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Mixed Transition Metal Carbonate Hydroxide-Based
Nanostructured Electrocatalysts for Alkaline Oxygen

Evolution: Status and Perspectives

Ayon Karmakar, Harish S. Chavan, Sang Mun Jeong,* and Jung Sang Cho*

Hydrogen is regarded as the cleanest and highest energy-density fuel as an
alternative energy resource. Water electrolysis is useful for producing ultrapure
hydrogen (>99.9%), and alkaline water electrolysis is industrially adopted for
large-scale hydrogen production. However, the anodic oxygen evolution reaction
(OER) remains as the bottleneck for achieving efficient hydrogen generation
because of its multielectron pathways and sluggish kinetics. Additionally, the OER
is crucial for other renewable energy conversion and storage systems, such as CO,
reduction and metal-air batteries. In this regard, high-performing, durable, and
cost-effective electrocatalysts are essential for achieving the desired hydrogen
production efficiency. Recently, transition metal carbonate hydroxides (TMCHis)
have been investigated as electrocatalysts for alkaline water splitting because of
their layered structure, rich redox properties, and high accessibility to electrolytes.
Furthermore, the electronic, morphological, and structural modulations in mixed
TMCHs, due to the presence of multiple metal centers, offer more accessible
active sites for the OER. Considering these aspects, the present review focuses on
the application of mixed transition metal carbonate hydroxide (MTMCH)-based
nanostructured electrocatalysts to OER in alkaline media. This review will benefit
the understanding and evaluation of OER activity and the development of
MTMCH-based electrocatalysts for practical application to the OER.

1. Introduction

To date, conventional fossil fuels have been
considered the main energy source for
modern civilization."! The nonrenewable
nature and continuous depletion of fossil
fuels and the increasing CO,emission
levels necessitate the development of
cost-effective renewable energy conver-
sion/storage systems.>™! In this context,
hydrogen, as a fuel, is considered an impor-
tant alternative to many conventional
energy resources owing to its several advan-
tages, such as facile energy storage/carrier,
high energy density, and zero-emission
upon combustion.*® Hydrogen has
applications in heat generation,” refining
processes in industry,’” and provides
electricity in stationary and transport/
vehicle."'! Hydrogen can be manufactured
using a variety of methods, such as high-
temperature steam reforming, water elec-
trolysis, solar water splitting—thermolysis,
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and biomass conversion."” Among these

methods, steam reforming is the preferred

method; it fulfills ~96% of global hydrogen
demand.** However, this process requires high temperatures
(700-1100°C) and fossil fuels/natural hydrocarbons, and it is
accompanied by greenhouse gas (CO,) emissions.>]
Among various hydrogen production technologies, water elec-
trolysis can be considered a major contributor to the production
of ultrapure hydrogen (>99.9%); moreover, water electrolysis is
environmentally benign. In addition, the electrolysis of water in
alkaline media is a highly cost-effective, sustainable, and indus-
trially viable method for hydrogen production.™® However,
efficient hydrogen production through water electrolysis is
limited by the high overpotential and sluggish kinetics of the
anodic oxygen evolution reaction (OER) and the cathodic
hydrogen evolution reaction (HER).'!

The OER involves four-electron transfer pathways under
acidic and alkaline conditions. Further, OER is associated with
many other energy conversion and storage processes/devices,
such as solar fuel production and metal-air batteries.!'")
The OER is a four-electron transfer process and has a relatively
higher overpotential than the HER and a complex reaction mech-
anism; hence, OER can be considered the rate-determining step
(RDS) for hydrogen production through water electrolysis.*”!
Furthermore, the OER has unusually low rate constants and high

© 2022 The Authors. Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH


mailto:smjeong@cbnu.ac.kr
mailto:jscho@cbnu.ac.kr
mailto:jscho@chungbuk.ac.kr
https://doi.org/10.1002/aesr.202200071
http://creativecommons.org/licenses/by/4.0/
http://www.advenergysustres.com

ADVANCED
SCIENCE NEWS

DVANCE
ENERGY & SUSTAINABILITY
RESEARCH

www.advancedsciencenews.com

overpotentials and induces structural changes in the electrode
materials. Consequently, the sluggish kinetics, drop in perfor-
mance, and ultimately, electrode breakdown account for the poor
efficiency of water splitting.*!! Therefore, the overpotential of the
OER must be lowered in the presence of suitable electrocatalysts.
In this regard, Ru- and Ir- based materials such as Ir/C, Ru/C,
IrO,, and RuO, are considered commercially available bench-
mark electrocatalysts.””! Despite their several key advantages,
the large-scale application of these electrocatalysts is limited
by their high cost, scarcity, and poor durability in strong alkaline
solutions.””?'2% In quest of this, a considerable amount of
research has focused on developing suitable transition metal
(TM)-based electrocatalysts.

Transition metals have received immense attention owing to
their high abundance, low cost, high intrinsic activity, and better
corrosion stability in alkaline media than Ru- and Ir-based
electrocatalysts.[4’24] In addition, there are a number of different
methods in the literature to regulate or improve the OER
performance of the TM-based nanostructured materials, such
as morphological modulations in nanoscale,”>*’! crystal phase
and facet engineering,”®??! heteroatom doping,**>? composi-
tional tuning,[33’34] hybrid or heterostructure formation,3>~3"]
amorphization,*®??! defect/vacancy creation,"®*" insitu trans-
formations,*? ion etching,**** and plasma bombardment.*>~*"]
In particular, Yin et al. demonstrated that intrinsic oxygen
vacancies were highly beneficial to boost the OER performances
of NiS,/CoS, nanowires!*® and Ir-single atom decorated
NiCo,0, nanosheets.*”! In contrast, high electrocatalytic activity
with improved structural stability and conductivity was realized
in Co-doped NiS, nanosheets® and Cl-doped LaCoO; hollow
cubes.”!! Therefore, TM-based electrocatalysts, such as oxides,
hydroxides, carbonate hydroxides, borides, sulfides, selenides,
phosphides, carbides, and nitrides, can be considered as
potential alternatives to precious electrocatalysts for the OER
in alkaline media.”**?! Among the TM-based electrocatalysts,
oxides, hydroxides, and carbonate hydroxides are preferable for
electrochemical water splitting owing to their low cost, easy
synthesizability, environmental friendliness, moderate conduc-
tivity, and most importantly, stability in alkaline media.>*

