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Self-Supported Electrocatalysts for Practical Water

Electrolysis

Hongyuan Yang, Matthias Driess,* and Prashanth W. Menezes*

Over the years, significant advances have been made to boost the efficiency
of water splitting by carefully designing economic electrocatalysts with
augmented conductivity, more accessible active sites, and high intrinsic
activity in laboratory test conditions. However, it remains a challenge to
develop earth-abundant catalysts that can satisfy the demands of practical
water electrolysis, that is, outstanding all-pH electrolyte capacity, direct
seawater splitting ability, exceptional performance for overall water splitting,
superior large-current-density activity, and robust long-term durability. In
this context, considering the features of increased active species loading,
rapid charge, and mass transfer, a strong affinity between catalytic com-
ponents and substrates, easily-controlled wettability, as well as, enhanced
bifunctional performance, the self-supported electrocatalysts are presently
projected to be the most suitable contenders for practical massive scale
hydrogen generation. In this review, a comprehensive introduction to the
design and fabrication of self-supported electrocatalysts with an emphasis
on the design of deposited nanostructured catalysts, the selection of
self-supported substrates, and various fabrication methods are provided.
Thereafter, the recent development of promising self-supported electrocata-
lysts for practical applications is reviewed from the aforementioned aspects.

energy density (up to 142 MJ kg™'), green
combustion products, and recyclable fea-
tures.”® Currently, the primary methods
for H, production are based on steam
methane reforming, coal gasification,
and biomass conversion, which are not
only expensive but also emit a significant
amount of CO, inevitably affecting the
greenhouse effect.’*1% From this perspec-
tive, an appealing alternative approach is
to split water to produce only clean H, and
oxygen (O,) gas through thermocatalytic,
photocatalytic, or electrocatalytic tech-
niques.™ 131 Within them, electrocatalytic
water splitting has become the worldwide
research focus recently as this technology
can produce environmental-friendly high-
pure H, energy from electricity, as well as
can be combined with other intermittent
energy, such as wind and solar energy,
elevating the utilization efficiency of the
overall sustainable energy system.*1]
The fundamental half-reactions which

Finally, a brief conclusion is delivered and the challenges and perspectives
relating to promotion of self-supported electrocatalysts for sustainable large-

scale production of hydrogen are discussed.

1. Introduction

The gradually rising energy and environmental crisis have
caused increased global concerns, and therefore, developing
renewable and clean emerging energy which can be employed
as alternatives to traditional fossil fuels is of extreme neces-
sity.'"% In this regard, hydrogen (H,) is an ideal energy carrier
and has received extensive attention due to its high gravimetric
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take place on a water electrolyzer involve
hydrogen evolution reaction (HER) at
the cathode and oxygen evolution reac-
tion (OER) at the anode.l'l Presently, the
commercial devices for water electrolysis
include acidic proton-exchange mem-
branes (PEMs) electrolyzer and alkaline water electrolyzers
(AWEs). Among them, PEMs typically contain precious metal
(such as platinum group metals) in their electrodes, leading
to the rapid rise of cost and significant limit of further appli-
cation, while AWEs equipped with non-precious metal-based
electrodes usually operate at a low current density, displaying
moderate energetic efficiency.718l

To solve these bottlenecks, a considerable amount of research
has been dedicated to investigate low-cost but active earth-
abundant metal-based catalysts for water electrolyzers, espe-
cially transition metal (TM)-based ones, such as, nitrides,!"’]
oxides,?% chalcogenides,? phosphides,?Z phosphates, 3! car-
bide,* borides,!? borophosphates,?*%! and intermetallic com-
pounds.?8-3% Unfortunately, the activity and stability for most
of these catalysts are still far from satisfactory from the perspec-
tives of practical application in massive H, production, and the
main reasons for this being i) the majority of electrocatalysts
do not display reasonable activity in all-pH media (especially
in neutral media due to the poor electric conductivity of the
electrolyte) and the limit on pH ranges creates an increase of
the electrolyte expenses for water electrolysis technology and
lowers the yield of H, production.?132 ii) The direct seawater
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Figure 1. Schematic illustrations of a) powder electrocatalysts deposited
on the electrode substrate with conducting additives and binders, and
b) self-supported electrocatalysts.

splitting is still inefficient, highly expensive, and unpredictable
compared to the purified water, although seawater is the most
abundant water resource on earth (=97%) and of high interest
for technologically viable sustainable H, production.?¥ iii) It
is difficult to realize efficient overall water splitting (OWS) in
which both HER and OER simultaneously take place in an inte-
grated cell. This may probably be ascribed to the mismatched
HER and OER performance in the various pH-value electro-
lyte, further diminishing the working efficiency of the whole
water electrolyzer.3**! iv) Most of the reported electrocatalysts
show good catalytic activity only at small current densities
(€20 mA cm™?), which hardly meet the requirements of indus-
trially operating electrolyzers (=500 mA cm™2).3% v) The vast
number of electrocatalysts can only maintain working cur-
rent density for tens of hours, while the practical application
requires up to thousands-of-hours stability.””! In this regard,
the development of noble metal-free catalysts for practical water
splitting urgently requires further breakthroughs.

Currently, the most reported nanocatalysts for water electrolysis
are synthesized in the form of powders (Figure 1a), which are
then usually coated on the current collector (electrode sub-
strates) by the addition of polymeric binders (such as Nafion
or polytetrafluoroethylene). This inexorably masks the active
sites, limits electron conductance, reduces the mass trans-
port due to adverse consequences such as active surface area,
microstructural destruction, and a decrease of volume, as well
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as deteriorates the film stability owing to binder degradation
under operating conditions resulting in an overall decline of
work efficiency and the rise of the fabrication cost.?*3°] Besides,
for the substantial improvement of electrical conductivity of the
powders, often conductive additives, especially carbon-based
nanomaterials, are additionally added but on the downside,
the carbon species have a propensity for corrosion (oxidation)
at higher applied potentials or currents undermining the elec-
trode performance.*! Thus, it is critical to design and fabricate
highly functional, electrocatalytically stable, and highly effective
binder-free electrodes that can satisfy the required demand of
water electrolysis and surmount the shortcomings of powder
catalysts. On the other hand, binder-free self-supported elec-
trocatalysts in which the catalytically active species directly
grown on the conductive and flexible substrates (Figure 1b)
have gained enormous interest and have been sought to be
promising electrodes for practical water electrolysis. The main
advantages of self-supported electrodes in comparison to
the conventional ones include i) anchoring and dispersion of
the active catalysts on the substrate promoting larger loading
amounts and thus abundant active sites;*! ii) evasion of poly-
meric binders and conductive additives to expose more catalyti-
cally active sites;*»#} iii) suitable nanostructured engineering
(1D, 2D, or 3D structures) leading to the enhanced electroac-
tive surface area, swift charge and mass transport and superior
reaction kinetics;* iv) strong adhesion and seamless integra-
tion between the electrocatalysts and conducting substrates
that can prevent mechanical shedding of the catalysts from
the substrates under continuous operation conditions of water
splitting at large current densities;*>* v) the surface wetta-
bility engineering of self-supported electrocatalysts that can be
easily controlled by modulating the composition and architec-
ture of the deposited nanocatalysts. Here, the construction of
superhydrophilic surface can facilitate the tight contact between
active sites on the electrodes and the electrolyte, elevating the
resulting catalytic activity. Such electrodes with superaero-
phobicity can enable the evolved bubbles to smoothly depart
from the electrode surface, preventing the accumulation of
numerous evolved bubbles on the electrode surface under large
current densities, thus protecting active catalysts from shed-
ding and interface resistance from boosting.[¥*! Lastly, vi) the
post-coating step, as well as the additional polymeric binders
and conductive additives are not required for self-supported
electrocatalysts, which is a favorable factor for the simplifica-
tion of fabrication procedures and the reduction of synthesis
expenses.®! All these factors endow the self-supported elec-
trocatalysts with huge potential for practical water electrolysis
to produce massive H, fuel to fulfill the anticipated energy
demand.

In the past few years, encouraging progress has been con-
tinuously made in the development of self-supported electro-
catalysts with outstanding activity and durability for water
splitting. Accordingly, timely and comprehensive reviews
about meaningful works in this area is of significant neces-
sity, providing a useful guide to the following research.
Although a limited number of reviews are accessible on
the recent development of self-supported electrocatalysts
for water electrolysis,*>0-4 most of them overviewed from
the perspectives of various TM-based compounds,®3! or
geometric constructions,* or synthetic methods,”>% or
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Figure 2. Design strategies of self-supported electrocatalysts and their promising practical application potentials.

selection of supported substrates.’¥ Most importantly, an
overall systematic and comprehensive review that is dedi-
cated to reveal promising self-supported electrocatalysts for
practical water electrolysis is still lacking. In view of this,
herein, we conduct a detailed survey on the design and fab-
rication of self-supported electrocatalysts emphasizing nano-
structured catalysts, conductive substrates, and fabrication
methods. Based on this, the advanced self-supported elec-
trocatalysts, which are promising for substantial H, genera-
tion through water electrolysis, are reviewed in the context of
performance parameters in all-pH media, in seawater elec-
trolyte, for OWS, under large current density and after long
operational conditions, respectively (Figure 2). In addition,
we also introduce the fundamentals of electrocatalytic water
splitting and possible requirements for practical applica-
tions. Finally, the current challenges and future perspectives
for the development of such catalysts are also highlighted.
This review is expected to supply inspiration and guidance
for the forthcoming research which is committed to further
propel the progress of broad-scale, efficient and low-priced
H, production by water electrolysis.

Adv. Energy Mater. 2021, 11, 2102074 2102074 (3 of 43)

2. Fundamentals of Electrocatalytic Water Splitting

As is shown in Figure 3a, electrocatalytic water splitting refers

to dissociating water to H, and O, through active catalysts

which are coated on two electrodes in an electrolyzer. Therefore,

it consists of two half-reactions, HER at the cathode and OER at

the anode. The involved chemical reactions are as follows.[%]
Electrocatalytic water splitting reaction

2H,0 — 2H, + 0, )

HER at the cathode
In acid electrolyte:

2H" +2e” —2H, 2)
In alkaline or neutral electrolyte:

2H,0+2e” — 2H, +20H" (3)

OER at the anode

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 3. a) Schematic diagram of a water electrolyzer where the half-reactions, HER and OER occur at cathode and anode, respectively. b) HER volcano
plot on the relationship between j, and AG.y, for different metals. Reproduced with permission.l*®! Copyright 2010, American Chemical Society. c) OER
volcano plot on the relationship between theoretical overpotential 77 and AG.o — AGsop for different metals oxides. Reproduced with permission.[>l

Copyright 2011, Wiley-VCH.

In acid electrolyte:

2H,0 > 0, +4H" +4e” (4)

In alkaline or neutral electrolyte:

40H™ — 0, +2H,0+4e” 5)

2.1. Fundamentals of Hydrogen Evolution Reaction

The HER that takes place at the cathode mainly comprises two
steps: i) Volmer reaction and ii) heyrovsky reaction or Tafel reac-
tion. For the first step (Volmer reaction), when in the acid elec-
trolyte, a proton H* from the electrolyte and an electron e™ from
the electrode combine at the adsorption site of the electrode
surface to form an adsorbed H* (* represents the adsorption
site). In alkaline or neutral media, an additional dissociation
process of water molecules is required, normally causing a cor-
responding reaction energy barrier.’2*°] For the second step,

Adv. Energy Mater. 2021, 11, 2102074 2102074 (4 of 43)

no matter in which electrolyte, there are two possible reaction
pathways: one is that the generated H* is combined with a new
pair of H* and €7, thus the H, molecule will be obtained, and
then desorbed. This step is referred as Heyrovsky reaction. In
another case, the H, molecules are derived from the recombi-
nation of the adsorbed H* and its adjacent H*. This step is the
Tafel reaction.’V In electrolytes with various pH values, the spe-
cific HER reaction routes are as follows.[!!
In acid electrolyte:

H +e +* >H™* (Volmer reaction) (6)
H*+H'+e" —H, (Heyrovsky reaction) (7)
Or H*+H* —>H, (Tafelreaction) (8)

In alkaline or neutral electrolyte:

H,0+e +* >H*+OH" (Volmer reaction) 9)

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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H*+H,0+e” - H,+OH  (Heyrovsky reaction) (10) In alkaline or neutral electrolyte:
(Tafel reaction) (11) OH +*—>*OH+e (18)
It is generally believed that the dominant reaction pathway FOH+OH —*0+H,0+e (19)
for HER can be determined by the value of Tafel slope b from
*0+OH™ —*OOH+e" (20)
n=a+blog(}) (12) *OOH+OH —*O0,+e" (21)
In this equation, 7, a, b, and j represent overpotential, Tafel %0, 5% +0, )

constant, Tafel slope, and current density, respectively. When
the b value is around 116 mV dec™, the rate-determining step is
the Volmer mechanism, and the HER will be governed by Hey-
rovsky and Tafel mechanisms when the value of Tafel slope is
approximately 38 and 29 mV dec”!, respectively.®l On the other
hand, no matter what the reaction path of HER is, the process
of adsorbing H is inevitable. To this end, the free energy of
hydrogen adsorption (AG«y) is widely accepted as a descriptor
that intuitively reflects the efficiency of H, evolution.’!l The
absolute value of AGxy closer to zero means the corresponding
catalyst exhibits better HER activity. When AG.y is over zero
and its value is more positive, the hydrogen adsorption capacity
is weaker. In other words, hydrogen desorption is easier. In
contrast, when the AG.y of a catalyst is less than zero and its
value is more negative, the intermediate H has stronger adsorp-
tion with the adsorption site, thus the subsequent hydrogen
desorption becomes more difficult.’®! As the volcano diagram
on the relationship between exchange current density (jo) of dif-
ferent metal catalysts and the related AG.y depicted from the
work of Nerskov et al. shows, the precious metal platinum with
a AGuy close to 0 owns the largest exchange current density,
proving that Pt possesses superior HER activity to other metals
(Figure 3b).5¢!

2.2. Fundamentals of Oxygen Evolution Reaction

Compared with HER at the cathode, OER has larger energy-
consumption and more sluggish reaction kinetics owing to its
much more complex four discrete electron transfer process, and
therefore, anodic OER is considered as the primary bottleneck
restricting the development of water electrolysis technology.
The elementary steps of OER undergo different mechanisms in
different electrolytes.!'%:%"]
In acid electrolyte:

H,0+* >*OH+H" +e” (13)
*OH —»*O+H" +e (14)
*0+H,0 - *OOH+H" +e (15)
*OOH —* 0, +H" +e” (16)
*0, = *+0, (17)
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However, in all kinds of electrolytes, the OER reaction
involves the same four reaction intermediate, namely *OH, *O,
*OO0H, and *0,. Correspondingly, the reaction free energy AG;-
AG, is commonly employed to evaluate the reaction kinetics of
OER. The reaction step with the largest AG value is considered
to dominate the entire OER process. In many cases, the conver-
sion from *HO into *O or formation of *OOH from *O requires
the greater reaction free energy, hence the larger one between
AG, and AG; determining the whole OER reaction rate.l:>8!
Additionally, Rossmeis] et al. pointed out for OER under ideal
equilibrium voltage that the reaction free energy for the forma-
tion of the four elementary intermediates is the same, which
is 1.23 eV (492 eV/4 = 1.23 eV) and the equilibrium voltage
of each elementary reaction is 1.23 V (1.23 eV/e = 1.23 V)b
That is, ideally, OER reaction can occur at the equilibrium
voltage. Whereas under practical conditions, the applied voltage
which can drive OER is always much greater than equilib-
rium voltage, and the theoretical overpotential can be obtained
via the difference between max[AG,, AGs]/e and equilibrium
voltage (1.23 V).1%8

On the other hand, for most metal oxides, there is such a
relationship between *OH and *OOH: AGigoy — AGwoy =
3.2 £ 0.2 eV exist, implying the elementary reaction step of
converting *OH into *O can occur at the free energy greater
than 1.6 = 0.1 eV.’”) Based on this, Rossmeisl and co-workers
proposed AGxo — AGxoy as a characteristic descriptor and illus-
trated the volcano map on the change of AG.q — AGsoy against
the variation of theoretical overpotential for different metal
oxides, in which precious metal-based oxides generally show
excellent catalytic performance (Figure 3c).l*’)

2.3. Assessment of Electrocatalysts for Practical Water Splitting

Various criteria indexes have been applied to assess the per-
formance of electrocatalysts for water splitting. Especially
for those catalysts which are promising for practical appli-
cation, their evaluation standard should be higher than the
laboratory level. Unfortunately, so far, no systematic sum-
mary of the evaluation criteria for the performance of these
catalysts has been conducted. In view of this, we specifically
generalize the assessment standards for electrocatalysts
with practical application potential from the perspectives of
electrocatalytic activity, stability, and working environment,
respectively.
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Overpotential (1), Tafel slope (b), and exchange current den-
sity (jo) are the essential indexes for electrocatalytic activity
assessment. Among them, overpotential is the most critical
parameter. It refers to the difference between the practically
applied potential and the equilibrium potential for surmounting
the reaction energy barrier which results from three aspects: i)
electron transfer, ii) mass diffusion in the electrolyte, and iii)
interplay at the electrode surface in the practical electrolyzer.
As a result, the overpotential defined from linear sweep voltam-
metry or cyclic voltammetry (CV) polarization curve is normally
composed of activity, concentration, and resistance overpoten-
tials, originating from the electrochemical polarization, con-
centration polarization as well as resistance from the electrode,
solution, and their contact points, respectively.”l Since only the
activity overpotential corresponds to the inherent properties
of electrocatalysts, concentration and resistance overpotentials
should be excluded for a precise reflection on water electrolysis
activity. Working electrode rotation, electrolyte stir, and/or test
temperature increment are the effective strategies for elimi-
nating concentration overpotential, while iR, correction (i and
R, represent working current and internal resistance, respec-
tively) is often used to rule out resistance overpotential.®!
Similarly, the Tafel slope provides insight into the reaction
mechanism and the kinetics of the reaction under study and
should be performed in steady-state conditions.[®!

