable for the
commercially available AWS systems. Although these highly
efficient electrocatalysts are crucial, the successful development
of AWS electrodes with low overpotentials and enduring
stability at high current densities relies not solely on these
catalysts. As mentioned earlier, it requires favorable interfacial
interactions between host electrode and electrocatalysts as well
as between adjacent electrocatalysts. Moreover, integrating
highly conductive host electrodes with a substantial specific
surface area is essential. This integration allows the
combination of significant amounts of electrocatalysts,
including highly efficient ones, to form effective AWS
electrodes.

To significantly enhance the performance of the overall
water-splitting electrode, it is imperative to carefully address
both the structural and interfacial aspects of the HER and OER
electrodes, as well as the intrinsic electrochemical properties of
the electrocatalysts. Of particular note is the observation that at
high current densities, most electrocatalysts experience
reduced activity and active attenuation due to increased
electron consumption.***"** This results in an insufficient
supply of electrons from the host electrode to the active sites of
the electrocatalysts. In addition, during the water-splitting
reaction, the accumulation of substantial amounts of bubbles
on the electrodes can block these active sites, potentially
leading to the formation of inactive regions as well as the
electrocatalyst delamination on the electrodes.””**** Thus, the
shape, surface area, and interfacial properties of the host
electrodes play a critical role in ensuring the secure attachment
of the electrocatalysts, which directly affects the water-splitting
efficiency and long-term stability of the electrodes. Further-
more, it is highly desirable that the host electrodes have a large
surface area, resist electrochemical corrosion during the water-
splitting reaction, and have a strong affinity for the electro-
catalysts.

To significantly enhance the perform-
ance of the overall water-splitting
electrode, it is imperative to carefully
address both the structural and inter-
facial aspects of the HER and OER
electrodes, as well as the intrinsic
electrochemical properties of the elec-
trocatalysts.

In the following sections, we describe recent advances in 3D
porous structure-based AWS electrodes. Specifically, we not
only explore the fabrication intricacies of the 3D host
electrodes and electrocatalysts but also elucidate how the
structural and interfacial design of the host electrode influence
parameters such as charge transfer resistance, Tafel slopes,
overpotentials, and operational stability of AWS electrodes.
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Water-splitting researchers have used porous host electrode
materials such as Ni foam and carbon cloth for AWS electrodes
to take advantage of their large active surface area. In
particular, Ni foam has emerged as a preferred choice due to
its exceptional electrical conductivity, interconnected porous
structure, relatively large specific surface area, and impressive
corrosion resistance in AWS environments.*"'** Similarly,
carbon cloth has attracted attention for its favorable properties,
including good electrical conductivity, chemical stability in
alkaline media, lightweight, and desirable flexibility, making it a
promising host electrode for water-splitting electrodes.”"**
Based on these properties, numerous scientific research groups
have developed various fabrication methods to produce the
high-performance AWS electrodes using Ni foam and carbon
cloth. Specifically, deposition techniques such as hydrothermal
synthesis, electrodeposition, chemical etching, and more have
been explored (Table 1). However, these substrates (i.e., Ni
foam and carbon cloth) share a common drawback: their
hydrophobic surfaces,"**"*” which have not taken into account
the interfacial interaction between host electrode and electro-
catalysts, impede the uniform deposition of electrocatalysts,
thus hindering the enhancement of electrocatalytic activity
within AWS systems.

As an alternative to improve the electrocatalytic performance
and stability of AWS electrodes, some researchers have
explored unique 3D-structured substrate materials, such as
textiles and papers. These substrates offer several advantages,
including lightweight, high mechanical flexibility, a large
specific surface area and, hydrophilicity."**™'*' However, it
should be noted that they are inherently insulating and face
challenges in forming a conductive layer necessary for
achieving the desired level of electrical conductivity. Several
strategies have been suggested to address these challenges and
impart electrical conductivity to these substrates. These
methods include electroless deposition, hydrothermal syn-
thesis, sputtering methods, drop casting, and more. Based on
these approaches, the resulting conductive textile and/or
paper-based water-splitting electrodes have shown promising
electrocatalytic performances in the field of AWS (Table 2).