Transition metal carbonate hydroxides (TMCHs) have recently
received considerable attention as efficient OER electrocatalysts.
TMCHs offer various advantages—low cost; layered structures
that facilitate mass transfer at the electrode—electrolyte interfaces;
improved hydrophilicity due to the interlayer CO3~ ions, which
enhances the wettability and OH™ adsorption at the electrocata-
lyst surface in alkaline media; high surface area with an
increased active-site accessibility; and long-term stability.”**!
Despite these advantages, TMCHs suffer from low electronic
conductivity, which leads to slow reaction kinetics and large
overpotentials.*®! For instance, Wang et al.>®! reported carbon
cloth (CC)-supported cobalt carbonate hydroxide hydrate
(CCHH) nanowires exhibiting an overpotential (710) of 2323 mV
in the alkaline OER (1.0 M KOH). In another study, CCHH
nanosheets required an overpotential of ~315mV to deliver
10 mA cm ™2 current density in the OER.*” Although these indi-
cate moderate OER activity, more reduction of overpotential and
improvement in kinetics are desirable to achieve efficient water
electrolysis. In addition, the high hydrogen and water adsorption
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free energies (AGy; and AGy,) are responsible for the poor
water-reduction ability of TMCHs.!®"! The limited number of
available active sites and intrinsic activity of monometallic
TMCHs can be addressed by considering multimetallic analogs.
In this context, mixed transition metal carbonate hydroxides
(MTMCHs) exhibit enhanced performance in electrocatalytic
water splitting under alkaline conditions owing to the synergistic
effect between multiple metal species, variable oxidation states of
the cations, the possibility of reversible surface redox reactions,
presence of enhanced active centers, and optimized MTM
chemical compositions.*?*%**4" Furthermore, owing to the
low activation energy for the electron transfer between metal
cations in an MTM, the electronic conductivity of MTM-based
materials may be higher than that of their monometallic
counterpalrts.[“'(’5 /66l

In view of the aforementioned discussions, this review
presents a brief survey of the literature on the electrocatalytic
activity of MTMCHs in the OER. Figure 1 displays a pie chart
of the available reports on the electrocatalytic alkaline OER
activities of transition metal carbonate hydroxides to
date P5737596067-9] The present review commences with a
general discussion of the electrochemical pathways and
mechanism of OER in alkaline media. Subsequently, all the
activity-determining parameters in the OER and comprehensive
studies on firstrow transition-metal-based multimetallic
MTMCHs as OER electrocatalysts are discussed. The various
design strategies, such as compositional tuning, heteroatom
doping/substitution, morphology modulations, in situ transfor-
mations, and hybrid/composites, for enhancing the OER perfor-
mance are then explored. In conclusion, the current status,
challenges, and future perspectives of using MTMCHs as
OER electrocatalysts are summarized.

2. Mechanism of OER

The OER/ water oxidation is a preliminary step in photosynthesis
as well as in renewable energy conversion and storage technolo-
gies, such as water electrolyzers, metal-air batteries, and solar
fuel production.”?! This anodic oxidative reaction provides the
required protons and electrons for the cathodic half-cell reactions
(reduction), such as H, generation, CO, reduction, and N,
reduction.’! In general, the OER in alkaline media undergoes
a necessary elementary step involving the coordination of

24%

16%

0%

Figure 1. Pie chart of literature on alkaline oxygen evolution reaction
(OER) performance of transition metal carbonate hydroxides (TMCHs).
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OH" to the surface of the active sites of the electrocatalysts. The
alkaline OER at the anode can be expressed as follows'®”!

40H™ (aq) — 2H,0(1) + 4e~ + O,(g) 1 (1)

The active metal centers (M) on the surface of the electroca-
talyst usually participate in the OER. The commonly accepted
mechanism of alkaline OER, as proposed by several researchers,
is described in Equation (2)—(6) and depicted in Figure 2a.

M+OH™ —M—OH+e"
M—OH+OH —M-0+H,0+e"
M-—O0+M—0—2M+0,
M—0O+OH™ —M—OOH +e"

M—OOH +OH — M+ 0, + H,0 +e"

According to the abovementioned mechanism, the initially
adsorbed OH™ ions on the electrocatalyst surface undergo oxida-
tion by releasing one electron to form M — OH. Subsequently,
M — OH reacts with another OH™ to produce M — O, followed
by the release of another electron. Thereafter, M — O can follow
two different pathways to form molecular O,. The intermediate
M — O either recombines with another M — O to release O,
gas or forms M — OOH upon reacting with OH™, followed by
decomposition into 0,.5#!%7%] However, the M — O bonding
interactions in M — OH, M — O, and M — OOH intermediates
are a few key parameters in electrocatalytic OER performance.*?
Furthermore, it is difficult to precisely determine the reaction
kinetics and RDS of the OER owing to the multiple electron
transfer pathways and intermediates.'®* Hence, DFT calcula-
tions have been performed to understand the reaction mecha-
nism of each step and to provide a thermodynamic model of
the electrochemical reactions.'®~'%7! Here, the change in the
adsorption energy of the two intermediates determines the reac-
tion energy of the individual elementary reaction step. The least
thermodynamically favorable step can be identified from the
reaction free energy diagrams (Figure 2b), as suggested by
Dau et al.'® Trregular changes in the adsorption energies of
the intermediates led to a different reaction energy in each step.
As a result, the reaction step with the highest free energy was
considered the RDS.'%® Furthermore, Valdes et al.'% observed
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that the M—OOH formation was rendered difficult by strong
oxygen binding to the electrocatalyst surface; in contrast, weak
oxygen binding rendered the M-O formation difficult.
Moreover, the binding energies of the intermediates depend
on several factors such as the adsorbed species, solvent interac-
tions, and surface vacancies.?® In view of this, the role of oxygen
(O) and hydroxyl (OH) surface coverage in the OER performance
of rutile oxides, such as RuO,, IrO,, and TiO,, was investigated
by Nerskov et al.'%! In the case of RuO,, M—OOH formation
energy was highest with O-surface coverage, whereas M—O inter-
mediates were hardly stable with HO-surface coverage; thus, the
surface conditions of the electrocatalyst influence the intermedi-
ate formation. Additionally, the M—OH and M-OOH intermedi-
ates were more stable than the M—O intermediate owing to the
hydrogen bonding between the ~OH groups.!'* In addition, the
interactions of the water molecules with the electrocatalyst sur-
face also influence the OER ability.'*”! Because electrocatalytic
oxygen evolution is highly susceptible to multiple parameters,
a unique microscopic parameter that can serve as an RDS
descriptor is essential. In this regard, various descriptors, such
as the M-OH bonding energy, energy of the reaction step
(AGo+ — AGho+), and certain electronic structural parameters
(d orbital occupation, e.g., orbital filling, and O p-band
center), have already been reported to demonstrate the OER
mechanism.?% In summary, OER electrocatalysts can be further
developed from a thermodynamic perspective to decrease the
activation energy barrier for oxygen evolution.