On one hand, the overpotential at 10 mA cm™ current
density (catalytic current normalized to the geometric area of
working electrode) is most frequently selected as the refer-
ence to estimate water splitting activity. This criterion derives
from the solar to energy efficiency for a one-step photoexcita-
tion system, which should reach around 10%, enabling the
solar hydrogen production to be cost-competitive.®?l On the
other hand, for evaluating the practical application potential
of electrocatalysts, it would be more meaningful to compare
overpotential at a much higher current density. According to
the industrial application, that is, PEM and AWE, with current
densities ranging from 200 to 2000 mA cm™2, the overpotential
at above 500 mA cm™ current density are usually taken into
consideration to assess the activity of catalysts promising for
practical water electrolysis.[3%0:63]

Chronoamperometry (CA), chronopotentiometry (CP), and
CV cycles are routine methods to test the durability of elec-
trocatalysts for water splitting. Normally, under the CA test,
the constant applied potential is located at the value affording
10 mA cm™ current density, while the applied current den-
sity tends to be directly fixed at 10 mA cm™ when CP is car-
ried out. Typically, the duration of these two measurements
is expected to be at least above 24 h. Moreover, no less than
1000 times cycles are required for the CV test to define reason-
able stability.®l But such a shortterm working period is obvi-
ously insufficient for those catalysts which can be utilized in
practical H, production. In many cases, the electrocatalysts
which are energetically efficient and can last thousands of
hours with the robust operation are recognized as suitable can-
didates for practical development.[3237:50]

The working environment is also a pivotal assessment factor
for practical water splitting catalysts. First of all, most reported
catalysts just show outstanding activity in half-cell condi-
tions, rather than working as a bifunctional catalyst to achieve

2
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efficient HER and OER simultaneously in the same integrated
electrolyzer. Thus, the catalyst which exhibits superior bifunc-
tional activity, especially OWS activity, would be considered to
have facile applicability and great cost-effectiveness. Besides,
given that the utilization of considerable electrocatalysts is con-
fined in the mild electrolyte environment (narrow pH range,
room temperature, and moderate concentration), whether the
excellent activity and durability of a catalyst can be displayed
in different electrolyte conditions (e.g., all pH range, natural
seawater, harsh temperature, and concentration) determines its
potential to be transferred to the industry.

3. Design and Fabrication of Self-Supported
Electrocatalysts

Self-supported electrocatalysts are described as nanostructured
catalysts which are deposited on the substrates through various
fabrication methods without the utilization of any binders or
additives. With that in mind, in order to design and fabricate
self-supported electrocatalysts with high working efficiency,
low cost, and handy preparation process with three essential
factors should be particularly considered, that is, the deposited
nanostructured catalysts, the self-supported substrates, and the
various fabrication methods. For the deposited nanostructured
catalysts, the targeted catalyst components," structure-activity
relations,® and surface reconstruction during the electro-
chemical process!®! are responsible for whether their working
efficiency can meet the requirement of practical application.
Furthermore, different self-supported substrates, including con-
ductive and insulating ones, also influence the nanostructure
and performance of the resulting catalyst.[®®%/l Lastly, according
to various fabrication methods which are employed to deposit
the catalytic species on all kinds of selective substrates, the
obtained morphology, size distribution, crystalline phase, as
well as, accessible and exposed active sites of the nanocatalysts
are correspondingly controlled.®®%! In recent times, exten-
sive efforts have been dedicated to the aforementioned points,
aiming at endowing self-supported electrocatalysts with prac-
tical application prospects. The following discussion will sum-
marize the above three aspects.

3.1. Design of the Deposited Nanostructured Catalysts

For the nanostructured catalysts which are supported on the
substrate, foremost, their components tend to determine the
final catalytic performance and the whole preparation cost.
Currently, non-noble metal elements, especially those TM
ones, that is, Ni, Co, Fe, Cu, W, Mo, Zn, Ti, Mn, and V, are
extensively explored for the synthesis of the catalytic species
owing to their relatively high catalytic activity, earth abun-
dance, and low price. These elements mainly exist in the
various compounds, such as oxides, hydroxides, chalcoge-
nides, pnictides, nitrides, borides, phosphates, and alloys as
the principal ingredient in catalytic species.l’*’*7% To enable
the water splitting efficiency of TM-based electrocatalysts to
be comparable to the benchmark precious metal-based cata-
lysts, two methods are most widely utilized as follows. i) The

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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transformation of NiCo LDH to A-NiCo LDH. Reproduced with permission.”®l Copyright 2020, Elsevier.

coupling of conductive components (other conductive TM-
based compounds or porous carbon substances).”®”’] For
example, Wu et al. coupled the nickel foam (NF)-supported
NiCo oxides nanosheets with ultrathin porous carbon shell
which can facilitate the conductivity and provide more defects
as active sites, further boosting the catalytic capability of the
hybrid catalyst for OWS (Figure 4a).* ii) The doping of het-
eroatoms/groups, for example, metal atoms including various
TMs and several rare earth metals, non-metal atoms such as
N, P, S, Se, B as well as some small groups.”*# For instance,
Wu et al. doped small BO; groups into crystalline NiCo lay-
ered double hydroxide (i.e., LDH, which is composed of metal
cations which are located in octahedral brucite-like layers, as

Adv. Energy Mater. 2021, 11, 2102074 2102074 (7 of 43)

well as charge-balancing anions and water molecules in the
interlayer spacing) nanosheets on NF, generating amounts of
locally additional defects and thus providing more active sites
and faster electron transfer. Accordingly, the BO;-doping dis-
played much enhanced H, evolution ability compared to the
pristine catalysts (Figure 4b—d)."8) The above two approaches
can distinctly expose more active sites, expedite the ion/elec-
tron transfer and optimize the electronic modulation of TM-
based nanostructured catalysts, thus improving their water
electrolysis activity.

Furthermore, the structure and surface morphology of
deposited nanocatalysts are directly related to the resulting
water splitting efficiency. Therefore, the regulation of structure

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 5. a) Scanning electron microscopy (SEM) image and b) Transmission electron microscopy (TEM) image of NiS/MoO;/NF, c) Linear sweep
voltammetry (LSV) polarization curve of NiS/MoOs/NF as both cathode and anode toward OWS. Reproduced with permission.®l Copyright 2020,
Royal Society of Chemistry. d) SEM image and e) TEM image of hollow NiMo-alloy, f) LSV polarization curve of NiMo HNRs/TiM as both cathode and
anode toward OWS. Reproduced with permission.’l Copyright 2015, Royal Society of Chemistry.

and surface morphology of catalytic species can effectively
tune the overall working ability of self-supported electrocata-
lysts. Such regulations can be mainly divided into two types,
that is, geometric dimension modulation and hollow structure
construction.®8182 For the former, the geometric dimension
of the nanostructured catalyst comprises of 0D (e.g., nanopar-
ticles and nanoclusters).¥34 1D (e.g., nanorods, nanotubes,
and nanowires),®#1 2D (e.g., nanosheets, nanofilms, and
nanoflakes),8% 3D (e.g., nanocubes and nanocages) nano-
catalysts.”?¥ Among them, 1D and 2D nanostructure are
particularly favorable to the improvement of catalytic capacity
because these morphologies exhibit larger surface area, more
exposed active sites, and faster mass/electron transfer.* More
intriguingly, the multidimensional integrated architecture can
further enhance the merits of individual 1D or 2D nanostruc-
ture of nanocatalysts, which can be illustrated by the report of
Du et al.l”! As is shown in Figure 5a,b, they fabricated a self-
supported heterostructured electrocatalyst which consisted of
1D MoOj; nanorods coupled with 2D NiS nanosheets on NF
(NiS/MoO;3/NF). This hybrid catalyst owned more accessible
active sites, rapid electron transfer, favorable gas bubbles
escape, thus driving current density of 10 mA cm™2 at the cell
voltage of only 1.56 V for OWS in alkaline media (Figure 5c).
On the other hand, the hollow structure construction mainly
consists of the configuration of the hollow structure and core-
shell structure.’] Their additional void spaces can enlarge
the surface area, providing more accessible active sites and
efficient mass transport, and thus entitling deposited cata-
lysts with high catalytic activity.®*?’! For example. Sun et al.
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reported novel hollow NiMo nanorods arrays which were sup-
ported on Ti mesh (NiMo HNRs/TiM). Thanks to the merits of
the unique 1D hollow structure including rich mass diffusion
pathways and large exposed surface area, NiMo HNRs/TiM
presented good bifunctional activity, delivering 10 mA cm™
OWS current density at 1.64 V cell voltage (Figure 5d-f).%
Furthermore, it is important to note that the rationally
designed nanostructures and their surface morphology can
control the specific surface area (which was normally meas-
ured by the Brunauer-Emmet-Teller, BET, method) of the
resulting deposited nanocatalysts, and the larger electrochem-
ical specific surface area they exhibit, the more exposed active
sites they possess.[¥l Increasing the surface porosity, as well as
downsizing the structure of the deposited catalysts into ultr-
asmall nanoscales are the most commonly utilized methods
for achieving self-supported nanocatalysts with higher electro-
chemical specific surface area, thus showing outstanding elec-
trochemical performance.””-%8!

Finally, during the electrochemical process, especially for
OER at the anode, the reconstruction of surface structure and
crystalline phase inevitably occurs, which has become the
recently emerging research focus on catalysts for water electrol-
ysis.[?8-100] [nterestingly, the self-reconstruction of the surface
phase tends to be accompanied by the modification of cata-
lyst morphology into the layer-like structure, both boosting
the intrinsic activity of original “pre-catalysts”.”’l Therefore,
it is believed that the in situ formed (oxy)hydroxides derived
from “pre-catalyst” under OER work as the real active spe-
cies to dominate the water oxidation.'”l!' For example, our
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Figure 6. a—d) High-resolution TEM (HRTEM) and e-h) high-angle annular dark-field- scanning transmission electron microscopy (HAADF-STEM)
images with the corresponding elemental mappings of “pre-catalysts” which were electrochemically activated at different temperatures. Note that
cat.-T in this figure represents the products transformed from“pre-catalyst” at various activation temperatures, where T =25.0, 32.4, 39.6, and 51.9 °C,
respectively. The white lines in (a—c) represent the grain boundary formed in reconstruction time. i) LSV curves and j) Tafel slope of the corresponding
products tested at 25.0 °C, respectively. k) Free energy of each reaction step on different models, considering the effects of boundary and O/OH vacan-

cies on OER. Reproduced with permission.* Copyright 2020, Wiley-VCH.

group has prepared NF-supported NiGe intermetallic com-
pounds, which rapidly and deeply transformed into OH7/
CO;% intercalated »NiOOH under anodic activation along
with the severe loss of Ge atoms, and thereby exhibited
impressive OER activity and durability in alkaline media.>"!
However, the reconstruction region for most nanostructured
catalysts is normally confined at less than 10 nm range near
the surface. The inner oxidation is prevented because of the
dense near-surface reconstructed layer, which Dblocks the
exposure of active sites and limits the further promotion of
catalytic performance.l2193 To this end, the deep and even
complete reconstruction of “pre-catalysts” has become the
necessary concern for rational catalyst design. An approach
to dealing with this problem is performing an electrochemical
activation process at a higher operating temperature.1° Mai
et al. employed the anode-CP method to activate the “pre-
catalyst” NiMoO,4 on NF to be completely reconstructed into
the active NiOOH species at high activation temperature of
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51.9 °C. While low-degree reconstruction of the same “pre-
catalyst” can be observed at the activation temperature of
25 °C. The rich grain boundaries and vacancies in the com-
pletely reconstructed NiOOH nanoparticles diminished the
reaction energy barrier, accounting for the resulting excellent
water splitting performance (Figure 6a—k).l'* The other alter-
native is to downsize the bulk “pre-catalysts” into ultrafine
nanounits.” As another work of Mai et al. shows, the NiO
nanosheets grown on NF (NiO/NF) was utilized as the “pre-
catalyst.” After breaking NiO into sub-10 nm ultrasmall nano-
particles via a lithiation treatment, the deep reconstruction of
NiO into active NIOOH with abundant defects can be easily
achieved through CV at anode potential. In contrast, only a
5 nm NiOOH layer was formed on the NiO “pre-catalyst” after
direct electro-oxidation because of the blocked electrolyte pen-
etration. Hence, the deep reconstructed NiOOH possessed
much better OER activity, durability, and corrosion resistance
in the alkaline electrolyte.[19%]
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Figure 7. a) Schematic illustration of the synthesis procedure for N-Co;0,@C@NF. b) Photographs of bare NF, PTL@NF, Co;0,@PTL@NF, and
N-Co;0,@C@NF. c) HER and d) OER polarization curves of N-Co;0,@C@NF, Co30,@PTL@NF precursor, Pt/C@NF, and N-C@NF. e) The it curve
of N-Co;0,@C@NF for HER and OER, respectively. Reproduced with permission."™ Copyright 2019, Wiley-VCH.

