Efficient and stable electrocatalysts for
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Water-splitting electrolysis, using a renewable power source, has been widely considered as
a promising energy conservation and storage technology that is environmentally friendly. In
order to lower the required energy barrier and to improve the energy-conversion efficiency
of hydrogen evolution and oxygen evolution on the electrodes, highly efficient and durable
electrocatalysts are essential. To date, various preparation methods and theoretical models
have been developed to accelerate the catalyst design and to further understand the
associated electrocatalytic mechanism. In this issue of MRS Bulletin, all aspects of non-noble
metal-based electrocatalysts for water splitting involving standard methodology, surface
electronic structure engineering, morphology design, interface effects, pH operation range,
activity descriptors, and operational stability are discussed. These discussions indicate
the importance of materials innovations for the realization of highly efficient and durable
electrocatalysts for large-scale cost-effective water splitting.

Introduction

The water dissociation process, also known as “water split-
ting,” provides a fascinating and promising technology to
convert renewable electricity into storable chemical energy,
including hydrogen and oxygen collected at the device anode
and cathode, respectively. Development has exploded in this
energy-harvesting technology. There are many materials inno-
vations to explore breakthroughs in achieving cost-effective,
highly efficient, and durable electrocatalysts to maximize the
energy-conversion efficiency of water splitting.

In general, electrocatalysts can be rationally designed
based on the feedback-loop approach as illustrated in
Figure 1, including (1) running a large number of design of
experiments (DOEs) and establishing a materials library of
catalytically active elements; (2) utilizing the library’s infor-
mation resources to fabricate different catalysts with desired
properties via various synergistic strategies, followed by the
systematic evaluation of their electrochemical parameters and
corresponding electrocatalytic mechanisms; and (3) combin-
ing with complementary experimental and theoretical investi-
gations to identify activity descriptors for the catalyst material
system that can be employed to describe and/or predict the
catalytic performance, thus further enhance catalytic perfor-
mance and operational stability. These findings provide valu-
able feedback to the materials library to complete the design
loop.
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Despite the progress achieved by the above mentioned
strategies in recent years, several key issues remain for insuf-
ficient electrochemical performance of the obtained catalysts.
For example, the use of strongly acidic and alkaline electro-
lytes as well as precious metal (i.e., Ir and Pt)-based active
materials would restrict the large-scale practical utilization
of electrocatalysts. When non-noble electrocatalysts are
employed, the large overpotential along with high energy loss,
poor stability, and narrow pH operating range would inevita-
bly limit applications.

In order to overcome these obstacles, three methods are
widely adopted to improve the electrochemical performance
of catalysts. First, the intrinsic activity of catalyst active sites
can be substantially increased with different electronic struc-
ture engineering strategies, including cation/anion doping,
defect engineering, crystal phase and facet manipulation, and
surface strain modification. Second, the exposure of these
active sites can be greatly enlarged using various catalyst
morphology designs. Finally, charge-transfer efficiency can
be significantly improved by directly depositing catalysts onto
hierarchical conducting support substrates.! In this case, the
advanced materials revolution would totally change the para-
digm in electrocatalyst design to achieve efficient and robust
water splitting.

The articles in this issue highlight recent advances in mate-
rials innovations of electrocatalysts. These include rational
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Figure 1. Schematic illustration of the electrocatalyst design
approach. A design loop is established and follows the
sequence: the preparation of a catalyst from the materials
library, the evaluation of electrochemical performance, and
confirmation of the activity descriptor. Note: M, metal; ey, orbital
created when splitting occurs in the d orbital while making a
complex.

design spanning from transition-metal-based oxides and their
derivatives, organic polymer nanomaterials, all the way to
inorganic—organic nanocomposites. More importantly, the
challenges and opportunities are compiled and discussed for
possible future research and serve as important guidelines for
electrocatalyst material design in water splitting.