3. Parameters Used to Evaluate Electrocatalytic
Activity

The suitability of any electrocatalyst for the OER is assessed by
performing electrochemical measurements involving various
parameters. The significance of those key parameters in investi-
gating the electrocatalyst performance in water splitting is
discussed briefly herein. Current density (j) is the current nor-
malized with respect to the geometrical/electrochemically active
surface area of the working electrode. In practice, electrochemi-
cal water oxidation occurs at a potential much higher than the
thermodynamic potential (E® = 1.23V). This excess potential is
referred to as the overpotential (7)'°” and is ascribed to the high
activation energy, sluggish charge transfer kinetics, poor

(@) B (b)
0, +H,0 +e M OOH g Oy+4H"+4e- 1AG
e +3H* + 3¢~
A +OH™ R :\o"= E1-E’=n<0
‘ Hzo + OH(aa)
+OH™ e &
4 it
M-O0H ,, M-OH
AG, —
‘ +OH” o e meemmm E2-E’=n=0
+0OH™ | L"""--'I
- — - o o=
¢ M-0 Real catalyst Es-E"=n>0
H,0 + e~ Ideal catalyst

Figure 2. a) Schematic of the electrocatalytic OER mechanism on an electrode surface in alkaline media. b) Gibbs free energy diagram for alkaline OER

involving different oxygen intermediates. Reproduced with permission.l'%!
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electrode conductivity, ionic/gas diffusion limitations, and
poor energy efficiency.[**>''" In general, the value of the over-
potential () is calculated at a given current density (10 mA cm ™)
from the iR-compensated current—potential curve (LSV curve).
The overpotential (yogg) for real-time water oxidation, consider-
ing the ohmic potential loss (iR), can be expressed as follows

)

where E, i, and R are the measured potential (V) at a current
density, current (A), and solution resistance (Q) determined
by electrochemical impedance spectroscopy (EIS), respectively.
The Tafel slope (b) is another key parameter for studying the reac-
tion kinetics, mechanism, and intrinsic activity of an electroca-
talyst."*? It is related to the overpotential (), current density (j),
and exchange current density (jo), as shown below!®

J
¢ Jo

The Tafel plot is derived from the iR-compensated polariza-
tion curve, and the linear portion of the curve provides the value
of the Tafel slope. Further, a linear extrapolation of this plot up to
1 = 0 provides j, value of the electrocatalyst. The j, value obtained
herein is related to the physical, structural, and other factors that
influence the surface properties of the electrode—electrolyte
interface.'"¥) The intrinsic activity of an electrocatalyst is
expressed in terms of the turnover frequency (TOF), which is
defined as the number of molecules produced per active site
per unit of time from the number of reactants. Generally, the
TOF of heterogeneous electrocatalysts is calculated by consider-
ing the active sites present on the electrocatalyst surface. The
TOF can be calculated using the following equation!''*!

®)

ror M

nFT ©)

where j, Ny, n, F, and T are the current density at an overpoten-
tial, Avogadro’s constant, number of electrons transferred,
Faraday constant, and number of moles of active sites present
in the electrocatalyst, respectively. The concentration of the active
sites can be determined using different techniques such as cyclic
voltammetry (CV) and inductively coupled plasma spectrometry
by assuming that all the metal centers present in the electroca-
talyst are electrocatalytically active. However, precise identifica-
tion of real active sites for OER is challenging; it could be
achieved using in situ spectroscopic techniques such as Raman
spectroscopy, X-Ray photoelectron spectroscopy (XPS), and
X-Ray absorption spectroscopy (XAS)."*'*) In this context, in
situ Raman spectroscopy is useful to identify the intermediates
and structural transformations of the electrocatalysts during elec-
trocatalytic OER by monitoring the changes in low-frequency
vibrational modes."*'”! For example, Qiu et al.**® observed
that the formation of y-NiOOH was responsible for the improved
OER activity of NiFe-LDHs in alkaline media. The presence of
Fe*" influenced the oxidation of Ni*" into y-NiOOH, which
was identified as the OER active phase by insitu Raman
spectroscopy.l'*® In another report, in situ Raman spectroscopy
indicated successive oxidation of Co3;04 to CoOOH with increas-
ing oxidative potential during OER in gold-supported Co30,.!**"
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Further, Co*" species were identified as the real active sites for
OER. The changes in the elemental bonding environments, pres-
ent in the electrocatalyst, during the course of OER can be mon-
itored by in situ XPS. Ali-Loytty et al.'**! utilized XPS at ambient
pressure to probe the changes in the surface chemical structure
of the electrodeposited NiFeOOH thin film during OER. The oxi-
dation of Ni and Fe was identified from the in situ Ni and Fe 2p
XPS spectra under the anodic potential of OER.''? In situ XAS in
combination with the Extended X-Ray absorption fine structure
(EXAFS) and X-Ray absorption near edge structure (XANES)
can be utilized to detect the modifications of the electronic struc-
ture as well as the local geometric environments of the atoms of
the electrocatalysts.''l Bell and coworkers observed the octahedral
occupancy of Fe*" ions in Ni;_Fe,OOH and very short Fe-O bond
distances by operando XAS technique during alkaline OER.'*!
The authors also indicated that the amount of Fe (<25%) was criti-
cal in achieving Fe-doped y-Ni; ,Fe,OOH to exhibit high OER
activity. Adding to this, DFT studies suggested Fe’" as the true
active sites for OER in such Ni-Fe-based materials.

The accelerated and long-term stabilities of electrocatalysts can
be successfully studied by chronopotentiometry/chronoamper-
ometry and CV. Accelerated stability is measured by subjecting
the electrocatalysts to CV cycles (>1000) at high scan rates
(>100mV s ). Long-term stability is studied by chronopotenti-
ometry (at a constant current density, typically 10 mA cm™?%)/
chronoamperometry (at a constant potential) for >12h. In gen-
eral, the corresponding negligible increase in the overpotential at
10 mA cm™? or decrease in the current density demonstrates
the stability/durability of an efficient electrocatalyst. However,
the electrocatalyst stability deteriorates with the exfoliation of the
electrode material due to the intense gas evolution and corrosive
nature of the high pH electrolytes.