3.2. Selection of Self-Supported Substrates

At present, most reported substrates applied in self-supported
electrodes can be divided into two categories: i) Conventional
conductive substrates, such as metal-based (e.g., metal foams,
metal foils, and metal meshes),1%1%! carbon-based (e.g.,
carbon cloth, carbon paper, graphene paper),**”1% and fluo-
rine-doped tin oxide (FTO) or indium tin oxide (ITO) glass;"2
ii) unconventional non-conductive substrates, such as paper,
textiles, and sponge.[12113]

Conductive substrates are most widely adopted as substrates
for self-supported electrodes since they can obviously elevate
the conductivity of the entire electrode.”® Among them, metal
foams (especially NF and cooper foam, CF) are the most pop-
ular ones considering their characteristic 3D macroporous
structure and great electrical conductivity.?¥ For example, Wu
et al. enabled the phase-transited lysozyme film to be adsorbed
on the NF substrate (PTL@NF) through a facile immersion
method. Followed by biomimetic mineralization, the 2D Co;0,
nanosheets were nucleated and grown on PTL@NF (Co;0,@
PTL@NF) and finally carbonized to transform into the N-doped
Co30, wrapped in carbon mesh with rich oxygen defects

Adv. Energy Mater. 2021, 11, 2102074 2102074 (10 of 43)

(N-Co;0,@C@NF) (Figure 7a,b). Because of the intimate con-
tact between active Co;0,@C and NF substrate, as well as the
open architecture of the self-supported electrode, the electron/
ion transfer, mass transport, and the generated bubbles escape
were particularly intensified. As a result, this self-supported
electrocatalyst was entitled to a rapid catalytic kinetic process
and long-term electrochemical reaction stability. When serving
for HER and OER under alkaline conditions, it only needed
42 and 96 mV overpotentials to drive a current density of
10 mA cm™?, respectively and maintained such activity for up to
60 h. (Figure 7c—e).'" Additionally, metal foils, including nickel
foil, iron foil, and titanium foils, have also received considerable
attention due to their extreme accessibility and low cost.">116]
For example, Guo et al. employed a facile and mild electroless
plating method to deposit large amounts of metal borides on Ni
and Ti foil with a maximum area of 10 X 10 cm?. In particular,
the Co-B deposited on Ni foil can transport 10 mA cm™ at only
70 and 140 mV overpotential for HER and OER, respectively,
in 1.0 M KOH. Also, it can retain a large current density up to
1000 mA cm™ for 20 h without a decline in activity.!""!
Although metal-based substrates can apparently enhance the
catalytic activity of the whole electrodes, their relatively poor

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 8. a) Schematic illustration of synthesis procedure for TM-based nanoparticles embedded into N doped porous carbon on CC as hybrid cata-
lysts. b) The interaction between TM-based nanoparticles and CC. Reproduced with permission.[?!l Copyright 2017, Wiley-VCH. LSV polarization curves
of S:CoP@NF, S:CoP@CC and other samples for ¢) HER, d) OER, and e) OWS in 1.0 KOH. Reproduced with permission.?2 Copyright 2018, Elsevier.

flexibility and elasticity cause negative impacts on their fabri-
cation and application."® Specifically, the most commonly
utilized NF behaves too fragile as electrodes after high-temper-
ature sample synthesis (over 400-500 °C).'! In this regard,
carbon-based substrates such as carbon cloth (CC) is highly flex-
ible and elastic and thus considered appropriate substitutes to
metal-based substrates.”12] Fan et al. utilized CC with strong
mechanical robustness and electrolyte corrosion resistance as
the substrate, which bore various TM nanoparticles embedded
into N-doped carbon shell. In turn, the ultrafine metal nano-
particles etched the surface of CC, found to be highly porous
(Figure 8a,b). With the support of a more specific surface
area, rapid electron/ion transfer, and a solid bond between
active catalysts and CC substrates, this self-supported electrode
showed outstanding bifunctional water electrolysis activity and
stability in alkaline media.'?!! However, owing to the relatively
lower conductivity and higher oxidation sensitivity compared
with metal foams, the activity of self-supported electrocata-
lysts on CC is relatively inferior to that on metal foams.!*l As
is observed in the paper of Lee et al., the authors deposited S
doped CoP nanoparticles with the same amount on bare NF
(S:CoP@NF) and bare CC substrate (S:CoP@CC), respectively.
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As a result, the catalytic activity of S:CoP@NF was much supe-
rior to that of S:CoP@CC for both HER and OER as well as
for OWS (Figure 8c—e).”2l Hence, in accordance with different
conditions of catalyst fabrication and characteristics of nano-
structured catalysts, the appropriate substrates should be cor-
respondingly selected for self-supported electrode preparation.

Apart from the common metal-based and carbon-based
conductive substrates, inactive but flat FTO/ITO glass was
also adopted for exploration on self-supported electrocatalysts.
Although FTO/ITO bearing catalytic species shows lower work
efficiency than the same species supported on more conductive
metal or carbon-based substrates, they can avoid influencing cat-
alysts characterizations and electrochemical measurements and
are beneficial for direct observation of the reaction mechanism
of the deposited catalysts.l"?3l Based on this, the investigated
catalysts were usually deposited on FTO/ITO as a reference
to exclude the impact of active substrates, especially metal
foams, on the measured activity. In the previous works of our
group, apart from comparing the catalytic performances of dif-
ferent materials supported on NF, the performance of the same
samples on FTO/ITO was also conducted to define the trend of
their intrinsic activity.37072-75124125]
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Very recently, researchers have set eyes on unconven-
tional substrates including paper, textiles, and sponges that
have low-conductivities or even insulating. Such materials
attained interest because of their extremely reduced cost,
higher accessibility, convenience, and for being environ-
mentally friendly.''213] Based on this, some researchers
have pointed out that growing active catalysts with good
conductivity on non-conductive but low-price substrates
can not only enable the assembled self-supported elec-
trocatalyst to display high electrochemical performance,
but also fulfill the motivation of cost reduction for prac-
tical application.''2126] Guo et al. fabricated highly active

Adv. Energy Mater. 2021, 11, 2102074 2102074 (12 of 43)

nanocatalysts on pre-activated paper, textiles, and sponges
to construct a series of extremely efficient self-supported
electrodes for water splitting via handy electroless plating
methods (Figure 9a—d). Of note, the Ni-P-B catalyst depos-
ited on the pre-activated filter paper (Ni-P-B/Paper) achieved
high efficiency for both HER and OER in 1.0 M KOH. Also,
they could steadily drive a large current density of 1 A cm™2
over 240 h (Figure 9e-g). More inspiringly, this paper-based
electrode presented very light weight and great flexibility
compared with the catalysts coupled with the metal-based
substrate, suggesting considerable practical and environ-
mental advantages (Figure 9h).[112
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3.3. Fabrication Methods of Self-Supported Electrocatalysts

Various fabrication strategies have been applied to manipulate
the composition, size distribution, elemental dispersion, sur-
face morphology, and resulting catalytic activity of the nanoar-
rays which are supported on conductive substrates.51%l The
majority of these methods can be classified into two types
according to different synthetic procedures, that is, one-step
synthetic method and multi-step synthetic method. The former
refers to the in situ synthesis of well-defined TM-based cata-
lysts on different substrates without any post-treatment, which
mainly includes electrochemical deposition, hydro/solvo-
thermal synthesis, and wet chemical methods./*12812] On the
other hand, the multi-step synthetic method is usually realized
through the following ways. i) Precursors are deposited on the
selective substrates first and then post-treated mostly in line
with the composition of the targeted product (precursor-mod-
ification); 39131 ji) The expected catalytic nanoarrays are fabri-
cated, followed by depositing the as-obtained nanocatalysts on
the conductive substrates (catalyst-deposition)."!

The most frequently observed one-step synthetic methods
are electrochemical deposition and hydro/solvothermal syn-
thesis. Electrochemical deposition is usually conducted in a
standard two or three-electrode system where the selective
substrate is used as the working electrode. Under an applied
electric field, CA, CP, or CV techniques are performed for
the deposition of nanocatalyst on the substrate.? To be
specific, driven by the applied electric field as well as the diffu-
sion and convection, the solvated metal ions in the electrolyte
are migrated toward the cathode which is covered with the
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internal Helmholtz layer and external diffusion layer. The
migrated cations enter first to the diffusion layer where
their solvated water molecules are aligned. Thereafter, ben-
efiting from the high field strength of the double layer, the
metal ions are liberated from the coupled water molecules,
passing through the diffusion layer and reaching the internal
Helmbholtz layer. Finally, the free metal ions are reduced and
deposited on the cathode, forming the desired TM-based
nanocatalysts.32l More importantly, electrochemical depo-
sition exhibits a list of advantages including a short deposi-
tion period (no more than several minutes), a large range of
desired chemical compounds (nearly all kinds of TM-based
compounds), and a controllable loading microstructure and
amount (tuned by deposition time and methodologies)./*>0l
For example, Boettcher and co-workers carried out the electro-
chemical deposition through a two-electrode configuration, in
which Au-coated glass slide or FTO were used as working elec-
trodes to deposit Ni(Fe)OOH active catalysts by CP method
at a constant cathodic current density of —10 mA cm™2. The
continuous deposition process without any pulse resulted in
a porous microstructure of resulting Ni(Fe)OOH with large
void volume, which derived from the continuously uneven
precipitation of hydroxides on the surface of the growing
deposited film. Nevertheless, under pulse deposition, a more
densely packed structure of the deposited film was fabricated
(Figure 10a). This can be attributed to the timely replenish-
ment of fresh reactive electrolytes during pulse current
intervals, promoting the uniform formation of hydroxides.
Compared with the porous one, the denser film facilitated the
superior electrical connection between the outermost part of
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Figure 11. a) Mn K-edge X-ray absorption near edge structure (XANES) spectra, b) Mn K-edge extended X-ray absorption fine structure (EXAFS) spectra,
and c) magnitude of k>-weighted Fourier transforms of Mn K-edge EXAFS spectra for Bulk-MnO, and NS-MnO,. d) Total density of states (TDOS) and
partial density of states (PDOS) of Vo-MnO, (MnO, with O vacancies). The Fermi level is set at 0 eV. e) Adsorption energies of H,O molecules and
f) free-energy diagram for hydrogen evolution on the surfaces of pure-MnO,, Vo-MnO,, and other sample models. Reproduced with permission.4
Copyright 2017, Wiley-VCH. g) Schematic illustration of synthetic procedure for NiFe-OH NS/NF with the digital photographs of bare NF and NiFe-OH

NS/NF. h) SEM image of NiFe-OH NS/NF (inset: magnified SEM image)

the film and the conductive substrate, thus exhibiting better
electrocatalytic activity (Figure 10b—d).['*?!

Hydro/solvothermal synthesis is also a versatile approach
for self-supported electrode preparation, through which various
kinds of TM-based compounds can be prepared at tight pres-
sure and moderate temperature. The crystal nucleation and
conformal growth of nanocatalysts are anchored on the defects
and oxyl groups on the surface of substrates, resulting in the
uniform coverage and strong bond between catalytic nanoar-
rays and conductive supports.’? For instance, Zhang et al.
reported that by immersing a cleaned NF substrate into KMnO,
solution under moderate hydrothermal conditions (at 180 °C
for 3 h), the desired ultrathin manganese dioxide nanosheet
arrays in situ grown on the NF (denoted as NS-MnO,) can be
fabricated. Compared with bulk MnO, (denoted as Bulk-MnO,)
prepared by direct calcining KMnO, at high temperature, rich
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. Reproduced with permission.l”l Copyright 2018, Elsevier.

O vacancies were generated on NS-MnO, nanosheets, facili-
tating the formation of exposed active Mn3*', which can be
verified by X-ray absorption near edge structure and extended
X-ray absorption fine structure characterizations (Figure 11a—c).
This consequently caused the enhanced conductivity, great half-
metallicity feature, reduced reaction energy barrier, and thus an
excellent ability of water electrolysis (Figure 11d-f).l*¥ Notably,
under a hydro/solvothermal environment, apart from serving
as substrates, the self-supported substance (especially for some
metal foams and foils) can also function as the source of metal
elements in the resulting active catalysts.M1>107-109.135] Ag g
reported in the paper of Zou et al., the 2D Ni3S, nanosheets
on the surface of NF (Ni3S,/NF) was prepared by directly
etching the bare NF with thiourea solution using solvothermal
synthesis. This in situ formation also promoted the exposure
of high-index faceted {210}, synergistically accounting for the
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excellent bifunctional water slitting capacity."** Further, Wu
et al. proposed a facile and universal one-step Na,S-induced
chemical etching method, facilitating the formation of ultrathin
Fe-doped metal sulfide arrays deriving from the metal (Ni, Cu,
Ti, Al) foam substrates with the presence of Fe ions. Thus,
obtained optimized FeyoNi,;S, compound showed extremely
superior bifunctional catalytic activity. When assembling as the
alkaline electrolyzer, it can drive 10 mA cm™ at the cell voltage
of only 1.51 V.[10%]

Wet chemical methods are also widely accepted as an effi-
cient and facile technology applied in the preparation of self-
supported electrocatalysts. The co-precipitation method and
electroless plating that can be operated at mild temperature
and pressure are particularly attractive because of the extremely
simple synthesis procedure and low cost.®13¢] For example,
Sun et al. proposed a one-step room temperature co-precipita-
tion strategy, in which redox reaction took place accompanied
with hydrolysis, to prepare Ni-Fe hydroxide nanosheet arrays
supported on NF (NiFe-OH NS/NF) as an advanced water oxi-
dation electrocatalyst. In detail, the pre-cleaned bare NF was
immersed into 100 mm Fe(NO3)39H,0 aqueous solution for
7 h, during which, a redox reaction between NF and Fe?*, as well
as hydrolysis, occurred. Consequently, the generated Ni%*, Fe?t/
Fe3*, and OH~ co-precipitated to form even NiFe-OH nanosheet
arrays on NF (Figure 11gh). More impressively, the cost of
manufacturing and the raw materials of this self-supported
is only around $0.0165 per cm? and is promising for practical
application.¥”] However, the products developed by the co-pre-
cipitation methods are limited to oxides or hydroxides. In fact,
additional phosphorization, sulfidization and nitridization treat-
ments are inexorable for further synthesis of the corresponding
phosphides, sulfides, and nitrides.3¥% Contrary to the co-
precipitation method, electroless plating can produce efficient
self-supported water electrolysis catalysts via direct deposition
of phosphides and borides on all sorts of substrates, ranging
from conductive metal foams, metal foils, and carbon cloth to
insulated papers, textiles, and sponges.[®?7111217] Nevertheless,
the electroless plating is usually performed using reducing
agents, and therefore, the formation of active hydroxide/oxides
under this process is unlikely.'*! In view of this, different syn-
thetic methods for the construction of self-supported electrodes
should be selected based on the targeted catalytic compounds.

Although one-step synthetic methods have the merits of
reduced expense and a simplified fabrication process, the
multi-step synthesis can more easily adjust and control the
composition, morphology, crystallinity, and lattice state of cata-
lytic materials.’?! To begin, for the precursor-modification, the
methods for precursor deposition are similar to the one-step
synthetic routes, such as electrochemical deposition, hydro/
solvothermal synthesis, and wet chemical methods.67106:142.143]
Deferring from the directly-used self-supported catalysts devel-
oped from the one-step synthetic method, the deposited pre-
cursors work as templates to obtain the desired morphology,
chemical and crystalline state of the targeted catalysts through
a series of post-treatment strategies, for example, pyrolysis
treatment, electrochemical transformation, and ion-exchange
method B41001#) Taking the work of Jiang et al. as an example,
various well-aligned metal-organic frameworks (MOFs) nanoar-
rays on the different conductive substrate (NF, Cu mesh, Fe
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mesh, and Cu foil) as precursors were grown using a pseudo-
morphic replication method (in which CoO nanoarrays on NF
worked as the self-sacrificing templates for MOFs generation).
Remarkably, among these precursors, ZIF-67 (Co(Hmim),,
Hmim represents 2-methylimidazole) on NF (named as Ni@
CoO@ZIF-67) nanorod arrays were pyrolyzed in N, atmos-
phere, converting into N-doped porous carbon arrays (named
as Ni@CoO@CoNC) (Figure 12a). The resulting product pre-
served the array architecture of precursor with high surface
area and owned enhanced bifunctional water splitting effi-
ciency.'"] Herein, it is meaningful to mention that hybridizing
the self-supported TM-based catalytic compounds with the
carbonaceous materials, including the porous carbon, carbon
nanotubes (CNTs), and graphene can effectively relieve the cor-
rosion toward TM-based compounds and regulate their elec-
tronic structure, as well as increase the specific surface area,
elevate the charge and mass transfer efficiency of the integrated
composite system, thus improving the final electrocatalytic
activity and stability.233414514] For example, Chen et al. intro-
duced the nitrogen-doped CNT arrays to encapsulate the heter-
ostructured Ni/MoC nanoparticles, which was simultaneously
supported on CC (Ni-MoC@NCNT/CC) as an advanced bifunc-
tional water electrolysis catalyst. Such outstanding catalytic per-
formance can be ascribed to the higher electrical conductivity
and faster mass transport accelerated by the presence of the
NCNT shell.8 Indeed, the coupling of self-supported TM-
based compounds/carbonaceous materials was usually real-
ized by the pyrolysis of substrate-supported precursors, such as
MOFs or pre-compounds coupled with polymeric carbon skel-
etons, then employed as advanced catalysts for large-scale water
electrolysis.[83414]

Another effective way of the multi-step synthetic method
is the catalyst-deposition strategy. Compared with precursor-
modification, the well-defined catalytic nanospecies which are
loaded on conductive substrates without any binders can be
more precisely controlled. Interestingly, the as-obtained nano-
structured catalysts tend to be in the presence of ultrafine nano-
particles with highly accessible active sites.®®! Furthermore,
given that the substrates will influence the surface structure
of the supported nanospecies, this catalyst-first strategy can
prevent the targeted deposited catalyst from confining by the
corresponding substrates.”] Taking one of our works as an
instance, we converted the high-purity and well-defined mole-
cule precursor into heterostructured nanocatalyst which was
composed of NiPt; alloy coupled with amorphous NiS (NiPt;@
NiS) by hot-injection method (Figure 12b). The TEM, HR-TEM
and selected area electron diffraction images of the as-obtained
NiPt;@NiS revealed that the ultrasmall crystalline NiPt; nano-
particles (diameter was around 2 nm) were homogeneously dis-
tributed into the even amorphous NiS support (Figure 12c—f).
Moreover, the conversion of the single-source molecular into
ultrasmall nanocatalyst enabled the exposure of numerous
active sites to be controlled at the atomic level. As expected,
after being electrophoretically deposited on NF, the fabricated
self-supported catalyst (NiPt;@NiS/NF) possessed exceptional
HER activity and stability.?!