In particular, electroless plating process, also known as
chemical reduction, has been extensively utilized in the
fabrication of AWS electrodes, especially those based on 3D-
structured host electrodes with complex shapes. For instance,
in 2018, Bhattacharyya’s group fabricated electrically con-
ductive paper using Ni—P electroless plating process.”” This
process involves the reduction of metal ions from the aqueous
solution with a reducing agent (e.g, NaH,PO,) and catalysts
(e.g., Sn® and Pd°) (Figure 7a). As a result, the thickness of
Ni—P conductive layer was approximately 18 nm, reducing the
sheet resistance of the paper-based host electrode to ~4.2 Q
sq ' from its initial insulating value for bare cellulose paper.
Similarly, Hao et al. developed the paper-based host electrodes
for bifunctional AWS electrode using a dip-coating and
electroless plating process (Figure 7b)."*> The insulating
paper substrate was activated by alternately dipping into NiSO,
and NaBH, solutions. Then, the pretreated substrate was
immersed in an aqueous electroless plating solution containing
NiSO,, NaH,PO,, Et, NHBH,, and Na,SO, for 60 min at 10
°C to fabricate the Ni—P—B/paper electrode. The conductivity
of the electrode was confirmed by series connecting the
electrodes with a light emitting diode (LED) in a circuit. The
illuminated LED indicated that the electrode had sufficient
conductivity, and the sheet resistance of the electrode was

https://doi.org/10.1021/acsmaterialslett.4c00659
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Table 2. Electrochemical Performances Comparison of 3D Structured-Textile and Paper-Based Water-Splitting Electrodes in

AWS

Host Electrode Fabrication Electrocatalysts Deposition Method
LbL-assembled metal NPs HER: Ni Electrodeposition
OER: NiFe
LDH

Small molecular linker-based HER: NiMo Electrodeposition

MWCNT assembly OER: NiFe
Carbonization/interfacial HER: Ni Electrodeposition

assemly OER: NiFeCo
Electroless plating HER: NiMo Electrodeposition

OER: NiFe

Carbonization Fe-NiSe Calcination, Selenization
Carbonization Co Calcination
Electroless plating NiFeP Electroless plating
Electroless plating CoMo Electrodeposition
Carbonization CogSs@Co—N  Calcination
Carbonization Ni/N/C Calcination
Electrospinning, Ni/Mo,C Calcination

Carbonization
Electroless plating NiP Electroless plating
Carbonization CosS, Hydrothermal method
Electroless plating Ag/Ni Galvanic Replacement Reaction
Carbonization Fe;0,/NiS Calcination
Carbonization, Activation CuS/ZnO Dip coating, Vacuum Thermal

Evaporation Technology

Electrospinning, MO,C-CoO Calcination

Carbonization
Electroless plating Ni—P-B Electroless plating
Electroless plating Co—Ni-P Electroless plating
Sputtering Co(OH),@Ni  Electrodeposition
Electroless plating CoP Electrodeposition

HER OER
Overpotential ~Overpotential ~ Overall Cell Operational
l(.lt)nV) mV) Voltage (V) Stability ref
12 @10 214 @50 1.39 @10 100 h @1000 146
mA cm™ mA cm™? mA cm™? mA cm™?
8 @10 189 @50 2.01 @3000 1000 h @3000 156
mA cm™2 mA cm™? mA cm™? mA cm™?
12 @10 186 @50 1.7 @2000 1640 h @2000 159
mA cm™? mA cm™? mA cm™? mA cm™?
32 @10 240 @S0 1.51 @10 200 h @10 49
mA cm™? mA cm™? mA cm™? mA cm™?
- 220 @10 - 20 h @10 188
mA cm™? mA cm™
74 @10 330 @10 1.40 @10 110 h @10 144
mA cm™ mA cm™ mA cm™? mA cm™?
158 @10 282 @10 1.814 @100 30 h @100 189
mA cm™? mA cm™? mA cm™? mA cm™?
46 @10 250 @10 1.55 @10 200 h @200 190
mA cm™? mA cm™? mA cm™? mA cm™?
152 @10 373 @10 1.61 @10 70 h @10 191
mA cm™? mA cm™? mA cm™? mA cm™?
190 @10 390 @10 - 10 h @15 192
mA cm™? mA cm™? mA cm™2
143 @10 288 @10 1.64 @10 100 h @10 193
mA cm™2 mA cm™? mA cm™? mA cm™?
159 @10 - - - 194
mA cm™?
281 @100
mA cm™2
100 @10 240 @10 1.57 @10 80 h @10 195
mA cm™? mA cm™? mA cm™? mA cm™
216 @10 - - 20 h @8 196
mA cm™2 mA cm™?
- 310 @10 - 25 h @10 197
mA cm™? mA cm™
- 337 @10 - - 158
mA cm™?
115 @10 222 @10 1.56 @10 30 h @45 145
mA cm™ mA cm™? mA cm™? mA cm™?
76 @10 263 @10 1.661 @50 240 h @1000 142
mA cm™? mA cm™? mA cm™? mA cm™?
125 @10 320 @10 1.66 @10 24 h @10 198
mA cm™? mA cm™? mA cm™? mA cm™?
96 @10 300 @10 1.64 @10 10 h @10 199
mA cm™? mA cm™? mA cm™? mA cm™?
63 @10 - - 15Sh @10 200
mA cm™2 mA cm™?