Standard methodology

There has been substantial achievement and progress in
excellent catalyst preparation methods and thorough mecha-
nistic understanding. However, it is difficult to consistently
compare the electrochemical performance of different cata-
lysts for a given reaction. There is an urgent need to establish
a standard methodology to benchmark catalyst performance
parameters for sustainable development. At the same time,
before any electrochemical testing is performed for a catalyst,
there are several important areas that need special attention:
(1) The potential contamination of active catalyst materials
and electrolytes, especially when investigating iron-free oxy-
gen evolution reaction (OER) catalysts, due to the residual
iron ion impurities from multiple sources;> (2) the neces-
sity to calibrate with Pt reference electrodes; (3) the com-
parison of electrochemical performance of catalysts to those
of the bare substrate electrodes to ensure minimal activity
from substrates; and (4) the inability to exploit Pt as coun-
terelectrodes during hydrogen evolution reaction (HER),
particularly in acidic conditions.* During electrochemical
performance testing, the accurate measurement of an active

532 W MRS BULLETIN - VOLUME 45 + JULY 2020 - mrs.org/bulletin
https://doi.org/10.1557/mrs.2020.170 Published online by Cambridge University Press

surface area is extremely important for the evaluation of cata-
lyst performance.

When comparing the surface area measured from the
disk electrode surface area (i.e., geometric surface area), the
Brunauer—-Emmett—Teller area (specific surface area), and
the electrochemical surface area (ECSA), it is recommended
to normalize the current density to ECSA, which can reflect
the real intrinsic activity; however, it is sometimes not possible
to determine the ECSA of new catalyst material systems.* The
electrochemically active surface area represents the area of the
electrode materials that is effectively accessible to the elec-
trolyte and participates in the electrochemical reaction. The
Tafel slope is another important catalytic performance param-
eter that reflects the rate of an electrochemical reaction to the
overpotential and the reaction kinetics of catalysts. The over-
potential is the potential difference (voltage) between a half-
reaction’s thermodynamically determined reduction potential
and the potential at which the redox event is experimentally
observed. It is especially meaningful when the overpotential
values are larger than 118 mV, indicating the Tafel regime
in the absence of mass-transfer effects.” Much care is taken
to ensure the evaluation of Tafel slopes over a wide range
of values up to 150 mV to obtain further insights into elec-
trode kinetics.’ Shinagawa et al. recently demonstrated that
the applicability of the Tafel analysis in conjunction with the
Butler—Volmer equation, which describes how the current on
the electrode changes with the electrode potential, has been
overlooked, leading to an inaccurate description of the inter-
facial reaction involving catalysts.® Finally, the evolution in
turnover frequency (TOF), the number of reactions per unit
time and unit active site at a given temperature, pressure, reac-
tant ratio, and a certain degree of reaction, for different over-
potential values should be carefully compiled when reporting
the electrocatalytic activity of catalysts. All of these proce-
dures would standardize the best practices for evaluating and
reporting the catalytic performance of electrocatalysts.

Surface electronic structure modification

In essence, all surface modification schemes would change
the electronic structure of catalyst active sites, which in turn,
affects the adsorption and desorption capabilities of active
sites for intermediate products. Before modifying the catalyst,
it is essential to first understand the reaction process of target
catalyst systems, particularly determining the rate-limiting
step. Several methods can be employed to alter the surface
electronic structure of catalysts, including cation/anion dop-
ing, defect manipulation, crystal phase and facet engineering,
and surface strain modification.