On the other side, to avoid the over-blockage and destruction
of active species, as well as unstable adhesion between active
nanocatalysts and substrates, the mild but effective deposition
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Figure 12. a) Schematic illustration of synthesis procedure for Ni@CoO@CoNC. Reproduced with permission.*] Copyright 2017, Elsevier. b) Sche-
matic illustration of synthesis procedure for NiPt;@NiS. c¢) TEM image of NiPt;@NiS. d) Selected area electron diffraction (SAED) pattern for crystal-
line NiPt; (green box) part of NiPt;@NiS in (e); €) HR-TEM image of NiPt;@NiS. f) SAED pattern for amorphous NiS (violet box) part of NiPt; @ NiS
in (e). Reproduced with permission.®) Copyright 2019, American Chemical Society.

is of significance. Currently, commonly used methods are spin
coating, dip coating,?!! and electrophoretic deposition./®®l
In particular, electrophoretic deposition is the most promising
approach that can ensure the high utilization of active sites in
deposited catalytic nanoparticles, as well as the robust bond
between the catalysts and substrates. More significantly, as what
our previous works show, this technology is highly versatile for
various TM-based compounds nanoparticles, including chalco-
genides,7 nitrides,™! phosphides,!’> phosphites,>! boro-
phosphates,?®?] and intermetallic compounds!**-°72 loaded
on different substrates such as metal foams, CC, and FTO.
Note that the as-prepared nanocatalysts existing in the form of
powder were typically dissolved in a mixture of iodine and ace-
tone. This is because the dispersant of iodine reacts with ace-
tone according to the keto-enol tautomerism, releasing amounts
of protons, which enable the electric charge on the catalyst
nanoparticles to be sufficiently positive. In this case, despite
the applied electric field with low potential (at around 10 V),
the particles with enough positive charges can be induced
to migrate toward the cathode to electrophoretically deposit
desired catalysts.[*2
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Based on the above discussion, it can be found that for the
design of deposited nanostructured catalysts, their compo-
nent and structure should be taken into emphatic considera-
tion since they directly regulate the resulting catalytic activity
and stability. It is also worth noting that the electrochemical
water splitting, especially OER, typically triggers the occur-
rence of surface reconstruction comprising the reorganization
of surface structure and crystalline phase for the deposited
catalysts. Taking more understanding and control of this
unignorable phenomenon can help shed more light on the
real active species and in situ reaction mechanism, as well as
accelerate the reaction process. Besides, in the light of consid-
erably optional substrates and fabrication methods with corre-
sponding merits and limits for self-supported electrocatalysts
design, the researchers are encouraged to select appropriate
substrates and a suitable synthetic method to achieve the com-
position, structure, and application of the desired products.
From this, the ultimate goal can be more approachable, that
is, fabricating advanced and efficient self-supported electro-
catalysts with huge application potential for massive H, fuel
production.
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4. Promising Self-Supported Electrocatalysts
for Practical Application

The self-supported electrocatalysts for water splitting which are
promising for practical application should show outstanding
specialty in one or several of the following points, that is, i)
exceptional capability in all-pH media, ii) great activity in sea-
water electrolyte, iii) superior performance for OWS, iv) high
efficiency at large current density, and v) durable stability
within long working time. In the past few years, a series of cor-
respondingly pioneering works have been reported. The sys-
tematic review, classification, and analysis of them may pave
a guiding avenue for the substantial development of H, fuel
production.

4.1. Self-Supported Electrocatalysts in All-pH Electrolyte

The development of catalysts that can catalyze electrolysis of
water efficiently in electrolytes with different pH values, that is,
in acid, neutral, and alkaline solution environment (usually pH
value is 0, 7, and 14, respectively, in experimental electrochem-
istry test), can significantly simplify the operating process and
lower the cost of water electrolyzers, bringing practical applica-
tion foreground for H, fuel production.>>7'%] Whereas, such
pH-universal catalysts are hard to obtain due to the complex
demands for the catalysts to satisfy different thermodynamic
features of water splitting in distinct electrolyte conditions.!>®!
In detail, the electrocatalysts working for HER tend to display
superior performance in acid media to that in alkaline or neu-
tral media. This can be ascribed to that acid electrolyte can pro-
vide sufficient protons (H") for the later hydrogen molecules
combination, while an additional Volmer step is required for
the generation of these free protons.’3! Conversely, the alka-
line electrolyte is more favorable for electrocatalysts in OER
with better activity and durability compared with acid, since
acid solution easily leads to the dissociation and corresponding
deactivation of catalysts.’ Also, the OER performance of
electrocatalysts in neutral electrolytes is poor because of the
low electrical conductivity, large ohmic loss, and slow catalysis
kinetics under neutral conditions.'’”1%8l In this case, self-sup-
ported electrocatalysts that can expedite ion/electron conduc-
tion, promote mass transport and elevate stability, have received
increasing interest as a solution to wide-pH electrolyte water
splitting catalysts.

In recent years, inspiring progress has been achieved in
highly efficient pH-universal self-supported electrocatalysts for
HER, whose performances were typically optimized by active
site increments, electronic structure modulation, and reduced
reaction energy barrier.33159-12] For example, Zhang et al. fab-
ricated ultrathin Nig9Cog 1;Se, mesoporous nanosheet arrays
supported on NF (named as Nij g9Co,1;Se; MNSN/NF) through
hydrothermal synthesis and the post selenization and acid
etching. Co doping allowed Nijg9Coq;Se; to acquire higher
intrinsic conductivity and lower energy reaction barriers. Cou-
pled with the feature of mesoporous nanosheets which can
offer more exposed and accessible active sites, Nijg9Coy11Se;
MNSN/NF exhibited exceptional universal HER activity in
all-pH conditions, affording 10 mA cm™ current density at 52,
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82, and 85 mV in acid, neutral and basic media, respectively.
Of note, this catalyst can maintain a large current density over
125 mA cm™2 over 40 h with little degradation in the acid elec-
trolyte, implying its excellent stability.6!

More remarkably, for all-pH applicable self-supported elec-
trocatalysts, the specific importance was attached to the co-exist-
ence and co-operation of different active species which exhibits
a preference for water dissociation (Volmer step) and hydrogen
molecule formation (Heyrovsky step or Tafel step), respectively,
in the same catalysts.[031%4 Note that the abovementioned two
steps are considered as the rating-determining step in alkaline/
neutral and acid media, respectively.321%! Wu et al. demon-
strated that commercial carbon felt supported-NiCo,P, nano-
wire arrays (denoted as NiCo,P,) showed outstanding HER
activity in all-pH solution, where it only required 58, 60, and
104 mV overpotential at 10 mA cm™? current density in alkaline,
neutral, and acid media, respectively (Figure 13a—c). Figure 13d
illustrates this superior pH-universal HER activity mainly origi-
nated from the cooperative effect of different active sites aiming
at different reaction steps in the same catalyst. Active Ni sites in
NiCo,P, are favorable for the dissociation of the adsorbed water
molecules into H" and OH™ (Volmer step), while the nearby Co
sites are responsible for the generation and release of hydrogen
molecules (Heyrovsky step or Tafel step).[1%4]

Compared to that for HER, the development of pH-versa-
tile electrocatalysts for OER is more difficult accounting for
the poor stability in acid media. Also, the high activity under
neutral conditions is basically limited to noble metal-based
catalysts, resulting in the leap of the expenses for catalyst
preparation and thus an obstacle for large-scale production of
hydrogen.l®®1%7 In view of enhancement on conductivity and
durability, integrating active nanocatalysts, and conductive
supports as self-supported electrocatalysts are considered as a
promising approach to promoting efficient OER in the wide-pH
electrolyte.'8-170 For example, Sun et al. reported a hydrophilic-
treated CC supporting a hybrid catalyst which was constructed
via anchoring Mo single atoms on partially oxidized surface
sites of CogSg (Mo-CogSg@C). The intimate contact between
functionalized CC and catalytic species accelerated the elec-
tron transfer and generated bubble escape. In addition to the
robust interaction between dispersive Mo atoms and support,
Mo-CoySg@C showed outstanding OER activity in all alkaline,
neutral and acid media. More surprisingly, this self-supported
electrode can catalyze OER steadily at 10 mA cm™2 current den-
sity in acid electrolyte for 24 h with negligible deterioration,
indicating its good acid media stability.”%

Some researchers have pointed out that defect engineering
on nanostructured catalysts can induce the modulation of elec-
tronic structure, improvement of intrinsic conductivity and
stability, as well as increment in the exposed active sites.’"172]
Under this circumstance, Liu et al. found that introducing
defect engineering into self-supported nanostructured cata-
lysts can further enhance the OER capability in electrolytes
with entire pH values. As is shown in Figure 14a,b, the NF-
supported 2D ultrathin NiAlsP nanosheet arrays exhibited
porous nanostructure with dense Al vacancies. Compared with
the pristine NiAlP, such surface metal vacancies tuned the
coordination environment and electronic structure of neigh-
boring unsaturated Ni and P as active sites, thus endowing
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Figure 13. HER LSV polarization curves of NiCo,P, and other samples in a) 1.0 m KOH (alkaline), b) 1.0 m phosphate-buffered saline (PBS, neutral), and
) 0.5 M H,SOy, (acid). d) Schematic illustration of HER reaction mechanism for NiCo,P,. Reproduced with permission.['®4 Copyright 2016, Wiley-VCH.

them with the more superior ability for proton reduction and
oxo-group oxidation (Figure l4c—e). Accordingly, adsorption
Gibbs free energy of intermediate H* and adsorption energy
of intermediate H,0* were reduced and increased, respectively
(Figure 14f). As aresult, the integrated NiAlsP on NF had excellent

(
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-

bifunctional water electrolysis activity, superior to that of NiAIP
on NF. Especially, for OER, NiAlsP can deliver 10 mA cm™
current density at 256, 240, and 400 mV overpotential in acid
(0.5 m H,SO,), alkaline (1.0 m KOH), and neutral media (1.0 m

Na,SO,), respectively (Figure 14g—i).l63]
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Figure 14. a) TEM image and b) HRTEM image of NiAlsP nanosheet. c) Ni 2p and d) P 2p X-ray photoelectron spectra (XPS) of NiAl4P. e) Calculated
charge density of NiAl4P. f) Intermediate H adsorption Gibbs free energy and intermediate H,O adsorption energy for NiAIP, NiAl4P, and other refer-
ence electrodes. LSV polarization curves of NiAlIP, NiAlsP, and other samples in g) 0.5 M H,SO,, h) 1.0 M KOH, and i) 1.0 m Na,SO,. The inset of (g)
is the corresponding Tafel slope. Reproduced with permission.'63 Copyright 2018, Royal Society of Chemistry.
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Additionally, the self-supported catalysts with composited
structure have attracted more and more attention for efficient
water electrolysis because of their modified intrinsic proper-
ties, such as the optimized electronic structure, improved
conductivity, and increased active sites, thus displaying huge
potential for water splitting in all-pH media.>*'>1%] This can
be well-demonstrated by the work of Kanatzidis et al. They pro-
posed a novel NF-supported composited material constructed
by MoS, nanosheets, CoySg nanosheets, and Ni;S, nanorods
(CoMoNiS-NF), which performed excellently in wide-pH water
splitting, transporting 10 mA cm™2 current density in alka-
line, acidic, and neutral electrolytes at the overpotentials of
113, 103, and 117 mV for HER and 166, 228, and 405 mV for
OER, respectively. More impressively, the optimized CoMoNiS-
NF also owned outstanding OWS activity, requiring the cell
voltages of only 1.54, 1.45, and 1.80 V to afford 10 mA cm™ in
alkaline, acidic, and neutral media, respectively.!'>’]

The recently reported self-supported electrocatalysts with
exceptional HER and/or OER performance in all-pH media are
listed in Table 1, from which it is found that although consid-
erable self-supported electrocatalysts showed satisfactory HER
performance with pH-universality, pH-versatile OER catalysts
were less developed, prominently limited by the poor and
unstable catalytic performance.

4.2. Self-Supported Electrocatalysts in Seawater Electrolyte

The progress in the development of self-supported electrocat-
alysts in wide-pH media, especially in neutral media opens a
door to realize the direct electrolysis of near-neutral (usually
weakly alkaline) seawater and saline electrolyte, which is widely
regarded as a promising way for mass H, fuel production.l”*!
In comparison to the conventional splitting of freshwater, pro-
ducing H, via electrochemical seawater splitting is deemed to
have a series of merits such as i) the utilization of abundant
seawater (which occupies 96.5% of the total worldwide water
supply) instead of freshwater can not only save the precious
freshwater source but also serve as an effective technology for
seawater desalination, bringing more interests and benefits
for practical application; ii) seawater exhibits the similar ion
conductivity as that of 0.5 M sodium chloride aqueous electro-
lyte, avoiding the addition of alkaline or acid species and thus
reducing the extra cost; iii) the production of H, through sea-
water splitting can be coupled with the generation of other
ocean-related renewable energy such as tidal and wind energy,
elevating the overall working efficiency of the new energy
system.[74175]

However, for the current electrocatalytic seawater splitting
technology, several bottlenecks still need to be solved, which
can be summarized from the following points. i) The existence
of dissolved ions such as Na*, Mg?*, and Ca?', as well as bac-
teria/microbes and small particulates in seawater, promotes the
poison and corrosion of the catalysts during seawater electrol-
ysis, contributing to the poor activity and durability;7>"71 ii)
the fluctuation of local pH near electrode surface occurs, that
is, the rise of pH at the cathode as well as the drop of pH at
the anode, even though under moderate working current den-
sity. The local pH variation could lead to the degradation of
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electrocatalysts. In particular, the existing Mg?* and Ca?" ions
in seawater will precipitate into the corresponding hydroxides
along with the increase of local pH. Accordingly, the surface-
active sites on electrodes will be blocked, causing the decline
of catalytic activity;[”®? iii) the complicated chemistry of chlo-
rine species will interfere with the reaction on the electrodes.
It is widely believed that several chloride electro-oxidation reac-
tions will take place in accordance with different pH values,
applied potentials, and temperatures, competing with OER, and
also corrode the anode. Especially, formation of hypochlorite,
which can form easily and can correspondingly block the mem-
brane in the electrolysis cell resulting in a dramatic drop in the
overall catalytic efficiency.”818% Meanwhile, the crossover of
evolved Cl, or chlorides from anode will also deteriorate the sta-
bility of cathode;81182 iv) the development of considerable sea-
water splitting catalysts is still confined in the noble metal-based
ones, while the inherent conductivity, activity, and corrosion-
resistance of the recently emerged non-precious metal-based
alternatives still need to be improved;2183 and most notably,
(v) the seawater splitting bears almost no economical ben-
efits in comparison to splitting purified of water, making it
as an unreliable technology in the present scenario, however,
expected to provide fundamental insights to the field.'%4

Benefiting from the easily-tailored electronic structure,
enhanced charge conductivity, as well as optimized corrosion
resistance and stability, the self-supported TM-based catalysts
were regarded as promising candidates for practical seawater
electrolysis. For HER in seawater electrolyte, it suffers from the
influence of resolved cations in seawater most severely.'¥? Such
cations will produce by-products under working conditions of
seawater splitting, blocking the exposed active sites, as well as
poisoning and corroding the cathodes, finally weakening the
durability of the catalysts (a current density loss over 50% in a
short period).®] In this case, efficient self-supported TM-based
electrocatalysts with great inherent anti-corrosion properties
could provide the required solutions.!'818] For example, Ren et
al. applied NF-supported heterogeneous Ni,P-Fe,P nanosheet
arrays (Ni,P-Fe,P/NF) as a seawater electrolysis catalyst. This
catalyst showed outstanding catalytic activity in simulated sea-
water (1 M KOH seawater) because the porous ultrathin sheet-
like morphology provides more exposed and approachable
active sites, as well as the rapid mass transport and evolved gas
bubble release. More importantly, benefitting from the tight
adhesion between the nanosheet arrays and NF substrate, cou-
pled with the corrosion resistance and chemical stability of P
alloying, this catalyst exhibited superior stability at a constant
high large current density of 100 mA cm™2 over 36 h with little
increase of the required overpotential.[8%]

Another promising way to stabilize the active HER nanocata-
lysts in seawater is a combination of active nanostructure and
“chainmail for catalyst.” The so-called “chainmail for catalyst”
refers to the protective shell, such as functional carbon shells,
which can prevent the inner catalytic species destroying by
the external harsh environment, while preserving the catalytic
characteristics of the inner species well.1¥8] The implementa-
tion of porous and ultrathin carbon shell can also provide more
active defect sites, larger surface area, enhanced conductivity,
and modulation for the electronic structure of the encased
catalysts.[>34 Therefore, when applied in seawater electrolysis,
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Table 1. Recently reported advanced self-supported non-noble metal-based electrocatalysts with promising practical application in various electrolytes.