measured to be approximately 0.42 Q sq~' (Figure 7c).
Although electroless deposition effectively converts insulating
substrates into conductive host electrodes, as previously noted,
it often causes metal clusters to agglomerate and block the
pore structures within 3D-structured substrate materials. This
occurs due to the rapid and continuous reduction of metal
ions. Additionally, this process usually requires the use of
reducing agents and noble metal catalysts, particularly Pd, to
aid in the nucleation and growth of metal ions.*"’

Another promising approach for fabricating textile and/or
paper-based electrodes involves the carbonization process with
transition metal-based catalyst precursors. During carbon-
ization in an inert environment, the well-aligned linear sp3
and/or sp” hybridized carbon structures (e.g, silk, polyester,
nylon, poly(vinylpyrrolidone) (PVP), poly(acrylonitrile)
(PAN)) and poly(saccharide) structures (e.g., cotton, paper,
cellulose fiber) can be converted into polyaromatic structures
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that serve as electron pathways.'* For example, Jiang et al.
demonstrated the use of cobalt-supported cotton fiber
electrodes for the overall water-splitting in alkaline media."**
In their study, the cotton fiber was immersed in a 5 wt %
CoCl, aqueous solution, and then subsequently carbonized at
800 °C. These carbonized cotton fibers served as conductive
host electrodes, while Co** ions from the precursor solution
were converted into metallic Co particles on the surface of the
carbonized cotton fiber. This in situ transformation was
confirmed through various analyses including X-ray photo-
electron spectroscopy (XPS), X-ray adsorption near edge
structure (XANES), and extended X-ray absorption fine
structure (EXAFS) analysis. As a result, the Co-decorated
carbonized cotton fiber electrodes exhibited good water-
splitting performances, achieving low overpotentials of 74
mV for HER and 330 mV for OER at a current density of 10
mA cm™> These electrodes also exhibited relatively good
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Figure 7. (a) Schematic illustration of the fabrication process for Ni—P electrodes. Reprinted with permission from ref 49. Copyright 2018,
Springer Nature. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-
BY) license (https: //creativecommons.org/licenses/by/4.0/ ). (b) Schematic synthetic process for the Ni—P—B/paper electrode. And SEM
images of bare paper (left), activated paper (middle), and Ni—P—B/paper electrode (right). Reproduced with permission from ref 142.
Copyright 2020, The Royal Society of Chemistry. (c) Photograph of the conductive Ni—P—B/paper electrode with a sign of “FDU” (Fudan
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Figure 7. continued

University). Reproduced with permission from ref 142. Copyright 2020, The Royal Society of Chemistry. (d) Schematic illustration for the
preparation process of the self-standing Mo,C-CoO@N-CNFs film. Reprinted with permission from ref 14S5. Copyright 2023, Elsevier. (e)
High resolution XPS spectra for Mo 3d for the Mo,C-CoO@N-CNFs electrode. Reprinted with permission from ref 145. Copyright 2023,
Elsevier. (f) HER polarization curves of Pt/C-nickel foam, Mo,C-CoO@N-CNFs-6 (carbonized at 600 °C), Mo,C-CoO@N-CNFs-7
(carbonized at 700 °C), and Mo,C-CoO@N-CNFs-8 (carbonized at 800 °C). Reprinted with permission from ref 145. Copyright 2023,
Elsevier. (g) OER polarization curves of RuO,-nickel foam, Mo,C-CoO@N-CNFs-6, Mo,C-CoO@N-CNFs-7, and Mo,C-CoO@N-CNFs-8.
Reprinted with permission from ref 145. Copyright 2023, Elsevier. (h) Time-dependent current density curve of the Mo,C-CoO@N-
CNFs||Mo,C-CoO@N-CNFs and Pt/C-nickel foam||RuO,-nickel foam cell in 1 M KOH. Reprinted with permission from ref 145. Copyright

2023, Elsevier.