Cation/anion doping is one of the most commonly used
techniques in the modification of nanomaterials. Typically,
elements with excellent catalytic activity are selected as dop-
ants (e.g., Fe, Co, Ni, P, and S). Even elements without any
significant catalytic activity (e.g., Zn, Ga, and Cu) are imple-
mented due to their ability to modify the electronic structure
of the active sites, thus enabling good catalytic performance of
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host materials.” In most cases, this associated catalytic activ-
ity enhancement is attributed to optimized absorption/desorp-
tion behavior, increased electrical conductivity, and improved
ECSA after surface modification. Using this doping scheme,
metal-N -C-based single-atom catalysts have been widely
demonstrated as efficient catalytic materials because they help
improve the efficiency of atomic utilization and have a unique
coordination environment.® Indeed, active metal centers sur-
rounded by macrocyclic ligands exist in various kinds of com-
plexes. The Li and Bai article in this issue mainly introduces
the preparation of metal-N,-C based catalyst based on porphy-
rin and macrocycle derivatives.’

In terms of catalytic mechanisms, recent studies have
attempted to justify the performance enhancement by intro-
ducing new energy levels in the host. When the relative posi-
tion of a catalyst conduction-band edge or Fermi level is
manipulated below the redox level of O,/H,0, the water oxi-
dation reaction becomes easier. For instance, in the case of
Zn-MoS,, its energy level has been observed to align properly
and match with the reduction potential of H,O as compared
with that of pristine MoS, (Figure 2a). The result is improved
catalytic performance.'® It is also noted that the conductiv-
ity of semiconductors has a significant

SPLITTING

prepared by soaking the nanosheets in a mixed solution of
NaOH and ethylene glycol (Figure 2b)."

Moreover, since cations often have a higher defect forma-
tion energy than anions, anion vacancies are easier to generate
on the surface. Ni cation defects have been successfully incor-
porated into Ni(OH), catalyst via a propylene oxide-mediated
alkalization precipitation method, which can precisely control
the hydrolysis process of Ni** in the precursor solution.'* Based
on density functional theory (DFT) calculations, the reduc-
tion of Bohr magnetons indicates a decrease in the electron
spin filling of e, orbitals, which in turn enhances the strength
of associated metal-oxygen bonds, leading to enhanced OER
catalytic activity. Using a similar technique, Co cation defects
can be reliably introduced into typical cobalt oxides via ther-
mal calcination in order to enhance their corresponding elec-
trochemical activity toward efficient oxygen evolution.'

For phase and facet engineering in crystals, the use of non-
noble metals is more difficult than precious metals because
of the lower reduction potential, yielding faster and less con-
trollable nucleation and crystallization. Also, amorphous
materials have been shown to possess better electrocatalytic
performance than their crystalline counterparts.'® Fortunately,
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catalyst and an electrolyte is more com-
plicated than that of gas—solid catalyst
systems. The effect of this double layer
must be carefully considered when
introducing the concept of energy-level
matching.

Besides doping, introducing defects
into the host lattice not only modifies the
electronic structure, but sometimes also
changes the physical properties, such
as in the case of porous nanomaterials.
There are several methods to introduce
defects, including thermal reduction in
H,, NH;, or inert atmospheres, chemi-
cal reduction in NaBH, or N,H, ambi-
ent atmosphere, plasma treatment, and
mechanical ball milling."? Tt is worth
mentioning that it is challenging to
introduce vacancies into the lattice
with controlled concentration and mini-
mized crystal damage. Recently, single-
crystalline ultrathin Co,0, nanosheets
with numerous oxygen vacancies were

Figure 2. Surface electronic structure engineering. (a) Conduction-band edge profiles

of Zn-MoS,, Fe-MoS,, and pristine MoS, as compared with the reaction potential.’®
Compared with the reduction potential of H,0, the energy level of Zn-MoS, is properly
positioned to permit electron transfer with much lower applied energy (lower overpotential),
thus confirming Zn-MoS, as a promising electrocatalyst for HER. (b) The preparation of
single-crystalline Co,0, nanosheets with oxygen vacancies.™ (c) Atomic force microscope
image of strained MoS, with S vacancy (SV-MoS,) fabricated on Au nanocone arrays.?®