Sample 1D Substrate  Catalyst Loading [mg cm™| React. Electrolyte n[mV] @ [mAcm™  Tafel slope[mV dec”’]  Ref.
(Nio.0sgFeo 052) 2P NF 1.0 HER 1M KOH 103@10 76.6 131]
HER 1m PBS 90@10 82.7
HER 0.5 m H,SO, 31@10 416
P-CoMoS ccC 2.19 HER 1m KOH 66@10 60.1 [153]
HER 1wm PBS 104@10 /
HER 0.5 M H,SO,4 52@10 /
OER 1M KOH 260@10 70.2
OER 1m PBS 345@10 /
OER 0.5 M H,SO,4 369@10 /
ows 1M KOH 310@10 /
ows 1m PBS 371@10 /
CoMoNiS-NF-3:1 NF 1.86 HER 1M KOH Mn3@10 85 [157]
HER 1wm PBS n7@10 56
HER 0.5 M H,S0, 103@10 55
OER 1M KOH 166@10 58
OER 1wm PBS 405@10 7
OER 0.5 M H,S0, 228@10 78
ows 1M KOH 310@10 /
ows 1wm PBS 570@10 /
ows 0.5 M H,S0, 220@10 /
Mn-Co-P T™?) 5.61 HER 1M KOH 76@10 52 [159]
HER 1wm PBS 86@10 82
HER 0.5 M H,S0, 49@10 55
MoP NA/CC ccC 2.5 HER 1M KOH 30@10 83 [160]
HER 1wm PBS 187@10 94
HER 0.5 M H,S0, 24@10 58
Nig goC00 11Se; MNSN NF 2.62 HER 1M KOH 85@10 52 [161]
HER 1wm PBS 82@10 78
HER 0.5 M H,S0, 52@10 39
N—Co,P ccC 5 HER 1M KOH 34@10 51 [162]
HER 1m PBS 42@10 68
HER 0.5 m H,S0, 27@10 45
NiAl P NF / HER 1M KOH 30@10 / [163]
HER 1M Na,SO, 100@10 /
HER 0.5 M H,S0, 35@10 38
OER 1M KOH 242@10 /
OER 1M Na,SO, 400@10 /
OER 0.5 M H,SO, 256@10 76
OwSs 1M KOH 320@10 /
ows 1M Na,SO, 500@10 /
ows 0.5 M H,S0, 290@10 /
NiCo,P, CFe 5.9 HER 1m KOH 58@10 343 [164]
HER 1m PBS 63@10 63.3
HER 0.5 m H,S0, 104@10 59.6
NiCo-nitrides/NiC0,0, GF9 ~0.3 HER 1M KOH 71@10 58 [169]
HER 1m PBS 418@10 78
HER 0.5 M H,S0, 432@10 68
OER 1m KOH 183@10 56
OER 1m PBS 673@10 183
OER 0.5 M H,S0, 460@10 73
OWwSs 1m KOH 450@20 /
Mo-CoqSg CccC 1 HER 1M KOH 1M3@10 67.6 [170]
HER 0.5 M H,S0, 93@10 346
OER 1M KOH 200@10 95.6
OER 0.5 M H,SO, 370@10 90.3
ows 1M KOH 330@10 /
ows 1M Na,SO, 670@10 /
ows 0.5 M H,S0, 450@10 /
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Table 1. Continued.
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Sample ID Substrate  Catalyst Loading [mg cm™2] React. Electrolyte n[mV] @j[mAcm™  Tafel slope[mV dec™]  Ref.
S-(Ni,Fe)OOH NF / OER 1™ KOH 281@100 48.9 [183]
OER 1M KOH+0.5 m 278@100 /
OER NaCl (pH =~ 14) 275@100 /
OER 1M KOH+1 ™ 300@100 /
NaCl(pH ~ 14)
1m KOH +
seawater(pH = 14)
Mn-NiO-Ni NF 0.25 HER 1™ PBS 200@35 121 185]
HER Natural seawater 170@10 /
(pH =8.2)
Ni,P-Fe,P NF / HER 1m KOH 225@100 86 [186]
HER 1M KOH + Seawater 252@100 /
OER (pH = 14) 261@100 58
OER 1™ KOH 305@100 /
Oows 1M KOH + Seawater 452@100 /
ows 1m KOH 581@100 /
1M KOH + Seawater
NiCo TFod / HER Natural seawater 1000@111 167 [187]
Mo,C-MoP NPC CFPe) / HER 1M KOH 146@10 7 [190]
HER 0.5 m H,SO,4 85@10 66
HER Natural seawater 346@10 173
NiMoN NF / HER 1m KOH 56@100 45.6 [197]
HER 1M KOH +0.5m ~80@100 /
HER NaCl (pH = 14) 82@100 /
1m KOH +
seawater(pH = 14)
NiMoN@NiFeN NF / OER 1m KOH 277@100 58.6 LD
OER 1M KOH+0.5m 286@100 /
OER NaCl (pH = 14) 307@100 /
1™ KOH +
seawater(pH = 14)
NiMoN || NiMoN@NiFeN NF / ows 1M KOH +0.5 M 334@100 / n91]
ows NaCl (pH = 14) 351@100 /
1™ KOH +
seawater(pH = 14)
Na,Coy_Fe,P,0;/C ccC / OER 0.1 M KOH +0.5 M 370@100 53 [193]
NaCl (pH = 12.7)
Cu-W/NiCo-LDH cmh 1 HER Twm KOH 72@100 50.5 [256]
HER 1wm PBS 443@10 /
HER 0.5 M H,SO,4 112@100 79.4
Cu NWs@WC CF / HER 1m KOH 1M9@10 88.7 [257]
HER 1™ PBS 173@10 18.3
HER 0.5 M H,SO,4 92@10 50.5
CoMoOF GFe®) 3.79 HER 1m KOH 79@10 433 [258]
HER 0.1 m PBS 230@10 95.8
HER 0.5 M H,SO,4 94@10 60.2
FLNPC@MoP-NC/MoP-C cC 242 HER 1™ KOH 69@10 52 [259]
HER 1™ PBS 106@10 73
HER 0.5 m H,S0, 74@10 50
CoP/NisP,/CoP NF / HER 1m KOH 140@100 58 [260]
HER 0.5 m H,SO, 35@100 43
N-CoP cc 5 HER 1m KOH 39@10 58 [267]
HER 1™ PBS 74@10 69
HER 0.5 M H,S0, 25@10 49
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Sample ID Substrate  Catalyst Loading [mg cm™] React. Electrolyte n[mV] @ j[mAcm™?  Tafel slope[mV dec™]  Ref.
a-Ni;S,@NPC CFoM / HER 1m KOH 60.8@10 67.5 [262]
HER 2 M PBS 193@2 /
HER 0.5 m H,S0, 91.6@10 63.5
CN/CNL/MoS, CP) / HERHER 1m KOH 106@10 n7 [263]
HER 1™ PBS 145@2 120
0.5 m H,S0, 112@10 77
Mn-doped FeP/Co;(POy), cc 12 HER 1m KOH 35@10 96 [264]
HER 1™ PBS n7@10 81
HER 0.5 M H,S0, 27@10 44
OER 1m KOH 166@10 49
OER 1™ PBS 405@10 301
OER 0.5 M H,S0, 228@10 472
ows 1m KOH 380@10 /
Oows 1™ PBS 590@10 /
ows 0.5 M H,S0, 520@10 /
HCl-c-NiFe NFF) / HER 1m KOH 172@100 77/ [265]
HER TMKOH+0.5m 175@100
Nacl
OER 1m KOH 178@100 27
OER TMKOH+0.5m 178@100 /
Nacl
ows 1m KOH ~580@100 /
ows TMKOH+0.5m 580@500 /
NacCl
NiMo NF / HER 1m KOH 36.8@10 33.6 [266]
HER 1M KOH +0.5m 31.8@10 33.1
NaCl
GO@Fe@Ni-Co NF / HER 1M KOH+0.5 M 150@10 / [267]
Nacl
OER TMKOH+0.5m 247@50 59
NaCl
ows 1M KOH+0.5m 360@20 /
NacCl
Oows 1 ™M KOH + Seawater 710@500 /
Se_NiFe_LDH NFF / OER 1M KOH +1m NacCl 220@20 374 [268]
Co-Sel//Co-Se4 CoFo.M Co-Sel: 4.81 Oows 1M KOH =570@10 / [269]
Co-Se4: 33.7 ows Buffer solution =~470@20 /
ows (PH =7.4) ~570@10.3 /
Neutral-buffered
seawater (pH =7.09)
NiCoN|Ni,P|NiCoN NF 1.26 HER Natural seawater 165@10 139.2 [270]
(pH =7.09)
Co-Fe LDH ™ 1.5 OER Simulated seawater 530@10 149 [277]
(PH=38)
NisP,@ Ni2*%05(OH),_g cc / HER 1M KOH 87@10 69 [272]
HER 0.5 m H,SO, 66@10 33
HER Natural seawater 144@10 108
(pH =7.8)
B-Co,Fe LDH NF 1.08 OER 1m KOH 246@100 39.2 [273]
OER TMKOH+0.5m =246@100 46.5
OER Nacl 310@100 63.8
1 m KOH + Seawater
Ni;N/NisS, NF / ows 1M KOH =500@10 / [274]
ows Buffer solution 570@12.4 /
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Sample ID Substrate  Catalyst Loading [mg cm™2] React. Electrolyte n[mV] @ [mAcm™] Tafel slope[mV dec’]  Ref.
owSs Natural seawater 570@48.3 /
Fe-Ni(OH),/NisS, NF / OER 1M KOH+0.5 m 269@10 46 275]
NacCl

ATM: Titanium mesh; P)CFe: Carbon felt; 9GF: Graphite fiber; 9TFo.: Titanium foil; 9 CFP: Carbon fiber paper; ’CM: Copper mesh; ©GFe.: Graphite felt; ""CFo: Copper foil;

)CP: Carbon paper; 'NFF: Nickel iron foam; ¥CoFo: Cobalt foil.

the outer coupled carbon species enable the catalyst to be
highly active and robust.'®)! For example, Hu et al. embedded
carbon paper-supported Mo,C/MoP hetero-nanoparticle into
N, P co-doped carbon nanofibers as a seawater HER catalyst.
The carbon substance owned abundant sites for anchoring the
catalytic nanoparticles, protecting them from being corroded
and poisoned. Consequently, apart from great HER activity
in seawater, this hybrid self-supported catalyst can retain over
10 mA cm™2 current density over 16 h without obvious decrease,
displaying outstanding seawater splitting durability.!*

As for OER at the anode, the major problem is the competi-
tive chloride electro-oxidation reactions, that is generation of
chlorine-related products (e.g., chlorine, hypochlorous acid,
and hypochlorite) along with the change of applied potential
and local pH of the electrolyte during the OER process.73182
However, according to the Pourbaix diagram of the aqueous
saline water proposed by Strasser et al., in the alkaline environ-
ment, OER dominates the whole working process within the
maximum overpotential of 480 mV without the interference
from chloride electro-oxidation (Figure 15a,b).[”8! Adopting this
criterion for the guidance of Cl-free anode oxidation catalysts,
some self-supported electrocatalysts which can afford large cur-
rent density under low overpotential (lower than 480 mV) have
been reported.'”'1% For instance, Ren et al. fabricated NiMoN
nanorods which were decorated with NiFeN nanoparticles
and supported on NF (denoted as NIMoN@NiFeN) as highly
efficient seawater electrocatalysts. Taking advantage of the 3D
core-shell hybrid structure of NIMoN@NiFeN with high-level
porosity, this catalyst exhibited features including numerous
active sites, fast charge transfer, and swift gas bubbles escape
(Figure 15c—e). Thus, this catalyst shows high catalytic effi-
ciency, especially for OER in both 1 M KOH + 0.5 m NaCl and
1M KOH + natural seawater at room temperature. In Figure 15f,
at 100 and 500 mA cm~2, NiMoN@NiFeN catalyst just required
an overpotential of 286 and 347 mV in 1 m KOH + 0.5 m NaCl,
as well as 307 and 369 mV in 1 m KOH + natural seawater,
respectively. Because of the ultralow overpotential, no chloride
electro-oxidation reactions competed with the OER, ensuring
high reaction selectivity. When assembled with NiMoN as a
two-electrode alkaline electrolyzer (where NiMoN@NiFeN
serves as the anode and NiMoN serves as the cathode), this
electrolyzer can preserve the robust overall seawater splitting
activity with little degradation over 100 h at a constant current
density of 100 and 500 mA cm~2 in the abovementioned electro-
lytes (Figure 15g).1"%U

In the past years, considerable efforts have been dedicated to
the design and fabrication of efficient self-supported electrocat-
alysts for seawater splitting with some impressive achievements
(Table 1) in laboratory conditions. Nevertheless, most of these
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works were still operated in the simulated seawater media or in
the seawater with the addition of extra buffer solutions. In order
to realize more environmental, economic, and energy desires,
further breakthroughs are required for direct electrolysis
of natural seawater with a more complicated chemical and
physical environment which presently seems to be impractical.

4.3. Self-Supported Electrocatalysts for Overall Water Splitting

At present, although great progress has been achieved in the
development of advanced electrocatalysts for half-reaction of
water splitting (such as chalcogenides, nitrides, and phos-
phides displayed outstanding HER performance, while hydrox-
ides/oxides and perovskites are investigated as efficient OER
catalysts), only a few of them show outstanding bifunctional
catalytic performance, capable of catalyzing HER and OER
simultaneously at an integrated OWS cell (where the catalysts
serve as both cathode and anode) in the same media.3*1Yl This
can be ascribed to the mismatched activity and durability of
these catalysts in wide pH ranges., for example, the acid elec-
trolyte is favorable for HER, while OER is typically sluggish
and unstable in the same acid media.””l However, stimulated
by the facile applicability, simplified fabrication process, and
reduced manufacturing cost for a full water splitting system, it
is of utmost importance to explore excellent bifunctional elec-
trocatalysts for the realization of H, production practically and
sustainably.1961%7]

Conventionally, the powder bifunctional catalysts are depos-
ited on the substrates with the assistance of polymeric binders
for being integrated into the OWS cell. The presence of these
binders will induce the increment of charge transfer resistance,
reduction of the exposed active sites, and obstruction of electro-
lyte penetration. Accordingly, such assembled electrolyzers usu-
ally need a high cell voltage over 1.6 V at 10 mAcm™2, let alone
at a larger current density, which is far from satisfactory for eco-
nomically viable and scalable generation of H, through water
splitting.[°4-200 Given this condition, the efficient and low-cost
self-supported TM-based electrocatalysts without any binders or
additives required during the preparation process can ensure
the intimate contact between nanocatalysts and substrates, and
thus possess superior catalytic activity and durability for OWS.