operational stability, maintaining activity for 110 h at the same
current density in 1 M KOH. In a related development, recent
research by Gong et al. introduced PAN/PVP-based 3D-
structured electrodes decorated with Mo,C and CoO (Figure
7d)."* These electrodes were prepared through a series of
processes including electrospinning, oxidation, and carbon-
ization. Similar to the previous study mentioned, PAN and
PVP were dissolved in dimethylformamide (DMF) with
MoCl; and Co(CH;COOH),. The resulting spinning
precursor solution was collected on Al foil by electrospinning
process, followed by carbonization at high temperatures
ranging from 600 to 900 °C. In this case, the XPS analysis
revealed characteristic peaks in the Mo 3d spectrum at 228.8
and 232.8 eV, indicating the presence of Mo(II) in Mo,C
(Figure 7e). Additionally, the presence of the Mo—N bond at
229.5 eV suggested the interaction between Mo,C and PAN/
PVP-based host electrode. Furthermore, the Co 2p spectrum
exhibited two main spin orbital peaks at 781.6 and 796.9 eV,
indicating the Co(Il) oxide, which correlated with the O 1s
spectrum. These optimized integrated electrodes demonstrated
high electrocatalytic activities for both HER and OER, with
overpotentials of 115 mV for HER and 200 mV for OER at a
current density of 10 mA cm™ in 1 M KOH (Figure 7f, g).
However, these electrodes exhibited insufficient operational
stability, sustaining activity for only 30 h at a low current
density of 45 mA cm™* (Figure 7h).

While several studies have effectively converted the
insulating textile or paper-based substrates into the conductive
host electrodes, the critical challenges arise due to the lack of
strong interfacial adhesion. Weak bonds between the
conductive layer and the electrocatalysts as well as between
the substrate surface and the conductive layer can lead to
significant chemical and mechanical damage. This may
encompass the detachment of electrocatalysts from the host
electrode and the dissolution of electrocatalysts in alkaline
media during electrochemical water-splitting reactions, partic-
ularly at high current densities. Therefore, it is essential to
carefully consider all the components, including substrate
materials, conductive layer, organic molecules, and electro-
catalysts, to achieve high performance and outstanding
operational stability in AWS.

Highly porous natural cotton textiles and paper materials,
which are composed of numerous cellulose fibrils, typically
exhibit abundant hydroxyl groups, resulting in excellent surface
wettability in electrolyte solutions. As already mentioned in
previous section, taking advantage of this hydrophilic surface
property, various electrocatalytic metal ions can be directly
deposited on 3D-structured textiles and papers for AWS
electrodes. This approach can result in enhanced water-
splitting performance compared to 2D-structured or conven-
tional Ni foam-based AWS electrodes. Despite the success of

these chemical reduction methods in creating AWS textile
electrodes with intricate fibril structures, challenges remain in
achieving highly uniform coatings and structures. This
difficulty stems from the inadequate control of the interfacial
interactions between the textile substrate and the introduced
conductive, catalytic components. Consequently, these limi-
tations can affect the overall conductivity and catalytic activity
in water-splitting electrochemical reactions.