(d) Tafel slopes of CoO, and MnO, on different supports.?® The dashed line corresponds to
the original sample while the solid line represents the gold-containing compound. Dramatic
improvements can be achieved for manganese and cobalt-based oxides if gold is added
to the surface or used as substrate. Note: EG, ethylene glycol; NHE, normal hydrogen
electrode; E, potential; GC, glassy carbon electrode; jg.,, current densities normalized to
the geometric area; n, overpotential.
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amorphous materials can be easily prepared by controlling the
crystallinity by varying solvent and reaction time. Increasing
the solvent viscosity, reducing the processing temperature, and
shortening the reaction time are more conducive to the for-
mation of amorphous structures.!” Transition-metal dichalco-
genides with 1T-phase (octahedral with tetragonal symmetry)
(e.g., MoS, and WS,) have demonstrated superior electrocata-
lytic performance over their 2H-phase (trigonal prism with
hexagonal symmetry) counterparts owing to the substantially
reduced charge-transfer resistance in the metallic phase.!'®

There have been extensive investigations of different crys-
talline structures of MnO, for their catalytic characteristics.
Multiple results show that MnO, materials exhibit decreasing
electrochemical activity depending on their crystal phase, fol-
lowing an order of o0 = § = y-MnO,."” Due to the particularity
of electrochemical processes, in situ phase transitions often
occur during catalyst operations. The in situ phase transition
of WO, to HWO; has been identified in WO,/Pt nanocom-
posites through in situ characterization in acid electrolytes,
where fast hydrogen and electron transfer ability promote
high HER activity of Pt.° Importantly, atomic-level engineer-
ing on the surface of nanomaterials is employed to precisely
control the exposure of active sites, subsequently enhancing
the corresponding electrocatalytic activity. Wei et al. prepared
porous Co;0, nanosheets with three different exposure facets
of {110}, {111}, and {112}.*' Their results indicate that the
{112} crystal face exhibits the best OER performance, which
can be attributed to the higher density of Co?* active sites and
oxygen vacancies on the surface.

Strain engineering is recognized as one of the powerful
methods to modify the surface electronic structure by manipu-
lating the tensile or compressive strain on the material surface.
Stress is a measure of forces acting on materials commonly
observed in alloys or core—shell structures because of lattice
mismatch.?? Nonetheless, controlling these stress quantities of
single-component catalysts is complicated and not cost effec-
tive. Currently, depositing target catalyst materials directly on
structure-tunable substrates is the main preparation scheme
utilized to accurately control the associated surface strain. An
example is strained MoS, monolayer films that can be effec-
tively prepared on prefabricated Au nanocone arrays via the
vapor deposition method (Figure 2c). Complementary DFT
and experimental studies confirm that the hydrogen adsorp-
tion free energy can be manipulated by varying the surface
strain on MoS,.?* These illustrations provide strong evidence
of the effectiveness of modifying surface electronic structures
of catalysts for enhanced electrocatalytic performance by the
previously discussed approaches.

Morphology design

There are substantial studies that systematically investigate the
preparation of nanomaterials with a high surface area, such as
porous nanosheets, hollow nanotubes, nanocages, and 3D aero-
gels, which can increase the exposure area of active sites in elec-
trolytes to further improve their catalytic performance.* Among
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the various material synthesis schemes, the direct preparation
of catalysts on 3D conductive and porous substrates, including
nickel foam, copper foam, and carbon cloth, has been shown
to be a good choice. Recent studies have shown that nickel
foams not only act as a 3D substrate that increase the number
of accessible active sites, they also act as a doping precursor
to improve the conductivity and tune the electronic structure
of active sites during hydrothermal synthesis.?*?¢ However, the
increase in the number of active catalyst sites (loading capac-
ity) would be limited due to the need to ensure the required
faster charge-transport and higher mass-transfer speeds. While
the improvement of intrinsic activity is not affected by the above
factors, the catalytic performance can be greatly and directly
improved along with reduction of load and cost. For example,
the cation exchange methodology has been explored to prepare
strained and oxygen vacancy-enriched Co,0, nanorod arrays
with excellent OER characteristics.?” Morphology design and
surface electronic structure engineering can thus work together
to achieve the best catalyst performance.