Among self-supported TM-based compounds catalysts,
oxides/hydroxides-based ones are particularly considered to
be suitable for full water splitting. On one hand, compared
with other self-supported compound catalysts, they typically
have better OER activity, endowing them to be suitable anodes
directly in the OWS system. Also, most of the other TM-based
compounds will partially or completely transform into the
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Figure 15. a) Pourbaix diagram of the aqueous saline water and b) corresponding prediction diagram originating from the Pourbaix diagram in (a)
to reflect the maximum kinetic overpotentials as a function of pH for absolute OER on the anode. Reproduced with permission.l”8l Copyright 2016,
Wiley-VCH. ¢,d) TEM images and e) HRTEM image of NiMoN@NiFeN. f) OER and HER polarization curves of NiMoN@NiFeN and other samples
in different media. g) CP tests of the electrolyzer at a constant current density of 100 and 500 mA cm~2 in different media at 25 °C. Reproduced with

permission." Copyright 2019, NPG.

corresponding (oxy)hydroxides (which are widely regarded as
the real active species) shortly after OER takes place.[124200201
On the other hand, the electronic structure of oxides/hydrox-
ides are easily tuned to be beneficial to the reduction of the reac-
tion energy barrier for HER, thus they can function as efficient
cathodes in full water splitting electrolyzers.[3>202293 Taking
the work of Yu et al. for illustration, they fabricated structurally
disordered sulfur-doped S-CoO, supported on NF (denoted as
S-CoO,/NF) through a facile room-temperature ion-exchange
method. After the incorporation of electronegative sulfur, the
crystalline state of the original CoO, precursor was destroyed,
resulting in an enormous amount of active defect sites and the
corresponding low oxygen coordination. Apart from the incre-
ment of additional active sites, the electronic structure of the
oxide was easily regulated which was favorable for the adsorp-
tion of intermediates of both HER and OER. As a result, such
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S-CoO,/NF showed outstanding bifunctional catalytic activity,
delivering 100 and 170 mA cm™ current density with a cell
voltage of only 1.85 and 1.93 V, both significantly lower than
that of benchmark noble metal-based alkaline electrolyzer for
full water splitting at the same current density.l4

Compared with other TM-based oxides/hydroxides, layered
double hydroxides (LDHs) have achieved increasing attention
for electrocatalysis, which can be described in a general for-
mula of [M?*,_M*, (OH),J**[A",]* -mH,0, where M*" and
M3* refer to the metal ions with +2 and +3 valence, respectively,
and A" represents the charge-balancing anions.?*!l Considering
LDHs exhibit the characteristics of a 2D ultrathin nanostructure,
amounts of exposed active sites, variable composition, and eas-
ily-modulated electronic structure, self-supported LDHs or their
derived oxides electrocatalysts were extensively investigated for
OWS.134205-207] For example, Li et al. reported the NF-supported
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Figure 16. a) Schematic illustration of synthesis procedure for e-ICLDH@GDY/NF. SEM images of b) pristine ICLDH/NF and c) e-ICLDH@GDY/NF.
Note that scale bars in (b) and (c) are both 200 nm. d) TEM and e) HRTEM image of e-ICLDH@GDY nanosheet. Note that scale bars in (d) and (e)
are 100 and 5 nm, respectively. LSV polarization curves of e-ICLDH@GDY/NF and other samples f) without and g) with iR-correction. h) CA test of
e-ICLDH@GDY/NF electrolyzer at a constant cell voltage of 1.56 V with inset of the photograph for this electrolyzer. Reproduced with permission.[2%8!

Copyright 2018, NPG.

sandwich-like nanoarchitecture where both sides of exfoliated
iron-cobalt LDHs (e-ICLDHs) were clamped by the all-carbon
material graphdiyne (GDY) as a highly efficient bifunctional
electrocatalyst (e-ICLDH@GDY/NF). The fabrication process of
this hybrid nanostructure was illustrated in Figure 16a, in which
hexaethynylbenzene monomers were intercalated the interlayer
spacing of ICLDHs, followed by the in situ formation of GDY
layers through the coupling of the alkynyl units. The stress/defor-
mation of the intimate contact between LDH and GDY enlarged
the interlayer distance of LHDs, finally leading to the complete
exfoliation of ICLDHs and the formation of e-ICLDH@GDY/

Adv. Energy Mater. 2021, 11, 2102074 2102074 (25 of 43)

NF catalyst. The thinner and more wrinkled e-ICLDH com-
pared with the pristine bulk ICLDH (b-ICLDH) can be more
favorable for mass transport, gas release, and active site utiliza-
tion (Figure 16b,c). Additionally, the successful coupling of GDY
not only enhanced the electrical conductivity but also elevated
the anti-corrosion ability (Figure 16d.e). Integrated with all the
above merits, e-ICLDH@GDY/NF had excellent catalytic activity
and stability in alkaline media. As shown in Figure 16f,g, when
served as both cathode and anode for OWS, ICLDH@GDY/
NF can drive 10, 100, and 1000 mA cm™ at only 1.43, 1.46,
and 1.49 V cell voltage under iR-correction, respectively. More
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Figure 17. LSV polarization curves of Co3(OH),(HPO,),/NF before and after CA test for a) OER and b) HER. c) P 2p XPS spectra of Co;(OH),(HPO,),, as
well as, the Co3(OH),(HPO,), after OER and HER. HRTEM images of d) Co3(OH),(HPO,),, €) Co3(OH),(HPO,), after OER CA, and f) Co;(OH),(HPO,),
after HER CA. g) LSV polarization curves of the electrolyzer where Co;(OH),(HPO,),/NF worked as both anode and cathode before and after CA test,
as well as, bare NF. h) CA test of Co;(OH),(HPO,),/NF electrolyzer at a constant cell voltage of 1.7 V. Reproduced with permission.?"¥ Copyright 2019,

WILEY-VCH.

encouragingly, this two-electrode alkaline electrolyzer can main-
tain a current density of 100 mA cm™2 without decline, indicating
huge potential for practical application (Figure 16h).[2%! Finally, it
is worth mentioning that the intrinsic conductivity of TM-based
oxides/hydroxides and LDHs are usually poor, as demonstrated
by Wu and his co-workers, where the large inherent resistance of
NiCo LDHs was determined by the four-point probe."® However,
the integration of TM-based oxides/hydroxides and LDHs nano-
catalysts with the conductive substrates into the assembled self-
supported electrodes can distinctly facilitate the charge transfer
ability, thus endowing them with tremendously enhanced elec-
trochemical performance.3478!
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Besides, self-supported oxides/hydroxides-based catalysts,
other TM-based compounds, including chalcogenides,?+2%]
phosphides,?%21  nitrides,*'?  phosphate,*]  borides,”!
alloys 1?8l etc. were also developed for integration of highly
efficient OWS electrolyzers. This can be attributed to their
relatively high electrical conductivity and robust corrosion
resistance in a harsh environment with strong acid or alkaline
solutions.? On the other hand, when utilized as the anodes
for OER, the in situ transform of these TM-based compounds
into the corresponding vacancy and defect-rich (oxy)hydrox-
ides was triggered with the leaching of the original elements,
and such formed (oxy)hydroxides can further boost the water
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oxidation reaction.?®*?l Some of our previous work uncov-
ered this phenomenon in detail.?>23] Taking one of them as
an example, we employed a facile and mild hydrothermal syn-
thetic method to obtain the crystalline Lazulite cobalt phos-
phate (Co3(OH),(HPO,),), which was then electrophoretically
deposited on nickel foam, constructing the self-supported cata-
lyst Co3(OH),(HPO,),/NF. Notably, after a long-term OER CA
test, the post-OER Co3(OH),(HPO,),/NF significantly exhib-
ited enhanced OER catalytic with a comparison with the pre-
OER one (Figure 17a). The same trend can also be observed
for HER, manifesting the improved bifunctional catalytic
activity after electrochemical reactions (Figure 17b). This can be
accounted for the leaching of P in pristine Co;(OH),(HPO,),
during CA for both OER and HER, resulting in the conversion
of highly crystalline cobalt phosphate into porous amorphous
Co-rich CoO,(OH) phases with abundant defect and vacan-
cies, which served as the more active species for water splitting
(Figure 17c—f). Similarly, when Co3(OH),(HPO,),/NF was used
as both anode and cathode in an OWS electrolyzer, it showed
continuously improved curve in CA test, as well as the lowered
cell voltage at the same current density after OWS CA, demon-
strating the enhancement effect caused by self-reconstruction
of TM-based compounds for full water splitting (Figure 17g,h).
As a result, the activated Co;(OH),(HPO,),/NF just required
1.54 V cell voltage to drive 10 mA cm™2 current density, showing
highly efficient OWS capability.[?"?!

Although numerous promising works have been developed
for OWS (as is depicted in Table 2), most of these self-supported
electrocatalysts displayed exceptional activity only in alkaline
media. More importance should be dedicated to developing
efficient OWS electrolyzers in wide and even entire pH electro-
lytes, which will provide more applicability and scalability from
the economic perspective.

4.4. Self-Supported Electrocatalysts under Large Current Density

Driving large current density efficiently and robustly is vital for
industrial application, including AWE (200400 mA cm™ cur-
rent density) and PEM (600-2000 mA cm™ current density)
water electrolysis.%® To construct such an advanced electrocat-
alyst with satisfactory large-current-density activity for water
splitting, efficient electron, and mass transfer should be guar-
anteed. However, conventional catalysts which are prepared as
powders demand polymer binders and/or carbon-based addi-
tives to be deposited on the substrates. In this case, the charge
transfer channels will be clogged and the escape of evolved gas
bubbles will be stinted. Furthermore, the increasing generation
of violent bubbles under large current density may enable the
deposited powder catalysts to be peeled off, distinctly depraving
the finally catalytic activity and stability. Meanwhile, the oxi-
dation or corrosion of carbon-based additives easily occurs
under the sharp reaction of large current density, damaging
the nanostructure of the catalyst.?2°021%1 On the contrary, the
self-supported configuration where the catalysts are chemically
bonded with the substrate ensures their tight affinity, benefi-
cial for the transport of charge/mass conductivity, optimiza-
tion of electrochemically active sites as well as stability under a
harsh working environment. Favored with these strong points,

Adv. Energy Mater. 2021, 11, 2102074 2102074 (27 of 43)

www.advenergymat.de

several highly efficient self-supported electrocatalysts have been
emerged for large-current-density water splitting and being
considered promising candidates for enormous H, fuel prepa-
ration.”8117.186.217] More details of the self-supported electrocata-
lysts with excellent performance for high-current-density water
splitting can be seen in Table 3.

For those reported advanced catalysts, two aspects are par-
ticularly taken into consideration to achieve the outstanding
activity, especially under large current density, that is, structure
and surface morphology design and electronic state modu-
lation. First of all, controlling various structure and surface
morphology, including downsizing the catalyst into ultrasmall
nanoparticles, building multidimensional architecture, cre-
ating porous and rough nanostructure, can accelerate electron
transfer and mass diffusion, promote the utilization and expo-
sure of active sites, improve reaction kinetics, and mechanical
stability, thus helping the catalysts work efficiently under large
current density.?18-220] For example, Fan et al. coupled ultrafine
amorphous NiFe oxyhydroxides nanoparticles (<5 nm) with the
crystalline NiFe alloys core on NF (denoted as Ni Fe; ,~AHNAs)
as efficient water splitting catalyst using a facile one-step wet-
chemical deposition with the assistance of external magnetic
field (Figure 18a). As is displayed in Figure 18b-d, HRTEM
images verified that the inner crystalline NiFe alloy was encased
by an ultrathin layer (1-5 nm) consisting of amorphous nano-
domains. Compared with other oxyhydroxides fabricated
through conventional electrodeposition, hydro/solvothermal,
or wet-chemical methods, this amorphous NiFe oxyhydroxides
nanodomains was much smaller, thus more conducive to the
reduction of electron transfer resistance and increment of sur-
face area and active catalytic sites. Therefore, this self-supported
hybrid catalyst exhibited outstanding activity, especially under
large current density (Figure 18e,f). At the optimized atomic
ratio of Ni: Fe (0.8: 0.2), NiygFey,~AHNAs can drive 500 and
1000 mA cm? current density at the ultralow overpotentials of
248 and 258 mV, respectively, in 1.0 m KOH for OER. Also, when
NiggFey,~AHNAs was employed as the anode to assemble the
alkaline OWS cell with bare Ni nanowire (without Fe content)
cathode, this electrolyzer only demanded low cell voltages of
1.55, 1.7, and 1.76 V at large current densities of 100, 500, and
1000 mA cm™2, respectively. The acquired cell voltages, in this
case, were distinctly lower than those of standard Ni and stain-
less-steel (the electrode pair in the industrial cell) electrolyzer at
the same current densities. More importantly, combining the
faradaic efficiency (FE) of this NijgFe,,~AHNAs electrolyzer
for generating O, and H, (both around 100%, Figure 18g), with
Equation (23) (the details are given below) for the amount of
charge (Q) required when 1 kg H, was generated, the authors
calculated the required amount of electricity (W) for 1 kg H,
production under the common current density of industrial
electrolyzer, 500 mA cm™ via Equation (24). According to cell
voltages (U) measured in Figure 18f, NijgFe, ,~AHNAs assem-
bling electrolyzer can save 11.16 kWh electricity compared with
the simulated industrial one, intuitively manifesting its huge
commercial practice prospect.?2

0 =(1000g x N, x 2¢) /(My, X FE) (23)

W=QxU (24)
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Table 2. Recently reported advanced self-supported non-noble metal-based electrocatalysts with promising overall-water splitting activity.

Sample ID Substrate Catalyst loading [mg cm™?| Electrolyte Cell voltage [V] @ j [mA cm™] Ref.
LiMnBPO NF 13 1m KOH 1.48@10 [26]
LiCoBPO NF =3 1m KOH 1.53@10 [27]
FeSn, NF =1.6+0.1 1m KOH 1.53@10 [28]
Nig ,C00150@C NF / 1m KOH 142@10 34]
Co@N-CS/N-HCP CcC =3.2 1M KOH 1.545@10 [67]
Ni-W-B CcC 5.6 1M KOH 1.524@25 [71]
CoFeCo PBA cc / 1M KOH 1.58@20 [100]
FeooNiz1S, NF / 1M KOH 1.51@10 [109]
Ni—-P-B Paper 6.15 1m KOH 1.661@50 2]
N-Co;0,@C NF / 1M KOH 14@10 [14]
Co-B NFo?) / 1M KOH 141@10 m7]
Cu3N-CuO NF =3 1m KOH 1.62@10 [124]
FeP NF =1 1m KOH 1.59@10 [150]
Niyy (HPO3)5(OH) NF =3 1M KOH 1.6@10 [151]
CoSn;, NF =3 1m KOH 1.55@10 [152]
P-CoMoS CcC 2.19 1m KOH 1.54@10 [153]
1™ PBS 1.601@10
CoMoNiS-NF-3:1 NF 1.86 1m KOH 1.54@10 [157]
0.5 M H,S0, 145@10
NiAl P NF / 1m KOH 1.55@10 [163]
0.5 M H,S0, 1.52@10
Mo-CooSg cC 1 1m KOH 1.56@10 [170]
0.5 M H,50, 1.68@10
NiFeO, CFP =1.6 1M KOH 1.51@10 [196]
e-ICLDH@GDY NF / 1m KOH 1.46@100 [208]
1.49@1000
Ni,Co, ,P@NC NA NF / 1M KOH 1.56@20 [210]
Ni,P NF =3 1m KOH 1.58@10 [217]
Activated Cos(OH),(HPO,), NF =2 1m KOH 1.54@10 [213]
Mn-doped FeP/Co; (PO,); cc 12 0.5 M H,S0, 175@10 [264]
NMNAs NF 7.33 1m KOH 1.423@10 [276]
Ni-ZIF/Ni-B NF / 1M KOH 1.54@10 [277]
CoFe-PBA NS NF / 1m KOH 1.545@10 [278]
NiFeMo alloy inverse-opals NF 12 1M KOH 1.47@10 [279]
V-CoP@ a-CeO, cc / 1M KOH 1.71@100 [280]
(Ni,Fe) OOH NF 4 1m KOH 1.586 @500 [281]
1.657@1000
Cu@CoS, CF / 1M KOH 1.5@10 (282]
MoS,~NisS, NF 13 1M KOH 1.5@10 [283]
B-FeNi Hsb) / 1M KOH 1456 @10 [284]
Karst NF NF / 1w PBS 2@30 [285]
2.2@100
S-NiFe,0, NF / 1M PBS 1.95@10 [286]
CoO/CoSe, ™ 2 0.5 m PBS 2.18@10 [287]

AINFo: Nickel foil; ®HS: Hydrophilic sponge.

In the above two equations, N, represents the Avogadro con- In addition, building a self-supported with porous/rough
stant, e represents an electron charge and My, represents the  nanostructure can also enhance the water splitting activity in
relative molecular mass of a hydrogen molecule.[??! large-current-density working conditions. High porosity and
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Table 3. Recently reported advanced self-supported non-noble metal-based electrocatalysts with outstanding large-current-density activity.