As an alternative to chemical reduction approaches, Ko et al.
recently introduced electrocatalytic cotton textile electrodes for
AWS using a layer-by-layer (LbL) assembly induced transition
metal electroplating method (Figure 8a).'*® Generally, it is
well-known that a LbL assembly is potentially the most
versatile and well-established method, enabling tailored
functionalities, thicknesses and chemical compositions through
complementary interactions (i.e., electrostatic, hydrogen-
bonding, or covalent-bonding interactions) between adjacent
components.*’~'*° Using this LbL assembly, the cotton
textiles, characterized by OH-functionalized cellulose fibrils,
were first subjected to amine functionalization using poly-
(ethylene imine) (PEI). This chemical treatment relied on
hydrogen bonding interactions between the OH groups of the
cotton textiles and the NH, groups of the PEL This treatment
facilitated the direct deposition of metal nanoparticles (NPs)
onto the cotton textiles via a ligand exchange reaction. The
bulky native ligands of the metal NPs were replaced by the
outermost NH, groups of the cotton textile surfaces, which had
a higher affinity for the metal NPs. Following a similar
adsorption mechanism, metal NPs (such as Au or Ag NPs) and
small diethylenetriamine (DETA) molecules were alternately
deposited on the amine-functionalized substrates by covalent
bonding interaction. This process imparted electrical con-
ductivity to insulating cotton textiles. Notably, the metal NP
layers sandwiched between adjacent DETA layers were free of
bulky organic ligands. This structural design minimized the
separation distance (i.e., contact resistance) between adjacent
metal NPs (Figure 8b). In this case, the sheet resistance of the
(metal NP/DETA),-deposited cotton textiles was measured to
be approximately 650 Q sq~', which was considered suitable
for the electroplating process. Subsequently, the Ni electro-
plating process was performed on the (metal NP/DETA),-
deposited cotton textiles, which further reduced the sheet
resistance to 0.05 Q sq~". The resulting electroplated Ni-cotton
textile (referred to as EP Ni-cotton) exhibited complete and
uniform coverage, with the EP Ni layer extending from the
outer surface to the central region, and no metal agglomeration
was observed. Importantly, the EP Ni cotton served as a highly
efficient HER electrode, exhibiting remarkably low over-
potentials of 12 mV at 10 mA cm™?, while also acting as an
effective host electrode. In addition, the EP-Ni cotton
facilitated the uniform incorporation of transition metal
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Figure 8. (a) Schematic illustration of the conductive cotton for water-splitting electrocatalysts based on the metal NP assembly driven
electroplating approach. Reproduced with permission from ref 146. Copyright 2021, Wiley-VCH. (b) The molecular dynamic (MD)-
computed minimal distance between Au atomic surfaces separated by DETA molecules as a function of surface coverage ratio (Spgra/Sau)-
The blue dotted horizontal line shows the interparticle distance of Au—Au in the bulk lattice (2.884 A). The image in the r.h.s. represents the
MD-simulated molecular structure of DETAs between Au atomic surfaces at Spgra/Sy, = 1.0. Reproduced with permission from ref 146.
Copyright 2021, Wiley-VCH. (c) Chronopotentiometry curve of the EP Ni—cotton||[EP NiFe LDH/Ni-cotton electrode recorded at 1 A
cm™2. Reproduced with permission from ref 146. Copyright 2021, Wiley-VCH. (d) Schematic representation of carboxylic acid-
functionalized multiwalled carbon nanotubes (COOH-MWCNTs) assembled with amine (NH,)-functionalized molecular linkers via
hydrogen bonding interactions. Reproduced with permission from ref 156. Copyright 2024, Elsevier. (e) FT-IR spectra of a (COOH-
MWCNTs/TREN)n multilayer as a function of the bilayer number (n) and corresponding illustration of the cohesive mechanism.
Reproduced with permission from ref 156. Copyright 2024, Elsevier. (f) EIS plots of NiMo-ED CTT, MWCNT-free NiMo-ED textile, Ni-ED
CTT, and Pt/C Ni foam. EIS plots were measured at an applied potential of —0.1 V (vs. RHE). Reproduced with permission from ref 156.
Copyright 2024, Elsevier. (g) Tafel plots of the NiFe-ED CTT, MWCNT-free NiFe-ED textile, Ni-ED CTT, and IrO, Ni foam. Reproduced
with permission from ref 156. Copyright 2024, Elsevier. (h) Chronopotentiometry stability test of the NiMo-ED CTT||NiFe-ED CTT
electrodes recorded at 10 mA cm™2, 100 mA cm™%, 500 mA cm 2%, 1000 mA cm ™2, 2000 mA cm 2, and 3000 mA cm > Reproduced with
permission from ref 156. Copyright 2024, Elsevier.
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Figure 9. (a) Schematic diagram of the preparation process of PCc. Reprinted with permission from ref 158. Copyright 2021, Elsevier. (b)
XRD patterns of CSZOp, CSpC, PCc and Cc. Reprinted with permission from ref 158. Copyright 2021, Elsevier. (c) Raman spectra of
CSZOp, CSpC and PCc. Reprinted with permission from ref 158. Copyright 2021, Elsevier. (d) False-colored SEM image of CSpC.
Reprinted with permission from ref 158. Copyright 2021, Elsevier. (e) Schematic illustration of the carbonization/interfacial assembly
approach to fabricated textile-based water-splitting electrodes. Reproduced with permission from ref 159. Copyright 2022, The Royal
Society of Chemistry. (f) FE-SEM images and energy-dispersive X-ray spectroscopy (EDX) mapping image of EP Ni-CST. The inset shows
the surface morphology (top) and thickness of the EP Ni layer (bottom). Reproduced with permission from ref 159. Copyright 2022, The
Royal Society of Chemistry. (g) Chronopotentiometry curves of the EP Ni-CST||EP NiFeCo-CST electrodes recorded at 10 mA cm ™2, 50
mA cm 2, 100 mA cm ™2, 1000 mA cm™2, and 2000 mA cm 2. The inset shows the planar FE-SEM images of the EP Ni-CST||EP NiFeCo-CST
electrodes after the stability test. Reproduced with permission from ref 159. Copyright 2022, The Royal Society of Chemistry.
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electrocatalysts, such as NiFe, for OER electrode fabrication.
Thanks to these innovative structural and interfacial design
strategies, a full-cell device composed of EP Ni-cotton (serving
as the cathode for HER) and NiFe LDH electroplated on the
EP Ni-cotton (serving as the anode for OER) achieved an
exceptionally low cell voltage of 1.39 V at 10 mA cm™
Moreover, the device exhibited excellent operational stability,
maintaining constant cell voltages for 100 h at a high current
density of 1 A cm™ in 1 M KOH (Figure 8c). However,
despite the high performance of these AWS textile electrodes
using noble metal NPs as conductive seeds for electroplating
non-noble metals such as Ni and NiFe, there is a pressing need
for a more economical fabrication approach.