Interface effects

Interface effects, which include the influence of the cata-
lyst support and catalyst—catalyst interactions, have a great
impact on the absorption and desorption characteristics of
water-splitting intermediates for enhanced energy-conversion
efficiency. Many promising materials are capable of function-
ing as supports, such as gold, carbon-based materials, and
metal oxide compounds. Materials with good conductivity
are not necessarily good supports. It has been observed that
the measured TOF values of Co;0, catalyst materials were
highly dependent on the underlying metal supports following
the trend of Au > Pt > Pd > Cu > Co (Figure 2d).® Recent
interest in nanocomposites has broadened the selection of
catalyst materials to metal—-organic framework (MOF)-based
nanomaterials with large surface areas and tunable chemical
compositions, in which they are usually constructed by coor-
dination bonds connecting organic ligands and metal centers
into 3D interconnected networks.?’ Through post-treatment,
MOFs can then be converted in situ into a composite material
consisting of metal-based active sites supported on carbon
materials. Important studies on interface effects of metals and
their compounds for water splitting are discussed in the Tang
and Sunarticle in this issue.* They illustrate the correlation
between electronic interaction/strong bonding of compos-
ites and water-splitting performance, which is critical to the
development of highly efficient and durable electrocatalysts.

pH operation range

In principle, electrocatalysts usually facilitate an effi-
cient OER process in alkaline electrolytes while effec-
tively enabling the HER process under acidic conditions.
Inevitably, there are many technological reactions that
require the catalyst to function well across all pH condi-
tions. For example, HER is one of the main reactions in
hydrogen-based fuel cells and chlor-alkali and chlorate
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cells, whereas alkaline working electrolytes are required
for cell operation. Fortunately, alkaline HER catalysts have
been well developed, where their electrocatalytic perfor-
mance is already comparable to or even better than those of
precious metal catalysts operating in their optimal condi-
tions.?! Due to the thermodynamic instability and low cor-
rosion resistance of non-noble metals functioning in acid
solutions, the development of efficient and durable elec-
trocatalysts that can perform well in acid electrolytes has
attracted much attention. Among the various catalyst mate-
rial candidates, MnO, has been shown to be a stable OER
catalyst in acid solution because of its self-healing abil-
ity, which is derived from MnO, redeposition that offsets
catalyst dissolution during turnover.** Simultaneously, car-
bon and non-precious metal-based composites have shown
encouraging prospects since carbon materials can serve as
the buffer layer between electrolytes and catalysts.*® One
concern is that the use of composites cannot effectively pre-
vent sharp fluctuations in local pH, where changes in pH
near the electrode can be varied in a range of 5-9 pH units
as compared with the electrolyte, even with current densi-
ties less than 10 mA cm™.3* Recent development of car-
bon-based hybrids is stated in the Niu et al. article in this
issue.** More importantly, since employment of strong acid

and alkaline electrolytes certainly consumes more energy
and induces a higher operating cost as well as potential
damage to water electrolysis devices, utilizing pure dis-
tilled water or even seawater as the electrolyte will become
a major development in the near future.*® In this issue, the
Janani et al. article summarizes the performance of various
catalysts for water splitting and details the corresponding
mechanisms in all pH ranges.*’

Activity descriptors

In order to explore high-performance electrocatalysts with
appropriate material composition, morphology, and electro-
chemical characteristics, a large number of DOEs are nec-
essary. Theoretical studies can provide complementary and
valuable information to facilitate experimental investiga-
tions in a more effective manner for proper catalyst design.
Specifically, using DFT calculation and other theoretical
methods, the scaling relationships between the electronic
structure of catalysts and the binding capacity of intermedi-
ates on the catalyst surface can be established.