4. General Synthetic Methods for Preparation of
MTMCH Electrocatalysts

There are various methods—hydro-/solvo-thermal, coprecipitation,
reflux, electrodeposition, and atomic layer deposition—for fabricat-
ing oxides, metal carbonate hydroxides, and their hybrids or
nanocomposites.*>'#'24 In this section, different preparatory
techniques adopted for MTMCHs will be briefly highlighted.

4.1. Hydrothermal or Solvothermal

Inorganic nanostructured materials with various morphologies
and compositions can be fabricated using hydrothermal or sol-
vothermal methods in the presence of aqueous or nonaqueous
solvents, respectively. In this process, a solution of reactants is
reacted at elevated temperature and pressure inside a sealed auto-
clave. The morphology, size, composition, and structure of the
products can be tuned by altering the reaction parameters, such
as the solvent, temperature, time, reactant concentration, and
pH. The safety issues due to autogenerated high pressure at
elevated temperature, requirement of expensive autoclaves,
and unavailability to observe the changes during the reaction
are a few disadvantages of this method."?*! Despite these issues,
the hydrothermal/solvothermal process is also advantageous for
the direct growth of nanoarchitectures on the 3D conducting
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substrates."** These direct-grown self-supported materials are

useful as binder-free electrode materials for OER. In addition,
firm contact between nanostructured materials and 3D sub-
strates makes the electrocatalysts more robust for long term
applications in OER. In view of these advantages, a wide range
of MTMCH?-based electrocatalysts and most of the directly grown
materials on Ni-foam (NF), Cu-foam (CF), and carbon cloth
(CC)/carbon paper (CP), and graphite paper (GP) are fabricated
by this technique. For example, Yang et al.” employed a two-
step hydrothermal approach for preparing partially sulfurated
NiFe carbonate hydroxide (NisFe,S/CH) nanosheets. Initially,
Ni,Fe,CH was hydrothermally synthesized with different Ni/Fe
molar ratios at 120 °C, and the second hydrothermal step was
used for the controlled sulfurization of the previous Ni,Fe,CH
by changing the sodium sulfide concentration at 160°C for
8h. Tang et al.’! grew a series of CoMny,CH samples directly
on Ni foam with varying Co/Mn ratios (from 2:0 to 0:2) through a
one-step solvothermal technique, using a mixed solvent (ethylene
glycol/ethanol). In another study, Ni and Mn substitution in
cobalt carbonate hydroxide (CCH) along with direct growth on
GP were achieved via a simple one-step hydrothermal reaction
at 160 °C for 24 h.’®) The formation mechanism suggested that
urea was the source of NH; and CO, in the reaction mixture,
which reacted with the metal ions under the experimental
conditions and were further converted to OH~ and CO3~ ions,
respectively. NiCo carbonate hydroxide nanowires on Ni foam
were fabricated by employing a polyvinyl pyrrolidone (PVP)-
assisted hydrothermal technique at 180 °C for 12h in a 50 mL
autoclave.®” The role of urea hydrolysis in providing OH~
and CO?~ ions for the crystal growth was determined; however,
the role of PVP was unclear. Furthermore, these NiCo carbonate
hydroxide nanowires were treated with Ar plasma for different
durations ranging 5-30 min. Kang et al.*®l adopted a low-
temperature hydrothermal method to fabricate a Cu-foam-
supported Cu(OH),@CoNi carbonate hydroxide core/shell
hybrid. They used room-temperature grown Cu(OH), nanotubes
on Cu foam as the substrate/core to hydrothermally grow
CoNiCH nanothorns on the walls of the Cu(OH), nanotubes
at 85 °C for 3 h in a 50 mL autoclave. In another study, a two-step
hydro-/solvo-thermal process was implemented to prepare a
NiFe-MOF/Fe carbonate hydroxide heterostructure on Ni
foam.”%! The synthesis procedure comprised the initial hydro-
thermal preparation of FeCH on Ni foam and the subsequent
solvothermal reaction in a mixed solvent (DMF/ethanol/H,0)
using FeCH/NF as the template and terephthalic acid to obtain
the NiFe-MOF/FeCH-NF hybrid.

4.2. Coprecipitation

Coprecipitation is another facile and inexpensive wet-chemical
method for preparing electrocatalysts. In this method, the
desired material is prepared by mixing metal salt solutions with
stirring, followed by precipitation resulting from the pH change
of the medium. The need for surface protecting agents, such as
surfactants, ligands, and chelating agents for controlling the
size/shape of the nanostructured materials is the main disadvan-
tage of this technique."® However, the main advantage of
coprecipitation is low or room temperature processing and is
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also useful for producing amorphous structures, which are con-
sidered beneficial for the electrocatalytic OER."*”) For example,
Karthick et al.’? synthesized nickel-iron hydroxy carbonate
hydrate (NiFeHCH) nanosheets by coprecipitation at room temper-
ature within 1h. In this process, upon adding a desired stoichio-
metric ratio of aqueous Ni- and Fe-salt solutions to a 0.5 M Na,Cos
aqueous solution, a light green precipitate appeared immediately,
indicating the formation of NiFeHCH. The color changed to dark
green upon further stirring for up to 1 h. Their group also reported
a similar strategy for fabricating nickel-cobalt carbonate hydroxide
hydrate (NiCoCHH) cubic nanostructures,”® wherein metal ace-
tate salts were used as Ni and Co precursors with the Ni/Co molar
ratios ranging from 0.5 to 1.5. The rest of the preparation proce-
dure was the same as that described previously.