More recently, Son et al. introduced highly efficient AWS
electrodes by using molecular linker assembly induced all-in-
one structured binary transition metal electrocatalyst.'*® As
shown in Figure 8d, carboxylic acid-functionalized multiwalled
carbon nanotubes (COOH-MWCNTSs) were assembled with
amine (NH,)-functionalized molecular linkers such as tris(2-
aminoethyl)amine (TREN) via hydrogen bonding interactions
in ethanol. This assembly resulted in the deposition of
(COOH-MWCNT/TREN), multilayers on TREN-coated
cotton textiles, hereafter referred to as CTT. Fourier transform
infrared (FT-IR) spectroscopy confirmed the increase in
absorption peak intensities of the COOH and NH, groups
with the bilayer number (n) of the multilayers (Figure 8e). In
particular, due to the remarkably thin thickness of the TREN
molecular linkers (about 5.6 A),">"">” the NH, groups of these
linkers formed direct bridges between the interfaces of the
cotton textiles and the COOH-MWCNTs, as well as between
adjacent COOH-MWCNTSs. As a result, the resulting
(COOH-MWCNT/TREN),o-coated textile exhibited a sheet
resistance of 2.2 X 10° Q sq_l, which was later converted into a
bulk metal-like host electrode for water-splitting electro-
catalysts by Ni electrodeposition. This process reduced the
sheet resistance to about 0.06 Q sq™". The Ni-electrodeposited
(COOH-MWCNT/TREN),, multilayer coated textile, abbre-
viated as Ni-ED CTT, exhibited a significantly larger specific
surface area of about 3.6 m* g~' compared to the (COOH-
MWCNT/TREN),, coated textile, which had a surface area of
about 2.7 m? g_l, due to its unique nanoprotuberant structure.
This difference in surface area had a profound effect on the
available surface area for subsequent electrodeposited electro-
catalysts, specifically NiMo for HER and NiFe for OER.

After undergoing successive electrodeposition processes to
become NiMo-ED CTT for the HER electrode and NiFe-ED
CTT for the OER electrode, these materials retained their
distinctive properties, including porous structure, large specific
surface area, high electrical conductivity, and mechanical
stability. In particular, they exhibited remarkably low over-
potentials of 8 mV at 10 mA cm™? for HER and 189 mV at 50
mA cm™ for OER. To elucidate these outstanding perform-
ances, a series of analyses including XPS, XANES, EXAFS,
operando Raman spectroscopy and DFT calculations were
performed to investigate the electron structure of the bimetallic
electrocatalysts. These studies confirmed the occurrence of
electron transfer between Ni and Mo or Fe, thereby optimizing
the electron structure of the electrocatalysts. As a result, lower
charge transfer resistances (R.) and Tafel slopes were
observed compared to those of the Ni-ED CTT (Figure 8f,
g). Utilizing these integrated design strategies with stable host
electrodes and potent electrocatalysts, a full-cell device
composed of the NiMo-ED CTT and the NiFe-ED CTT
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demonstrated exceptional performance, achieving low cell
voltages of 2.01 V at a high current density of 3000 mA cm™>.
Remarkably, cell voltages remained constant for at least 2000 h
at current densities ranging from 10 to 3000 mA cm™2 (Figure
8h).

As mentioned in the previous section, the carbonization
process is another promising method for converting insulating
textiles into conductive ones by forming polyaromatic
structures within the textile. However, this process transforms
the hydrophilic surface of pristine textile into a hydrophobic
one due to the formation of aromatic carbon structures.
Consequently, a major challenge for carbonized textile host
electrodes lies in balancing high electrical properties with
hydrophilicity. This balance is essential for uniformly
depositing electrocatalysts and facilitating mass transfer in
aqueous solutions.