Sample ID Substrate Catalyst Loading React. Electrolyte n[mv] @ j Tafel slope Ref.
[mgecm™ [mAcm™?] [mV dec™]
CoMos, NF / HER 1m KOH 269@500 94 [47]
OER 1M KOH 442@500 /
ows 1m KOH 660@ 500 /
A-NiCo LDH NF 3.15 HER 1m KOH 286@500 381@1000 57 [78]
Ni-P-B Paper 6.15 HER 1m KOH 276 @500 39.2 mz2]
OER 1m KOH 375@500 70.6
NiMoN NF / HER 1m KOH 127@500 45.6 [197]
HER 1M KOH + Seawater ~ 160@ 500 218@1000 /
NiMoN@NiFeN NF / OER 1M KOH 337@500 58.6 no1]
OER 1M KOH+0.5m 347@500 /
OER NacCl 369@500 398@1000 /
1 ™M KOH + Seawater
NiMoN NF / ows 1M KOH +0.5m 505@500 614@1000 / n97]
|| NiMoN@NiFeN ows NaCl 544@500 671@1000 /
1M KOH+ Seawater
NigyMoy,P NF 7.4 HER 1M KOH 240@500 294@1000 46.4 [217]
Fe-CoP NF 4.2 OER 1m KOH 295@500 428 @1000 36 [219]
Fe®-Nis, NF / OER 1m KOH 345@1000 372@1500 92 [220]
Nig gFeg, AHNA NF 2.5/ OER 1m KOH 248 @500 258 @1000 347 [227]
Nig gFeg, AHNA //Ni ows 1m KOH 470@500 530@1000 /
nanowire
NiFe/NiCo,0, NF / OER 1M KOH 340@1200 38.8 [223]
MoS,/Mo,C TFo / HER 1m KOH 191T@500 220@1000 43 [225]
HER 0.5 H,S0, 227@1000 ~55
(Ni,Fe) SO(OH) NF 2.84 OER 1M KOH 260@1000 / [228]
Fe,P-Co,P CoFa) 3 HER 1m KOH 208@500 254@1000 56 [237]
OER 1M KOH 291@500 317@1000 51
ows 1M KOH 640@500 /
NiFe/Ni/Ni NMb) 14 OER 1M KOH 300@500 108.1 [239]
ows 1m KOH 730@500 /
Cu-W/NiCo-LDH (@] 1 HER 1M KOH 139@500 190@1000 50.5 [256]
HER 0.5 M H,S0, 246@1000 79.4
NF 4 OER 1m KOH 259@500 289@1000 / [287]
(Ni,Fe)OOH ows 1M KOH 356@500 427 @1000 /
(Ni,Fe)OOH//
MoNiy
Fe~Ni/C NF 39+03 HER 1M KOH 183@1000 26 [288]
OER 1m KOH 300@1000 52
ows 1m KOH 430@500 /
FF9 / HER 1M KOH ~240@1000 41.9 [289]
P-Fe;0,4 ows 1M KOH 350@500 /
NiFe LDH
|| P-Fe;04
Fo.25GCH NF / HER 1M KOH 246 @500 256 @1000 99 [290]
OER 1m KOH 270@500 308 @1000 42
ows 1m KOH 290@500 /
FeP/Ni,P NF 8 HER 1M KOH ~260@1000 24.2 [297]
OER 1m KOH 281@690 227
ows 1M KOH 490@500 550@1000 /
Ni,P NF / HER 1m KOH 306@1000 =770@1000 76 [292]
Ni;P[[Ni-Fe LDH ows 1M KOH
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Sample ID Substrate Catalyst Loading React. Electrolyte nmvl @j Tafel slope Ref.
[mg cm™] [mA cm™2] [mV dec™]
FeS FF / HER 1m KOH 336@1000 77 [293]
NisFe;,V, CFP / OER 1M KOH 291@500 39 [294]
NiFe,O4/NiFe LDH NF 2.8 HER 1m KOH 297@500 314@750 67.1 [295]
OER 1M KOH 242@500 265@1000 28.2
Oows 1wm KOH 702@500 /
FeCoNiP,S, TFo. / HER 1m KOH 264@1000360@1000 99 [296]
OER 1m KOH 80
Co-P CoF / HER 1M KOH 290@1000 78 [297]
HER 0.5 M H,50, ~300@900 /
OER 1m KOH 380@1000 37
ows 1m KOH 750@1000 /
NigoFesoMnio0, NF / OER 1M KOH 360@1000 62 (298]
Fe,O;@Ni,P/ NF / OER 1m KOH 340@500 370@1000 432 [299]
Ni(POs),
(Ni-MoO2)@C NF 20.5 HER 1m KOH 260@1000 304@2000 50 [300]
OER 1m KOH 365@1000 400@2000 62

3)CoF: Cobalt foam; P’NM: Nickel mesh; 9FF: Iron foam.

roughness can bestow the catalysts to possess a larger surface
area with more electrochemical active sites.?22-224 For example,
Qiu et al. coupled mesoporous NiFe-LDH nanosheets with a 3D
MXene frame scaffolded on NF, which can efficiently drive a
large current density of 500 mA cm™ at a low cell voltage of
175 V in 1.0 m KOH.??4 Also, modifying porosity and rough-
ness is considered to be key points for the control of the surface
wettability of electrodes.*®2°°] The surface with superhydrophi-
licity (when the liquid contact angle of a droplet on a solid sur-
face is less than 5 or 10° in the air) can significantly promote
the permeability of electrolyte, ensuring the majority of active
sites can be accessed.l33 On the other side, the underwater gas-
bubble contact angle over 150° means that the self-supported
electrocatalyst is superaerophobic, so that the evolved bubbles
can depart from the electrode more smoothly.??l Because of
the interfacial energy balance, an electrocatalyst featuring supe-
rhydrophilicity will inherently exhibit superaerophobicity.??’!
As a result, under the condition of large current density, the
superhydrophilic/superaerophobic electrocatalyst will avoid the
severe accumulation of generated gas bubbles and promote
the utilization of active sites, thus displaying excellent cata-
lytic activity and stability.*] For instance, Ding et al. reported
a porous nanocatalyst, NiFe (sulfur)oxyhydroxide nanoclus-
ters supported on NF (denoted as (Ni,Fe)SO(OH)/NF), via
the simple one-step wet-chemical method. The porous and
rough outer layer enabled this catalyst to have both superhy-
drophilicity and superaerophobicity (Figure 19a,b). Therefore,
(Ni,Fe)SO(OH)/NF possessed better electrolyte permeability,
more exposed and accessible active catalytic sites, and stronger
ability of bubbles release, affording an OER current density of
1 A cm™ at 260 mV overpotential in 1 v KOH.[22¥]

Another strategy to further boost high-current-density cata-
Iytic capability for self-supported electrocatalysts is the rational
modulation of electronic state, which can improve their
intrinsic conductivity and favor the formation of intermediates
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during water splitting reaction.l?”??!l The most common elec-
tronic regulation methods are by incorporation of foreign
atoms/small groups and other components.?8219223] For
instance, Zou et al. fabricated Ni-doped Co;S, nanoparticles
which was coupled with Ni;S, nanosheets on NF. Density
functional theory calculations revealed that the Ni doping obvi-
ously diminished the adsorption free energy of intermediate
H*, accounting for the exceptional activity for HER under large
current density.?'® In fact, theoretical calculations have been
widely applied to analyze the electronic regulation as well as the
corresponding effects on thermokinetics for water splitting. In
this regard, Luo et al. reported that after the successful substitu-
tion of S by incorporating N into CoS,, more electrons transfer
from Co to N was observed to Co to S (Figure 19c,d). Thus,
active Co sites in N-doped CoS, with more positive charges
were favorable for the adsorption of polarity water molecules
(Figure 19e,f). The optimized electronic state can further lower
the Gibbs free adsorption energy of intermediate *H (AGsy) for
N-doped CoS, compared with the pristine CoS, (Figure 19g,h),
enabling NF-supported N-doped CoS, to drive large current
density efficiently for both HER and OER.[?*’]

Even though tremendous efforts have been devoted, most of
the self-supported electrocatalysts exhibited extraordinary large-
current-density activity only in alkaline media. When extended
to other electrolytes, such as acid electrolyte which is applied
in commercial in PEM water electrolysis, the exciting break-
throughs are still missing because of the poor activity of TM-
based electrocatalysts,?3% thus more particular attention should
be paid to this area.

4.5. Self-Supported Electrocatalysts with Long-Term Stability

Exceedingly robust stability is essential to the commercializa-
tion and industrialization of H, production via water electrolysis

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 18. a) Schematic illustration of synthesis procedure for Ni,Fe;_,~AHNAs. HRTEM images of b) Ni,Fe;_,—~AHNAs, c) crystalline NiFe alloy region,
and d) amorphous NiFe oxyhydroxide region. e) OER LSV polarization curves of Ni,Fe; ,~AHNAs with different atomic ratios of Ni/Fe, as well as, other
comparison samples. f) LSV polarization curves of the electrolyzers assembled by pairs of Nij sFeq ,—AHNAs and Ni nanowire array, stainless steel and
NF, and other reference samples. g) Experimentally and theoretically measured gas amounts generated by the Nij gFey ,~AHNAs and Ni nanowire array
electrolyzer at a constant current density of 500 mA cm. Reproduced with permission.[??!l Copyright 2020, Royal Society of Chemistry.

technology. Currently, the thousands-of-hour durability require-
ment is the main gap between laboratory research and practical
application.’% Most electrocatalysts developed in the laboratory
can just maintain a small current density for a period of dozens
of hours at mild electrolytes and temperatures.?3!! This can be
ascribed to the unavoidable shedding and deactivation of cata-
lytic species during long-time operation (for at least hundreds
of hours) or/and under harsh working environment (more
corrosive electrolyte, higher perform temperature, or larger
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current density), especially for those powder catalysts which
are deposited on collectors using binders or additives.’223% In
this respect, integrating active catalysts and substrates as self-
supported electrodes without any external additions can assure
the long-term durability of water splitting catalysts from both
mechanical and chemical aspects,*! further advancing the pro-
gress of practical water electrolysis.

Benefiting from the reasonable design, a series of novel
and advanced self-supported electrocatalysts have shown
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Figure 19. Comparison of a) hydrophilicity and b) underwater aerophobicity of (Ni,Fe)SO(OH) and other samples. Reproduced with permission.[228l
Copyright 2019, Royal Society of Chemistry. Calculation model structures of c) CoS, with possible catalytic sites Col and Co2 on (001) plane and
d) N-CoS, with possible catalytic sites Col and Co2 on (001) plane. e) The Miilliken charge analysis of catalytic sites Col on CoS, (001) plane and N-CoS,
(007) plane, respectively (left); The water adsorption free energies on catalytic sites Col of CoS, (001) plane and N-CoS, (001) plane, respectively (right).
f) The illustration of polarity H,O molecule and the H,O adsorption equation for HER. g) The calculated free-energy diagram for HER on N-CoS, (001)
and other models. h) The d-orbital partial density of states (d-PDOS) of Col and Co2 sites for CoS, (001) plane and N-CoS, (001) plane. Reproduced

with permission.l??l Copyright 2019, WILEY-VCH.

outstanding stability for water splitting.[140231233-235]  For

example, Xiao et al. prepared a NF-supported FeNi;N OER cat-
alyst by a facile precipitation-calcination method. When served
as both cathode and anode, this FeNi;N/NF || FeNi;N/NF alka-
line electrolyzer keeps high working efficiency at a constant
current density of 10 mA cm™ for over 400 h in 1.0 M KOH.[9
Similarly, Yu et al. constructed NF-supported Ni nanoparti-
cles coupling V-doped NiFe LDH nanosheets with abundant
Ni and O vacancies (denoted as P-V-NiFe LDH NSA) through
hydrothermal synthesis-H, plasma reduction. This self-sup-
ported electrode showed robust durability when assembled as
an OWS cell, withstanding 10 mA cm™ current density for an
ultra-long running time of 1000 h in 1.0 M KOH.[2*¥ However,
such long-term catalytic robustness for alkaline water elec-
trolysis are majorly performed under a moderate laboratory
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environment, that is, mild electrolyte and room temperature.
As for the current industrial application, the harsher opera-
tion conditions have to be satisfied (temperature is 70-80 °C,
KOH is in 25-30 wt%).23¢] Some impressive works on self-
supported electrocatalysts meeting such conditions have been
reported.104232.237-239] For example, Mai et al. prepared MoO,-
Ni arrays on the NF, which can work stably at simulated
industrial application temperature of 51.9 °C for 115 h as HER
cathode. When paired with NiMoO,/NF which was completely
activated by anodic potential, the assembled alkaline electro-
lyzer can work at the unchanging 10 mA cm™ current density
for 220 h at 51.9 °C without obvious decline.'% More notably,
the direct corrosion method of metal substrates can endow the
prepared self-electrocatalysts with excellent stability, which can
be illustrated by the report of Zou and his co-workers. They
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Figure 20. a,b) Schematic illustration of corrosive reaction for the formation of Fe-based LDH. c) Powder X-ray diffraction (XRD) pattern and d) SEM
image of as-obtained Fe-based LDH on Fe substrate with a scale bar of 400 nm. Inset of (c) is the corresponding digital image, and the inset of (d) is
a cross-section SEM image with a scale bar of 200 nm. CP curves of €) 3D-O,-Cat-1in1.0 M KOH compared with 3D-O,-Cat-2, and f) 3D-O,-Cat-1 in
10.0 M KOH at a constant current density of 1000 mA cm™2. Reproduced with permission.[?*’] Copyright 2018, NPG.

immersed iron substrates, which served as both support and
Fe source, into an aqueous corrosive solution with amounts of
divalent cations in the air. The introduction of divalent cations
promoted the formation of Fe-based LDH nanosheets with
rich grain boundaries on the Fe substrates (Figure 20a,b). The
optimized self-supported electrode was FeNi LDH nanosheets
supported on Fe foam (Figure 20c,d), which was denoted as
3D-0,-Cat-1, and the comparison sample was the same LDH
on Fe plate, O,-Cat-2. Because of the strong affinity of LDH
with the Fe foam support and highly active LDH architecture,
3D-O,-Cat-1 can retain a constant large current density of
1000 mA cm™2 for over 6000 h in 1.0 v KOH for OER. Afterward,
when applied in a practical AWE electrolyte of 10.0 m KOH
solution, this catalyst can also keep the similar extraordinary
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durability (Figure 20e,f), showing huge potential for commer-
cial application.??”]