4.3. Electrodeposition

Electrodeposition is another widely used method for preparing
thin films of electrocatalysts on desired conducting substrates.
To date, several thin films of hydroxides, oxides, phosphates,
carbonates, nitrides, phosphides, and chalcogenides have been
successfully deposited on the electrode surface by reducing/
oxidizing the metal ions present in the electrolytes,[%%128:12]
Further, the main advantage of this method involves control over
the quality and thickness of the nanostructured films by chang-
ing the applied potential or current and deposition times at the
electrodes.!"°**3% Although, lack of control in fabricating differ-
ent nanostructured morphologies and unsuitability of large-scale
production are the disadvantages of this technique.**”! Reports
on MTMCHs infer that electrodeposition has mostly been used
for modifying the surface of presynthesized metal carbonate
hydroxides.”**”?8 For example, Cai et al.®®! electrodeposited
a CeO,; layer on hydrothermally prepared carbon fiber paper
(CFP)-supported nickel-iron carbonate hydroxide hydrate
(NiFeCH). An aqueous solution of Ce(NOs); and NaCl was
employed as the electrolyte, and the deposition was performed
at 0.30mA cm > for a desired duration to control the amount
of Ce loading. Similarly, Zhao et al.®”! used an aqueous solution
of nickel acetate and iron chloride as the electrolyte to electrode-
posit FeNi alloy quantum dots (QDs) on sword-like nanoarrays of
CoCH/NF. Electrodeposition was performed at 20 mA cm™ for
200 s to obtain FeNi/CoCH/NF. Another recent report presented
the electrodeposition of NIOOH atop Ni-foam-supported CoCu
carbonate hydroxide (CoCuCH) nanorods.”® A standard three-
electrode configuration was used, where CoCuCH/NF, Ag/AgCl
(saturated KCl), and a platinum plate served as the working,
reference, and auxiliary electrodes, respectively. The electrodepo-
sition was conducted in a 0.1 M aqueous solution of Ni(NOs), at
—0.958 V for 7 min, and NIOOH @CoCuCH/NF was fabricated.

5. Structural Aspects of MTMCHs

Metal carbonate hydroxides exhibit a layered structure and have
the general formula M,(OH),CO3-nH,0, where M is the metal
ion in the +2 oxidation state.”! Each layered structure is
composed of (M(OH)*) and intercalated anions (CO3%~).’%
The penetration of the electrolyte into the TMCH layers and
the hydrophilicity of CO%~ ions in the interlayer region increase
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the accessibility to the active sites.**! Despite their layered struc-

ture, the low conductivity limits the efficient electrocatalytic activ-
ity of monometallic CHs."”! In contrast, mixed metal CHs
exhibit a better OER performance than monometallic CHs owing
to the synergistic interactions between various metal centers.®®!
This can be attributed to the fast electron transfer and a decrease
in the free energy of the RDS by increasing the electron-density
near the Fermi level.””-”%! The different crystallographic phases of
TMCHs are briefly discussed herein on the basis of previous
reports. Wang et al.l'*? reported the monoclinic crystal structure
of hydrothermally synthesized Co,(OH),(COj3), which was isomor-
phous to the naturally occurring malachite mineral group. The
structural refinement via Rietveld analysis and the as-determined
crystal structure are shown in Figure 3a,b. Accordingly, the crystal
lattice of Co,(OH),(CO3) consisted of Co**, CO}~, and OH ™ ions
with C; site symmetry. There were two types of Co®" and OH™
ions and one type of CO%~. The formation of a (4 + 2) coordinated
distorted octahedron was ascribed to the coordination of one
type of Co*" with two OH™ and two oxygen atoms from CO3%~
and the coordination of another type of Co*" with four OH™
and two oxygen atoms from CO3~.1"*? In contrast, Yang et al.***
observed the formation of hydrated cobalt hydroxy carbonate
[Co(CO3)0.5(OH)-0.11H,0] with an orthorhombic crystal structure,
which matched well with JCPDS card No. 00-048-0083. In another
study, the phase formation of cobalt hydroxide carbonate
was significantly influenced by the reaction temperature.
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Low-temperature hydrothermal reaction (100-140 °C) resulted in
an orthorhombic phase, whereas high-temperature hydrothermal
reaction (=180 °C) resulted in a monoclinic phase.l"** However, in
a recent study, Bhojane et al.'* pointed out that the previously
reported Co(COs)o5(OH)-0.11H,0 (with an orthorhombic phase)
was inaccurate. They performed Rietveld refinement of the syn-
chrotron data with Le Bail fitting of hydrothermally fabricated
cobalt carbonate hydroxide hydrate and determined the chemical
formula as Cos(COs3)(OH)s-H,0 [hexacobalt(II) bis(carbonate)
octahydroxide monohydrate]; the crystal structure was hexagonal
(Figure 3c)."*® The corresponding findings indicate that the
infinite edge-sharing [CoOg] chains following the ¢ axis were inter-
connected by carbonate ions, as shown in Figure 3d. In another
study, cubic nickel-cobalt carbonate hydroxide hydrate nanostruc-
tures were fabricated by coprecipitation; they exhibited a
rhombohedral crystal structure with the chemical formula
(Nig.10C02.90) (OH)15.27(CO3)1.315:6.7H,0.17*! Therefore, the exact
crystal phase and chemical formula of metal carbonate hydroxides
are ambiguous and require further investigation.

6. MTMCH Electrocatalysts in Oxygen Evolution
Reaction

Layered transition metal carbonate hydroxides constitute a struc-
turally and chemically well-defined family of compounds.©>7°#3]
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Figure 3. a) Reitveld analysis showing experimental data (blue), diffraction peak positions (red), and difference between experimental and calculated
patterns and b) crystal structure of Co,(OH),(COs). Reproduced with permission.['*?! Copyright 2010, Cambridge University Press. c) Refined synchro-
tron diffraction pattern of Cog(CO3) (OH)s-H,O. The experimental data (red dots), calculated data (black lines), Bragg diffractions (ticks), and difference
between the experimental and calculated patterns (blue curve) are represented. d) Cog(CO3)(OH)s-H,O unit-cell along short ¢ axis including face/
edge-sharing [CoOg] octahedra forming rings. Reproduced with permission.l'**! Copyright 2019, International Union of Crystallography.
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Recently, TMCHs have been investigated as electrocatalysts in
alkaline water splitting and near-neutral media owing to their
rich redox properties and high accessibility to electrolytes.>*7%73]
However, recent studies have reported that the poor intrinsic
activity of TMCHs is a major challenge in achieving desirable
OER efficiency.”* In this context, mixed transition-metal-based
carbonate hydroxides can be considered more efficient OER
electrocatalysts than their monometallic counterparts. There
are various modulation strategies for improving the OER kinetics
and decreasing the overpotential of MTMCHSs for alkaline
OER.P>37:687299 Taple 1 summarizes the different approaches
undertaken to achieve excellent OER performance with the good
long-term stability of MTMCHs.