The d-band theory is one of the earliest and most impor-
tant electronic descriptors, where higher (lower) d-band cen-
ter position of the metal ions would yield stronger (weaker)
affinity toward adsorbates (Figure 3a).’® In most cases, the
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Figure 3. Activity descriptors. (a) Schematic illustration of the d-band theory.® x-axis is electron/eV. (b, c) Hydrogen evolution reaction
(HER) activity volcano plots in acid and alkaline conditions, respectively.*® The metal-H,, binding energy controls the activity treads

both in acid and alkaline condition while extra energy is needed to dissociate water molecules. (d, e) Proposed absorbates evolution
mechanism and lattice-oxygen participated mechanism (LOM) in the oxygen evolution reaction, respectively.* There are four steps in

the normal oxygen evolution reaction mechanism: the reaction starts with the absorption of OH- on the active center (M-OH) followed by
the direct combination of OH- anion to form M-O intermediate and H,O. The next step involves the production of M-OOH species, which
subsequently decomposes to O,. For the LOM, the reaction can proceed on the surface oxygen vacancy sites with a similar process.

A, and A, are two different structure configurations. A,: —O on 1/4 of surface Ni; A,: an unprotonated oxygen is removed from the NiO,
surface plane and placed on top of —O. (f) Formation energy of oxides as the descriptor, showing that the most active catalysts tend to be
the least stable ones during reactions.® Note: H,,, hydrogen intermediates; M, metal; €, energy; ¢;, Fermi level; AG,.., formation energy of
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performance enhancement mechanism of electrocatalysts
can be understood by using d-band theory. The first example
shows that when compared with the HER process in acid
media, the “volcano” curve (plot of electrochemical activity as
a function of free energy of hydrogen absorption that is in the
shape of a volcano) of catalysts operating in alkaline condi-
tions moved vertically rather than horizontally (Figure 3b—c),
clearly indicating the effect of d-band center position of the
metal ions.*” The second example shows that the occupation
of the antibonding state of e, orbits is commonly considered
a type of descriptor in perovskite oxides, suggesting again the
influence of a different d-band center of metal ions.* Last, the
effect of strain engineering on catalysts can be attributed to the
movement of the d-band centers of their constituents, which
subsequently affects their chemisorption potential energies or
the energy barriers of intermediates.*® However, transition-
metal ions are the only type of materials that are considered as
the active sites, as this descriptor of d-band theory is based on
molecular orbital theory.

When DFT studies are combined with x-ray absorption
spectroscopy (XAS) analysis, the P atoms of CoP catalysts
are also identified as the effective active sites for the HER
process.*! As with CoP, both the metal and chalcogenide
atoms can function as active sites on the pyrite-type tran-
sition-metal dichalcogenides (as detailed in the Gou et al.
article in this issue*?). Moreover, during the OER process,
isotope labeling is employed to confirm that the lattice oxy-
gen species participate in the reaction (Figure 3d—e).***
More reliable and useful activity descriptors based on the
covalent bond nature between the metal and nonmetal sites
of catalysts have been proposed, including the p-band the-
ory, where the p band in the oxygen atom is taken as the
activity descriptor, and metal-oxygen covalent mixing.*
Although the correlation between reaction energy and acti-
vation energy is established as an important parameter to
predict the catalytic properties and binding strength of the
active centers, it may not help facilitate further catalytic per-
formance enhancement because it is difficult to achieve weak
intermediate adsorption and low activation energy barriers
at the same time. Tackling this dilemma is thus the ultimate
challenge. Overall, in addition to the illustrated success of
single-atom catalysts with a special coordination environ-
ment to break the scaling relationship, the development of
more effective methods is needed.*