Apart from attention to the industrial conditions for the
design and fabrication of highly stable self-supported electro-
catalysts, the inherent features of the nanostructured catalysts
themselves should be also taken into consideration, especially
the reconstruction conversion of anodic catalysts which are
responsible for OER. As discussed above, on one hand, the in
situ transformation of self-supported TM-based catalysts into
the corresponding (oxy)hydroxides is nearly inevitable with sub-
sequent electrocatalytic water oxidation.[?3101200.213.25] On the
other hand, the deep or even complete transformation will lead
to more efficient and robust OER performance.l%1%] Mai and
co-workers found the in situ formed porous (oxy)hydroxides
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Figure 21. a) The partial anionic structure of helical borophosphates, where violet tetrahedra represent BO, and green tetrahedra represents PO,.
b) The helices running along [001] are interconnected via the CoO4(OH,), (fuchsia) coordination octahedra. Yellow spheres represent Li or Na ions
occupying the free threads of helices. Red spheres represent hydrate water in the helical channels. ¢) TEM image with a scale bar of 20 nm and
d) HRTEM image scale bar of 20 nm for LiCoBPO after OER CV. e) TEM image with a scale bar of 20 nm and f) HRTEM image scale bar of 20 nm for
LiCoBPO after OER CA for 24 h. The corresponding SAED images were depicted in the insets. g) LSV polarization curves of the LiCoBPO/NF || LiCoBPO/
NF electrolyzer and other comparison samples for OWS in 1.0 M KOH. The inset displayed CA curves of LiCoBPO/NF || LiCoOBPO/NF electrolyzer and
other comparison samples for 90 h. h) CA curve of LiCoOBPO/NF || LiCoBPO/NF electrolyzer (which was illustrated in the inset) for around 73 days at
a constant cell voltage of 1.53 V in 1.0 M KOH. Reproduced with permission.?’] Copyright 2019, Royal Society of Chemistry.

with great gas release ability were thermally stable under high
operation temperature, enabling this catalyst with outstanding
stability.1® Based on this, constructing self-supported elec-
trocatalysts which are flexible for maximum reconstruction
during water oxidation can further boost and maintain the
OER activity, thus exhibiting a durable OWS performance.?-213]

Adv. Energy Mater. 2021, 11, 2102074 2102074 (34 of 43)

Our group has fabricated two desired helical cobalt-based boro-
phosphates, LiCoBPO (LiCo(H,0),[BP,0]H,0) and NaCoBPO
(NaCo(H,0),[BP,04]H,0), both supported NF for water split-
ting. As is shown in Figure 21a, the structure of prepared
BPOs featured infinite loop-branched helical main chains con-
structed by alternating borate and phosphate tetrahedra which
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are connected by sharing the common corners. The helical
DNA-like chains along the [001] are interrelated through the
coordination octahedra CoO,(OH,),, whose free threads accom-
modate the Li or Na ions irregularly surrounding the O atoms
(Figure 21b). Benefiting from this fascinating structure, BPOs
can easily transform into amorphous (oxy)hydroxides with rich
vacancies and defects because of the leaching of Li or Na, as
well as P and B during OER. Of note, after a short-time OER
CV, an ultrathin amorphous shell appeared on the surface of
LiCoBPO (Figure 21c,d), while a much thicker amorphous
phase corresponding to (oxy)hydroxides can be observed in
Figure 2le,f for LiCoBPO after 24 h OER CA, demonstrating
the deeper reconstruction conversion along with the increase
of OER time. Most importantly, coupled with its good catalytic
performance for HER, LiCoBPO on NF (LiCoBPO/NF) showed
more impressing OWS activity in 1.0 m KOH, and when the
durability of LiCoBPO/NF AWE was estimated by CA, an
unceasingly growing time-current density curve can be found
from 10 mAcm™ in the initial 40 days (Figure 21g,h). Conse-
quently, such a curve was stabilized and withstood for up to
two and a half months (Figure 21h). This phenomenon was
caused by the gradual and continuous structure reconstruction
of LiCoBPO on the anode into Co-rich (oxy)hydroxide phase,
which continuously accelerated the overall water electrolysis and
steadily dominated the water splitting after the maximized phase
transform. Thus, LiCoBPO/NF is considered as a promising
self-supported electrode for commercial water electrolysis.*’]
Inspired by the excellent durability of cobalt-based BPOs for
water splitting in an alkaline environment, we recently further
developed the novel manganese-based BPOs (LiMnBPO and
NaMnBPO) which still crystallized in the same chiral space
groups. As expected, such catalysts easily transformed into
active amorphous MnO, phase under anodic potential. Notably,
after depositing on NF, the self-supported LiMnBPO presented
highly robust and unceasing OWS activity for over 160 days,
confirming the commercialization potential of this class of
emerging materials.?%]

Despite a series of self-supported electrocatalysts with
remarkable stability for water splitting, some challenges still
demand effective solutions. The first challenge, as Table 4 dem-
onstrates, most of the currently reported self-supported elec-
trodes show working stability within a duration of hundreds
of hours, which cannot fulfill the requirements of present
industrial use. The other challenge is that all of these highly
robust self-supported electrocatalysts are almost performed in
alkaline media. Best to our knowledge, very few of the stable
self-supported non-noble metal-based catalysts are developed
for enduring operation in acid media, which is the required
electrolyte for PEM water electrolysis. This limits the scalability
of the self-supported catalysts.

Finally, for those as-prepared TM-based self-supported elec-
trocatalysts, many factors should be taken into the considera-
tion, especially their performance validation, cell design, energy
efficiency, degradation mechanism, and performance optimi-
zation. However, achieving all these parameters with a single
electrocatalyst is highly challenging. As discussed above, nearly
all of these points can be exemplified by a series of a novel
but efficient TM-based borophosphates (LiCoBPO, NaCoBPO,
LiMnBPO, and NaMnBPO) developed in our group.?®?! To
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validate their outstanding water electrolysis performance, a
half-cell composed of three electrodes and a two-electrode alka-
line electrolyzer was designed and established, where 1 M KOH
was used as an electrolyte, while the self-supported BPO on
FTO and NF directly served as both cathode and anode. (In the
case of Mn-based BPO, it was coupled with a Pt/C cathode).
In agreement with what was reflected in half-cell measure-
ments, all these BPO exhibited exceptional OWS where Li-
containing BPO with the same composition outperformed its
Na-analogues and the catalytic efficiency also varied depending
on the supports used (NF-or FTO). The optimization for such
electrodes in a durable alkaline electrolyzer led to high ener-
getic efficiency, reaching over 75% (80 and 78% for LiCoBPO
and NaCoBPO, respectively) on the basis of minimal electrical
potential difference for water splitting, as well as exceeding 90%
based on the electrical potential difference for heating value
of H, gas (97% and 94% for LiCoBPO and NaCoBPO, respec-
tively). Remarkably, in the case of LiMnBPO, the energetic effi-
ciency even surpassed the 80% level on the basis of minimal
electrical potential difference for water splitting and reached
100% based on the higher heating value. When it comes to the
degradation mechanisms of these four BPO catalysts, all cata-
lysts transformed under harsh alkaline conditions and it can be
observed that FTO supporting ones displayed much less cata-
lytic performance than ones loaded on NF.?*?l The suitability
and the better performance of NF can be ascribed to its great
electric conductivity and synergistic effect on water splitting
reaction.?*"] The better stabilizing effect of NF substrates under
a long-term working environment has been demonstrated in
other previous works,?#2% indicating the substrates of self-
supported electrodes can extremely influence the activity main-
taining because of their inherent property and binding strength
toward the deposited nanocatalysts. This implies that the short-
ened or declined catalysis stability of many self-supported cata-
lysts arises from the poor charge transfer ability of substrates
during catalysis and their weak adhesion toward the deposited
nanocatalysts. More significantly, because of the above con-
cerns, the NF substrates have been strongly considered one of
the best support for the integration of self-supported electrodes,
endowing the electrodes with improved activity. Moreover, the
selection of easy-leaching alkali metals can also facilitate the
rapid and thorough reconstruction of the BPO catalysts (espe-
cially in the water oxidation process), thus optimizing their cat-
alytic activity.?>?7240 Similarly, recently prepared self-supported
oxide/hydroxides (NiFeO,), intermetallic compounds (such as
FeSi, FeSn, and CoSn,) or alloys (NiMo, NiFe, Felr) have shown
exceptional catalytic performance which was indeed validated at
high-current densities and industrial level conditions displaying
excellent energetic efficiencies. The degradation mechanism of
such electrodes was systematically studied to understand the
crucial parameters that are required for stabilizing the active
sites on the surface of the electrodes.[28:42152:221,241-243]

One of the important factors worth highlighting is the deg-
radation mechanism of most TM-based self-supported elec-
trocatalysts during the water electrolysis process, particularly
under the anodic water oxidation reaction where usually the
severe reconstruction occurs. In this regard, the aggregation of
reconstructed nanostructures and bury of active sites, as well
as the (partial or complete) dissolution of components easily
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Table 4. Recently reported advanced self-supported non-noble metal-based electrocatalysts with outstanding long-term stability.

Sample ID Substrate Catalyst Loading WorkingTem. React. Electrolyte StabilityCA: E(V) @t [h]*)CP: Ref.
[mg cm™? Q) jImA cm 2@t [h]
LiMnBPO NF 1.48 / Oows 1m KOH CA: 1.7@1100 1.48 @3850 [26]
LiCoBPO NF =3 RT ows 1m KOH CA: 1.53@=1752* [27]
MoO,-Nicat.-51.9 NF / 51.9 HER 1m KOH CP: 10@115 [104]
cat.-51.9//MoO,-Ni NF 25 OER 1M KOH CP:10@275
51.9 OER 1m KOH CP: 10@250
51.9 ows 1m KOH CP:10@220
FeNi;N NF / RT ows 1M KOH CP: 10@>400 [157]
NiFeO, CFP =1.6 / ows 1M KOH CP: 500@200 [196]
Activated NF =2 RT Oows 1M KOH CA: 1.7@240* [213]
Co3(OH);(HPO.)2
Fe,P-Co,P CoF 3 / HER 1™ KOH CP: 10-1000@300 [237]
/ OER 1M KOH CP:10-1000@300
25 Oows 1M KOH CP: 10-500@300
65 ows 1M KOH CP:10-1000@120
Porous sintered iron Fsb) 7.5 25 OER 5.35 m KOH CP: 10@1000 [232]
Co30,T CFo 22 / OER 1M KOH CP: 100@300 [233]
P-V-NiFe LDH NSA NF / / ows 1M KOH CA: 1.43@1000% [234]
CA: 2.01@1000*
Wo.5Cog 4Feq s NF / RT OER 1M KOH CP: 20@>500 [235]
FeNi LDH FF / / OER 1M KOH +10 M KOH  CP: 1000@1000 + 1000@1050  [237]
NSI-FeS-200 FS* 7.5 25 OER 5.35m KOH CP: 10@1500 [238]
NiFe/Ni/Ni NM 1.4 RT ows 6 M KOH CP: 500@200 [239]
NiFe LDH FF / 20 ows 1m KOH CP:1000@1000 [289]
|| P-Fe;04 60 ows 6 M KOH CP:10000@~=7
Co-P CoF / / HER 1M KOH CP: 1000@3000 [297]
OER 1M KOH CP:1000@3000
ows 1M KOH CP: 1000@4000
NCN ccC 2 / ows 1M KOH CP: 10@250 [307]
Oows 0.5 m H,SO, CP:10@100
CoP NWs CoF / RT ows 1M KOH CP: 20@1000 [302]
ows 1M KOH CP: 100@1000
NiFeP-MoO, NF / / HER 1M KOH CP: 300@>100 [303]
OER 1m KOH CP: 300@100
ows 1m KOH CP: 300@>500
Co/Co0/Co(OH), NF ~7.6 / OER 1 m KOH CP: 20@200 [304]
OER 1M KOH CP: 500@200
SCFP NF / / Oows 1M KOH CP: 10@650 [305]
Co;Sey CoF 2.6 RT ows 1m KOH CP: 10@>3500 [306]
ows 1™ KOH CP: 100@~=2000

2For CA applied in OWS, the constant E refers to the whole cell voltage; P)FS: Iron substrate.

occurs, leading to the obvious deterioration of catalytic perfor-
mance.? However, such phenomenon was often ignored in
the previously reported literature but now gaining noteworthy
attention. Aiming at this, Yang et al. proposed a novel NiO-
based OER catalyst, which was stabilized by the chemically
stable CeO, and supported on CC. The introduction of CeO,
effectively suppressed the leaching of active composition and
promoted the homogenous distribution of reconstructed cata-
lytic NiOOH nanodomains without aggregation, thus endowing
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such heterostructured nanocatalysts with tremendously better
OER stability compared with the bare NiO supported on CC.?#

5. Conclusions and Perspectives

Due to several remarkable traits, that is, a large amount of
deposited catalytic species, rapid delivery of charge and mass,
intimate coupling of active catalysts and substrates, and
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easy-adjusted wettability of electrode surface, considerable effi-
cient and low-cost self-supported TM-based electrocatalysts have
been developed in the past few years. In this review, we firstly
provide a comprehensive overview of the design and fabrication
strategies for these catalysts from the perspectives of deposited
nanocatalysts, preparation methods, and selection of supported
substrates. Through a one-step or multi-step synthetic method,
all sorts of nanocatalysts with various components, nanostruc-
ture, and surface morphology were deposited on appropriate
substrates, integrating as the self-supported electrodes. More-
over, the reconstruction of nanostructure and crystalline phase
during the electrochemical anodic reaction was also highlighted
for the understanding of the reaction mechanism and further
guidance to the preparation of active and robust electrocata-
lysts. When used in water electrolysis, including HER, OER,
and OWS, these self-supported catalysts exhibited encouraging
potentials for practical application, elaborately reviewed from
the aspects of catalytic performance in pH-universal media,
seawater media, full water splitting, large current density, and
enduring working time, respectively. Our elaboration of design
strategies and summarization of underlying influences for
catalytic ability may propose a reference for the later research,
propelling the development of self-supported water splitting
electrocatalysts into practically commercial utilization and thus
realize massive H, production in an efficient, inexpensive, and
environmentally friendly way. Nevertheless, to better exploit
advanced self-supported catalysts for practical water electrolysis,
some urgent issues as follows should be rationally handled.

i) The majority of currently explored self-supported TM-based
catalysts displayed outstanding performance only for alkaline
water electrolysis under the strict conditions of practical appli-
cation. In other words, in acid or neutral media, such efficient
catalysts were rarely reported, especially for full water split-
ting, at large current density, and within an ultralong working
period. This may be mainly attributed to the poor OER activity,
unstable chemical and structural properties of electrocatalysts
in the acid environment, as well as low solution conductivity
of the neutral electrolyte.['2024524] To deal with it, some points
are suggested to be considered. First, some compositions with
relatively great inherent corrosion resistance in acid media
should be favorably selected to synthesize electrocatalysts, such
as nitrides, phosphides, alloys, and intermetallics.[28-30.214247.248]
Second, the “anti-corrosion coating,” which will simultaneously
keep or even boost the activity of inner catalytic species in an
acid environment can be utilized, for example, carbon-based
materials.[188249.2501 Third, for low-conductive neutral electro-
lytes, the emphasis should be given to the improvement of
intrinsic conductivity and increment of electrochemically active
sites of the electrocatalysts themselves.

ii) Most of the investigated self-supported electrodes cata-
lyzed the splitting of the simulated seawater solution with
well-defined composition, concentration, and pH value, instead
of real seawater. The environment of seawater is much more
complicated with abundant non-innocent ions, bacteria/
microbes, and small particulates, as well as unstable local pH
regions.[225U Thus, it is of tremendous importance to achieve
a breakthrough on direct electrolysis of real seawater catalyzed
by advanced self-supported electrodes with high activity and
selectivity, although no great advantages are expected in the
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near future with respect to cost-effectiveness and technical
reliability.

iii) Presently, for self-supported electrocatalysts, the most
common substrates are 3D macroporous metal foams, espe-
cially NF, CF, and FF. Although these substrates are relatively
well conductive, their mechanical strength is not able to sat-
isfy the real long-term application at large current density and
under high temperature. Furthermore, as abovementioned,
these metal foams may become extremely fragile when they are
subject to a high-temperature environment (over 400-500 °C),
while in many cases of fabrication of self-supported electro-
catalysts, such temperatures are required for the pyrolysis of
precursors supported on the metal foams. Correspondingly,
the selection of synthesis strategy for self-supported electro-
catalysts narrows down. On the other hand, the alternatives
to metal foams are usually CC with excellent mechanical flex-
ibility and elasticity, as well as high-temperature stability.
Whereas, their conductivity is visibly inferior to that of metal
foams, negatively influencing the final catalytic capability of
self-supported electrodes.'?Zl Also, a pre-treatment in nitric acid
(HNO;) is often required for the originally commercial CC to
remove the residual organic species and endow CC with strong
affinity with deposited species, leading to additional energy and
cost consumption.l'®3252] However, most of the current atten-
tion is focused on the design and modification of deposited
nanostructured catalysts, but the research on substrates is rare.
Thus, more efforts should be dedicated to developing advanced
substrates which can not only contribute to the great catalytic
activity of the self-supported electrodes but also robustly and
stably work for a long period in practical application.

iv) Most of the currently developed catalysts are “pre-cata-
lysts,” which partially or completely transform into real cata-
Iytically active structures under different conditions of HER,
OER, or working electrolytes. Paying deeper insight into the
real active species, morphological and electronic changes, sur-
face/bulk structure and substrate-catalyst relation under in situ
states for self-supported electrocatalysts can help researchers
fully understand the self-supported system and accordingly
design the self-supported catalysts which are more in line
with expectation. However, the primary methods employed
to investigate the real active structures for self-catalysts are ex
situ ones, which cannot manage to obtain enough and accu-
rate information under a real working environment. In view of
this, advanced in situ or operando techniques, including spec-
troscopic techniques (such as X-ray absorption (XAS), XPS,
Raman, Fourier-transform infrared spectroscopy, Mdssbauer,
nuclear resonant inelastic X-ray scattering, electrochemical
impedance spectroscopy and XRD)I>>)l as well as microscopic
techniques (such as atomic force microscopy and TEM)I2>+2%]
should be more applied to get better real-time observation and
consequently receive guidance for the design and fabrication
of self-supported electrocatalysts for water splitting with high
activity, stability, and selectivity.
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