6.1. Compositional Tuning

Nickel-iron carbonate hydroxide hydrate (NiFeHCH) nano-
sheets were prepared by coprecipitation. The OER performance
of nanosheets with varying Ni:Fe stoichiometric ratios (1:0.2,
1:0.4, 1:0.6, 1:0.8, and 1:1) in aqueous 1.0M KOH and
NaHCO; was investigated (Figure 4a).”” The NiFeHCH
(1:0.2) nanosheets demonstrated superior alkaline OER activity
with a low overpotential of 250mV at 20mAcm™ and
39 mV dec™* Tafel slope (Figure 4b). The improved hydrophilic-
ity of NiFeHCH resulted in its better OER performance than the
LDH systems. This observation was confirmed by the appearance
of M — H,0 peak in the high-resolution O 1s spectrum, which
might have increased the hydrophilicity in addition to the pres-
ence of M — CO3~ bond in NiFeHCH. In another study, Karthick
et al.”* employed coprecipitation and prepared cubic nanostruc-
tures of bimetallic nickel-cobalt carbonate hydroxide hydrates
(NiCoCHH) with three different Ni:Co molar ratios ranging
from ~0.5 to 1.5. The crystallinity of the NiCoCHH nanostruc-
tures changed upon varying the Ni/Co molar ratios, and the low
intensity of the XRD peaks indicated the poor crystalline nature
of the products due to the increase in Ni content (Figure 4c).
Therefore, the Ni/Co stoichiometric ratio strongly influenced
the OER activity of the cubic NiCoCHH nanostructures, and
NiCoCHH (1:1) exhibited the lowest OER overpotential of
~238mV@10mA cm > with 95.21% Faradaic efficiency in
1.0M KOH. Furthermore, the post-durability test indicated
surface oxidation and the appearance of NiOOH species on
NiCoCHH (1:1). Yang et al”* reported the fabrication of
partially sulfurized mesoporous nickel-iron carbonate hydroxide
ultrathin nanosheets by partially replacing the carbonate and
hydroxyl groups in NiFe carbonate hydroxide with S. During
the synthesis, compositional optimizations were performed with
different Ni:Fe molar ratios and with a controlled degree of sul-
furization, the optimized Ni,Fe;S/CH nanosheets were obtained
(Figure 4d). The modifications in the electronic structure and the
partial replacement of CO3~ by S~ ions were confirmed by XPS.
Additionally, increasing the Fe content in Ni,Fe,S/CH was unfa-
vorable for alkaline OER, and Ni,Fe;S/CH showed a small over-
potential of ~261 mV@20 mA cm™? with excellent stability
(Figure 4e). The high OER performance of Ni,Fe;S/CH was
attributed to the donor—acceptor interactions between the S?~and
Ni/Fe ions (which facilitated oxygen desorption), synergistic
interactions of Ni and Fe centers, and a decrease in the charge
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transfer resistance due to the strong interactions between the sul-
fides and NiFeCH.

Hui et al.”®! employed a hydrothermal method and fabricated
an interconnected network of vertically aligned iron—cobalt car-
bonate hydroxide nanosheet array on a 3D conductive Ni foam
(FxC1CH/NF) with varying Fe/Co molar ratios. The nanosheet
density increased up to a Fe/Co ratio of 0.25, and a further
increase in the Fe/Co ratio resulted in thicker nanosheets and
lower nanosheet densities. The strong coupling interaction
and modulation of the electronic structure, caused by the intro-
duction of Fe into cobalt carbonate hydroxide, were evident from
the XPS analysis of the optimized Fe, ,5C;CH/NF. Furthermore,
density functional studies indicated that the Co center in
Fep,5CiCH had more electrons in the Co 3d orbital
(Figure 4h) and higher adsorption free energies of the crucial
OER intermediates (-OH, —O, and —OOH) on Co center than that
in pure CCH, which are favorable for enhanced alkaline OER
performance. The Fej ,5C;CH/NF with an optimum Fe/Co ratio
(~0.25) required overpotentials of ~228 and 308 mV to deliver 10
and 1000 mA cm™? current densities, respectively, in alkaline
OER (Figure 4f,g). This excellent performance was attributed
to an increase in the electrochemical active surface area (ECSA),
electron/mass transport properties, synergistic interactions, and
modulation of the electronic structure through compositional
tuning.

6.2. Substitution or Doping

Heteroatom substitution/doping can be considered an
effective strategy for enhancing the electrocatalytic activity of
TMCHs.**"*"! Doping with foreign elements or substituting
the metal centers in TMCHs would lead to a strong interaction
between the dopants and the matrix, thereby modifying the elec-
tronic structure of the TMCHs.”®! In particular, heterometal
doping/substitution influences the electronic environment of
the metal centers and regulates the population of the d-orbital
electrons, which facilitates -OH adsorption on the electrocatalyst
surface and improves the charge transfer. Furthermore, dopant
metal atoms can also generate additional active sites for
OER.”>7778 Such factors could be beneficial for achieving an
improved OER activity in TMCHs. Elemental substitution/
doping in metal carbonate hydroxides can be classified on the
basis of metallic or nonmetallic dopants/substituents; the catego-
ries are discussed in the following sections.