Stability

Apart from catalytic activity, operation stability is another
factor for the evaluation of electrocatalysts for practical
applications. Typically, stability can be assessed in several
hours of measurement using potentiodynamic or chrono-
amperometry techniques for testing the change in voltage
with time, or chronopotentiometry to measure the change
in current over time. The activity curve is then used as an
indicator of the stability. To further enhance the stability,
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it is necessary to first understand the chemical and physi-
cal processes on the catalyst surface during reactions. This
information can be obtained by utilizing in sifu mass change
and conversion analysis of active sites on the surface. The
electrochemical quartz crystal microbalance (eQCM) with a
detection limit of 1 ng as well as inductively coupled plasma
(ICP) spectrometry can be employed to detect the change in
mass.** For example, eQCM proved that Ni- and Co-based
oxides are more stable than FeOOH in alkaline media when
the overpotential is 350 mV.*” It should be noted that the
mass change can also be caused by other reasons (such as ion
intercalation). Therefore, as compared with eQCM, ICP is
more reliable, although it cannot be used for real-time detec-
tion. Nevertheless, both eQCM and ICP can only provide
limited information on catalyst stability due to the complex
reaction process occurring in the electrolyte.

Considering that mass change normally results from the
dissolution/deposition process of the catalyst and is accom-
panied by changes in composition and electronic structure,*
it is essential to assess the direct link between active sites
and stability. Even though there are many characterization
methods that can provide clear evidence for changes in cata-
lyst electronic structure before and after the reaction, such as
high-resolution transmission electron microscopy and XAS,
it is still difficult to correlate any direct changes between
electronic structure and stability. Many researchers have
tried to explain the relationship between stability and elec-
tronic structure from a theoretical perspective. The Koper
group has demonstrated the intimate correlation between
bulk thermochemistry and surface adsorption on the basis
of transition-metal perovskites and monoxides for the OER
process (Figure 3f).° These results indicate that the most
active compounds tend to behave as the least stable species
during reactions, providing a valuable guideline for the strat-
egy of further improving the activity and stability of a spe-
cific catalyst at the same time.

Opportunities and challenges

The water-splitting electrolyzer offers a green pathway to
the cost-effective and high-purity production of hydrogen.
Notably, several types of nanomaterials have demonstrated
excellent electrocatalytic performance toward HER (e.g.,
NiMo nanowires,”! V,C,, and Co,N@nitrogen-doped car-
bon*), OER (e.g., NiFe LDH,* Fe-LiNiO,,** and NiFeB;%*
LDH = layered double hydroxide), and overall water splitting
(e.g., NiFe LDH@Cu nanowires@Cu foam,”” NiFe MOFs@
nickel foams,”® and NiFe LDH@Ni chains@nickel foam®’)
that is comparable to or better than that of noble metals-based
materials. Nevertheless, several issues still need special atten-
tion for further enabling water splitting.

Looking ahead, the following key challenges need to
be addressed by the community. (1) The design of a cata-
lyst with much higher intrinsic activity must be explored.
Because good contact between catalyst and conductor is
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required for efficient charge-carrier collection, many pow-
der catalysts with superior catalytic performance may not
be applicable for industrial applications. Therefore, a func-
tionally graded nanocomposite material, known as a tradi-
tional coating layer, may provide a promising direction for
real-time applications, as discussed by the Coy article in
this issue.®® (2) During catalyst material design, exploring
the relationship between stability and electronic structure
mainly under different electrolyte conditions is essential
and provides important insights into further optimizing
catalyst performance for reactions. (3) Simultaneously, it
is also important to identify active sites and dynamic cata-
lytic processes of the catalysts. Thus, in situ observations
utilizing advanced characterization technologies as well as
fundamental studies based on theoretical calculations are
highly desirable in future research. (4) Since strong acidic
and alkaline electrolytes may potentially degrade the elec-
trolyzer cell performance, it is necessary to develop water-
splitting technologies using the direct electrolysis of saline
water or even seawater.

All of these indicate the importance of materials innova-
tions for the realization of highly efficient and durable electro-
catalysts for water splitting.
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