To this end, Zhai et al. recently proposed an activated
carbonized cotton host electrode, denoted as PCc, for use in an
OER electrode under alkaline media (Figure 9a).'*® The
process involved immersing a carbonized cotton textile (Cc) in
a KOH solution (with a mass ratio of Cc to KOH at about
1:2), followed by heating the immersed Cc to 800 °C to
activate its surface and improve the ion transport efficiency of
the Cc. The XRD analysis confirmed that both Cc and PCc
exhibited the diffraction peaks around 25.9° attributed to the
(002) plane of amorphous graphite, indicating the preservation
of the polyaromatic structures after the activation process. In
addition, Raman spectroscopy revealed the characteristic peaks
at 1332 and 1594 cm™’, corresponding to structural defects
(D-band) and the crystalline hexagonal lattice (G-band) of
graphitic carbon, respectively (Figure 9b, c). Subsequently, the
prepared PCc current collector (i.e, host electrode) was
immersed in a CuSO, solution to absorb Cu®** ions
sequentially, followed by immersion in a Na,S solution to
absorb S* ions and initiate their reaction with Cu®**. The
resulting CuS layer was effectively deposited onto the surface
of activated fibers without agglomeration (Figure 9d). This
substrate, termed CuS/PCc composite (CSpC), was further
transformed into a CuS/ZnO/PCc (CSZOp) electrode using
vacuum thermal evaporation technology (VTET) with CSpC
and ZnO NPs. The incorporation of ZnO NPs significantly
reduced the bandgap energy and enhanced the electrical
conductivity of the CuS composite, thereby lowering the RDS
energy barrier. Consequently, the CSZOp exhibited a low
overpotential of 337 mV at a current density of 10 mA cm™>
and a remarkably low Tafel slope of 58.2 mV dec™.

To advance the development of much more stable
carbonized textile-based electrodes at high current densities,
Mo et al. introduced a carbonization/interfacial assembly
driven electro};lating approach using natural silk textiles
(Figure 9¢)."*” Silk textiles possess f-sheet-rich protein
structures, which transform into sp>-hybridized carbon
hexagonal structures starting at 300 °C and eventually form
highly ordered graphitic structures. In their study, this unique
pyrolysis behavior of silk textiles resulted in carbonized silk
textiles (CSTs) with high electrical conductivity (~4.3 S cm™)
and low sheet resistance (~6.6 Q sq~') at 950 °C. After
carbonization, acid treatment and subsequent attachment of
amine groups using TREN molecules were performed to
enhance the affinity with transition metal-based electrocatalysts
via covalent bonding interaction. In addition, the outermost
hydrophilic amine groups facilitated the uniform deposition of
electrocatalysts over the entire area of the CSTs, from the
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inside to the outside, and accelerated the reduction of metal
ions in the electrocatalytic components (Figure 9f). An
electrocatalytic Ni layer was uniformly electroplated on the
amine-attached CST (referred to as NH,—CST), forming a
protuberant structure with a low sheet resistance of 0.05
sq_l.

Moreover, the Ni electroplated CST (EP-CST) maintained
its initial electrical conductivity even after mechanical bending
cycle testing due to its meticulously engineered interface. In
particular, as already mentioned above, the EP-CST served not
only as a bulk metal-like conductive host electrode with an
extremely large specific surface area, but also as a highly
efficient HER electrode in AWS, exhibiting a considerably low
overpotential of 12 mV at 10 mA cm™, coupled with a low
Tafel slope of about 31.8 mV dec™'. For the preparation of
OER electrode, a NiFeCo layer was additionally electroplated
on the EP Ni-CST, yielding a highly uniform and distinctive
wrinkled-nanostructure. The resulting NiFeCo-CST OER
electrode also exhibited remarkable OER performance with a
low overpotential of about 186 mV at 50 mA cm ™2 and a low
Tafel slope of about 30.9 mV dec™". To further confirm the
crucial structural and electrochemical effects of the electro-
catalysts in both HER and OER, the authors performed
thorough analyses employing high-resolution transmission
electron microscopy (HR-TEM), Raman spectroscopy, XRD,
XPS, and DFT calculations. These investigations evidently
revealed the physical/chemical structures and electronic
binding energies, which facilitate the adsorption/desorption
of intermediate reactants during the water-splitting reaction.
Due to the remarkable interfacial design of all electrode
components, a full-cell device composed of Ni-CST and
NiFeCo-CST showed exceptional stability over extended
operation periods, lasting at least >1640 h, even under an
extremely high current density of 2000 mA cm™ (Figure 9g).

Although noble metals such as Pt, Ir, and Ru exhibit superior
electrocatalytic performance compared to catalysts based on
non-noble metals, it is important to recognize that the
meticulous structural and interfacial design of transition
metal alloy-based water-splitting electrodes, featuring elec-
tron-modulated properties and extremely large active surface
area, can achieve the electrocatalytic performance comparable
to noble metals. Additionally, these electrodes demonstrate
excellent operational stability, making them well suited for
application in commercial electrolysis systems.