6.2.1. Metal Substitution or Doping

Tang et al.”®! doped cobalt carbonate hydroxide (CoCH) with Mn
and prepared Ni-foam-supported Co-Mn carbonate hydroxide
(CoMnCH) for alkaline water splitting. Modulation of the
electronic structure was evident from the XPS analysis; the Co
2p;;, peak shifted to a lower binding energy because of Mn
doping (Figure 5b). Further, the density of state calculations indi-
cated that CoMnCH had a higher population of electrons in the
Co 3d orbital than CoCH, which benefited the emergence of the
adsorbed —OOH species on the electrocatalyst surface, thereby
facilitating the oxygen evolution activity. CoMnCH showed a
more significant increase in the electrocatalytic OER activity than
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Table 1. Electrocatalytic OER activities of MTMCHs according to different modulation strategies.
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Strategy Materials Synthesis Substrate Morphology Electrolyte Overpotential Tafel Stability
[mV @ 10 mA cm’z] [mv decq]
Compositional ~ NiFeHCH (1:0.2)" Coprecipitation Carbon Cloth  Nanosheets 1.0 M KOH  250@20 mA cm 2 39 16 h@274 mv
Tuning NiCoCHH (1:1)"* Coprecipitation Carbon Cloth Cubic 1.0 M KOH 238 190 12h@324 mV
nanostructures
Fo.25C1CH/NFE! Hydrothermal Nickel foam  Nanosheets 1.0 m KOH 228 42 6000 cycles and
array 70 h@100 mA cm~2
NixFeyCH and Hydrothermal Glassy carbon  Nanosheets 1.0 M KOH  261@20 mA cm™? 103 5000 cycles and
NixFeySt74 electrode 10h@20 mA cm 2
Substitution/ Co;Mn;CHS! Hydrothermal Nickel foam Nanosheet 1.0 M KOH 294@30 mA cm ™2 - 18 h@50 mA cm™2
Doping Coy9Nig1(CO3) (OH),/ Hydrothermal Graphite paper Rectangular 1.0 M KOH 266 44.83 12h@20 mA cm™2
GpUel Nanoplates
Co-FeNiCH/NF"”! Hydrothermal Nickel foam ~ Nanosheets 1.0 M KOH 202 37.5 20h@1.55V
Fe’™ loaded on Hydrothermal and ~ Nickel foam Microsheet-like1.0 M KOH 277 70 3000 cycles and
Niz(OH)ZCO3[78] immersion units 36 h@280 mVv
5%W-CCHL?) Hydrothermal Carbon cloth Brush-like 1.0 m KOH 318 65.45 40h@20 mA cm 2
nanoarrays
Cro_z-CoCH/NF[SO] Hydrothermal Nickel foam Nanowires 1.0 m KOH 203 84 1000 cycles and
25 h@1.45V
C@NFe1Co1CH/CC[8” Hydrothermal carbon cloth  Nanoneedle 1.0 m KOH 235 34 30h@10mA cm™2
arrays
N-Mn-CCH@NF®? Hydrothermal Nickel foam 2D micro 1.0 M KOH 318@50 mA cm ™2 77.2 -
flakes
Morphology CCHS/Cpil Hydrothermal Carbon Paper Nanoneedles 1.0 m KOH 240 82.06 9h@20 mA cm 2
Modulation CoCHI®® Mild low-temperature GC electrode ~ Nanorods 1.0 m KOH 320 38.8 5h
precipitation
Feg.2s—CoMoCHP”! Hydrothermal Ni foam Spherical 1.0 M KOH 232 46 50 h@10mA cm 2
Ar-plasma treated Hydrothermal Ni foam Nanosheets 1.0 m KOH 250 89 6000 cycles
NiCo-CHs*¥
In situ Fe-CCHH/NF-30 Hydrothermal and ~ Nickel foam  Nanowires 1.0 m KOH 200 50 130 h@55 mA cm 2
Transformation electrodeposition
Partially sulfurated Hydrothermal Nickel foam  Nanosheet 1.0m 226 413 100 h@50 mA cm 2
CoFeCHsl® and porous NaOH 367@1000 mA cm 2
structure
CoXNinH[“] Hydrothermal Ni foam Nanosheets 1.0 M KOH  256@50 mA cm 2 51 18 h@50 mA cm 2
Hybrid/ Cu(OH),@CCHH/CF®" Chemical bath Copper foam  Nanowire 1.0 M KOH  290@100 mA cm ™2 78 1000 cycles and
Heterostructures deposition 20 h@260 mV
Cu(OH),@CoNiCH/ Hydrothermal Copper foam  Nanotubes 1.0 M KOH  288@30 mA cm 2 74 1000 cycles and
CFi8l 12h@10 mA cm™2
PBA@ CoHC/CClE Hydrothermal Carbon cloth Cube 1.0 M KOH 240 79 50h@1.5V
FeOOH/NiFe Hydrothermal Nickel foam  Nanoplates 1.0 m KOH 220 - 40 h@multistep
LDHs@CCH/NF® 10-500 mA cm 2
P-NiMoO,@CoCH/ Hydrothermal Carbon Cloth  Nanosheet 1.0 M KOH  267@40 mA cm 2 99 20h
cclon
CH@NCHC-Pd /CFP2 Hydrothermal Copper foam  Nanothorn— 1.0 m KOH 136 64 1000 cycles and 12h
Nanotube
arrays
NiFeCH (Ce)®* Hydrothermal & Carbon fiber ~ Nanosheet 1.0 M KOH 252@100 mA cm 2 59 48 h
electrodeposition paper
Ni.75Feo15Ceo.10/NFEY Hydrothermal Nickel foam  Nanosheets 1.0 M KOH 228 38.3 46 h@10 mA cm™2
CFMS@CFOC/! Hydrothermal Ti mesh Nanowires 1.0 M KOH 237 118 25 h@290 mvV
CusN@CoNiCHs@CFP® Hydrothermal Copper foam  Nanothorns 1.0 M KOH 155 96 3000 cycles and 24 h
@138V
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Table 1. Continued.
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Strategy Materials Synthesis Substrate Morphology Electrolyte Overpotential Tafel Stability
[mV @ 10mACcm™]  [my dec]
FeNi/CoCH/NF®") Hydrothermal &  Nickel foam  Sword-like 1.0 M KOH  240@20 mA cm 2 448 2000 cycles and 23 h
electrodeposition nanoarrays
NiOOH@CoCu CH®®  Hydrothermal & Nickel foam ~ Nanorods 1.0 M KOH 263 43.2 22h@1.46V
electrodeposition
NiFe-MOF/FeCH-NF®% Hydrothermal Nickel foam  Nanosheets 1.0 M KOH 200 513 50h@10mA cm ™2
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Figure 4. a) XRD patterns and (b) reverse cyclic voltammetry (CV) (scan rate: 1 mV s™') in 1.0 M KOH of NiFeHCH nanosheets with different Ni/Fe ratios.
Reproduced with permission.’? Copyright 2019, American Chemical Society. c) XRD patterns of NiCoCHH with various Ni/Co molar ratios. Reproduced
with permission.”” Copyright 2020, American Chemical Society. (d) Schematic representation of the preparation procedure and e) LSV curves for OER in
1.0 M KOH of Ni,Fe,S/CH nanosheets. Reproduced with permission.l”* Copyright 2019, Elsevier Ltd. f) CV and g) OER overpotentials of by-Fg ;C;CH/NF,
by-Fo.25C1CH/NF, bs-FosCiCH/NF, by-F,C;CH/NF, bs-CCH/NF, be-FCH/NF, and b;-RuO,. h) 3 d orbital electron count per Co atom in CCH and
Fo.25C1CH. Reproduced with permission.F’! Copyright 2018, Wiley-VCH GmbH.
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Figure 5. a) iR-corrected LSV polarization curve at 5mV s~ for OER of Co,Mn,CH samples and bare NF in 1.0 m KOH. b) High-resolution Co 2ps, XPS
spectra of CoCH and CoMnCH-ce. Reproduced with permission.””! Copyright 2017, American Chemical Society. ) OER Polarization curves
(iR-corrected) at 5mV s~ of NiCCH, MnCCH, and CCH. The insets show morphology and overpotentials at different current densities. d) CV without
iR-correction at 10mV s~ of NiCCH, MnCCH, and CCH for OER mechanism exploration. Reproduced with permission.”®! Copyright 2020, American
Chemical Society. Comparison of the deconvoluted e) Ni 2p and f) Fe 2p X-Ray photoelectron spectroscopy (XPS) spectra of Co-FeNiCH/NF and/or
FeNiCH/NF samples. g) LSV curves for OER of Co-FeNiCH/NF, FeCoCH/NF, FeNiCH/NF, CoNiCH/NF, and bare NF. Reproduced with permission./’”!
Copyright 2019, The Royal Society of Chemistry. h) Synthetic scheme and i) comparison of OER overpotential and Tafel slope values of different Fe’*-
loaded Ni,(CO3)(OH), samples. Reproduced with permission.l’® Copyright 2020, Elsevier.