As described in this perspective, research on advanced water-
splitting electrodes is critical to realizing carbon neutrality in
emerging societies. However, it is very difficult to achieve the
theoretical properties of active electrocatalysts without proper
structural and interfacial design of the electrodes because the
core of this challenge strongly depends on the effective design
of the interfaces among all electrode components, where
numerous electrical/electrochemical events occur, and the
structural design of electrodes for large electrocatalytic area, as
well as the development of high-performance non-noble
electrocatalysts. Although the use of highly efficient electro-
catalytic nanomaterials in the water-splitting reaction can
provide significant advantages such as an extremely large active
surface area, this also means an increase in the number of
interfaces between individual components (i.e., electrocatalytic
NPs and/or host electrode), which can increase the internal
resistance and lead to electrocatalytic instability problems. In
addition, the internal resistance of the electrode can be more
pronounced due to the presence of insulating organic species
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(i.e., polymeric binders, surfactants, and organic ligands)
adsorbed on the surface of the electrocatalytic nanomaterials.
Therefore, to achieve reliable output performance, the
separation distance (i.e., internal resistance) and interfacial
interaction between adjacent component materials within the
electrode should be meticulously tailored by an appropriate
interfacial design. Furthermore, to realize mechanically robust
water-splitting electrodes under the high gas bubble pressure
that occurs during the high-current-density-induced water-
splitting reaction, the mismatch in interfacial interaction
between the electrocatalytic components and the host
electrode, as well as between adjacent electrocatalytic nano-
materials must be resolved.

The effective electroplating of non-noble electrocatalysts
onto textile-based host electrode with large surface area and
bulk metal-like electrical conductivity can produce high-
performance alkaline water-splitting electrodes, enabling
extremely low overpotentials and long-term operational
stability even under high current densities, which is in stark
contrast with conventional electrodes prepared through
chemical reduction and slurry casting methods. Moreover,
the uniform coating and stable adsorption of all-in-one
structured electrocatalysts onto conductive textiles effectively
preserve both the internal porous structure and mechanically
flexible properties of the pristine textile substrates. These
factors directly impact the output performance of alkaline
water-splitting electrodes. Thus, comprehensive electrode
design considerations, spanning from host electrode to
electrocatalysts, are essential for enhancing water-splitting
electrode performance.

However, despite these significant advances in high-
performance water-splitting electrodes, several critical issues
remain to be addressed. Particularly, among notable
approaches that can be used to prepare the high-quality textile
host electrodes, a LbL assembly of conductive components has
some issues to be solved in terms of mass production and
turnaround time for commercialization. Although a few
approaches based on rapid automated deposition techniques
(e.g., spin coating and spray deposition) have been applied to
address these issues, such techniques, in the case of using
hydrophobic NPs as conductive components, are not effective
in completely eliminating the native hydrophobic ligands
bounds to the surface of metal NPs during short washing time
as well as in depositing the conductive components onto 3D
porous substrates instead of 2D-flat substrates. Although
carbonization approach can also be considered as a promising
candidate in that it is very simple, fast, and efficient in
converting from insulating natural textiles into conductive
textile host electrodes, it should be noted that the carbon-
ization approach has limited applicability to protein or
cellulose-based silk textiles, except for nylon and polyester-
based textiles which show a high degree of brittleness at the
carbonization temperature (>600 °C). On the other hand, a
coating approach, such as a roll-to-roll deposition process,
which can effectively wash out the weakly adsorbed species
including hydrophobic ligands through a controllable im-
mersion time, may be an alternative approach.'®” This method
is applicable to mass production of film-type host electrodes
irrespective of substrate shapes.

In view of non-noble electrocatalysts for high-performance
alkaline water-splitting electrodes, it is highly desirable that
they should have larger active surface area through nanosized
control. However, one of the most critical issues in such
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nanosized electrocatalysts is their unstable adsorption (i.e.,
electrocatalytic instability) onto the host electrode as already
mentioned above. Although the uniform electroplating of all-
in-one structured non-noble electrocatalysts onto the textile
host electrodes with extremely large surface area can
significantly enhance the active surface area and operational
stability of overall electrode, the better effective approach may
be the direct, dense, and robust adsorption of the nanosized
electrocatalysts onto textile host electrodes without electro-
chemically inactive components. Therefore, if the synthesis of
intrinsically highly efficient electrocatalysts, the assembly
process based on favorable interfacial interactions, and the
overall electrode design with large active surface area can be
integrally and deeply considered for developing the water-
splitting electrodes, they can provide important insights for
realizing the high-performance HER and OER electrodes with
lower overpotentials (or low cell voltages for full-cell device)
and more excellent operational stability at high current
densities compared to alkaline electrodes reported to date.
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