CoCH; it required an overpotential of 294 mV to deliver 30 mA
cm ™ current density (Figure 5a). In addition, the morphological
modulation of the nanosheet arrays and the compact structure
grown on Ni foam helped CoMnCH to achieve 1000 mA
cm™? current density at an overpotential of 462 mV. The effect
of Co substitution with Ni and Mn was studied in GP-supported
Co,(CO3)(OH), (CCH) nanostructures for the alkaline OER
(Figure 5c).” The Ni and Mn substitutions were effective in
modulating the crystal structure, morphology, and electronic

structure  and  increased the ECSA  significantly.
The substituted Co;oNig1(CO3)(OH),/GP (NiCCH) and
Cop.95sMnj 0sCO3/GP  (MnCCH)  exhibited better ~OER
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performance than pure CCH and also commercial RuO, electro-
catalyst in 1.0 m KOH. NiCCH required only 266 mV overpoten-
tial to reach 10mA cm™? current density and exhibited
considerably fast OER kinetics with a low Tafel slope of
~44.8 mV dec™'. Ni substitution was more effective in decreasing
the OER overpotential than Mn substitution. Furthermore, the
electrochemical analysis of the OER mechanistic pathways iden-
tified the Co®**-to-Co** oxidation as the RDS (Figure 5d); Ni facili-
tated the RDS owing to its higher electronegativity than Mn.
Qi et al””! grew a Co-doped FeNi carbonate hydroxide
nanosheet array on Ni foam (Co-FeNiCH/NF) via a one-step
hydrothermal method. In the XPS spectra, the Fe 2p, Ni 2p,
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and O 1s peak positions in Co-FeNiCH/NF were redshifted rel-
ative to those in FeNiCH/NF, indicating the successful incorpo-
ration of Co and the modification of the electronic structure
(Figure 5e,f). The Co—FeNiCH/NF exhibited an overpotential
of ~202mV at 10mAcm™? (Figure 5g), a Tafel slope of
37.5mVdec™?, and good durability (20 h) in the alkaline OER.
The significantly increased ECSA and decreased electron transfer
resistance accounted for the enhanced performance. Further, it
was assumed that Co doping helped to improve the OER perfor-
mance by optimizing the electron affinity of the active centers for
—OH adsorption and rapid charge transfer. The postmortem
analysis of Co-FeNiCH/NF after OER stability identified
M-OOH as the main OER active species, which was inferred
from the increased Ni*™/Ni*" photoelectron peak ratio.
Low-crystalline Ni,(COs)(OH), loaded with Fe*" (NiHC-Fe)
was fabricated using a hydrothermal method followed by a sim-
ple immersion procedure (Figure 5h)."® The Fe*" loading was
guided by the difference in the K, values of Ni(OH), and
Fe(OH)s. In addition, the Fe*" content was optimized; NiHC-
Fe-1, obtained after immersion in 1M Fe3* aqueous solution,
demonstrated the highest alkaline OER activity with 277 mV

Carbon cloth

www.advenergysustres.com

overpotential at 10 mA cm ™2 and a Tafel slope of 70 mV dec ™!
(Figure 5i). It was postulated that Fe would promote the conver-
sion of Ni sites to higher oxidation states, which would favor the
proper binding of OER intermediates. In addition, the introduc-
tion of Fe into NiHC led to the emergence of Fe—O-Ni species as
additional active sites. Thus, the effective synergistic interaction
between the Fe and Ni centers imparted high oxygen evolution
activity to NiHC-Fe-1. Jin et al.”® synthesized W-doped cobalt
hydroxide carbonate (W-CCH) brush-like nanoarrays on carbon
cloth (CC) with varying atomic percentage (at.%) of the W dopant
(Figure 6a) using a hydrothermal route. The doping concentra-
tion of W°* was optimized to 5 at% in terms of the OER perfor-
mance in 1.0 M KOH electrolyte. The optimum 5%W-CCH
required a much lower OER overpotential (318 mV) to deliver
10 mA cm ™2 current density than CCH (332mV) (Figure 6c).
In contrast, W-CCH exhibited a lower ECSA with increasing
W content than CCH, suggesting that high intrinsic activity
was a dominant factor (instead of an increase in the electroactive
surface area) in W-CCH for improved OER performance.
Furthermore, a more detailed analysis revealed an increase in
the electron density near the Fermi level due to the 5at%

Ni foam (NF)
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Figure 6. a) Schematic representation of the preparation and (c) overpotentials needed at current densities ranging from 10 to 200 mA cm ™2

@“‘.e\

of CCH and

W-CCH. (d) Schematic illustration of the electronic coupling between Co and W in W-CCH. Reproduced with permission.”® Copyright 2020, Elsevier.
b) Proposed fabrication scheme of Cr,-CoCH (x=0, 0.1, 0.2, 0.4) and e) high resolution Co 2p XPS spectra of Crg,-CoCH and CoCH. h) Calculated free

energy diagram for the OER on Cr-CoCH and CoCH. Reproduced with permission.B% Copyright 2021, Elsevier. f) OER polarization curves @ 2mV s~

1

and (g) mass activities at the 7 =280 mV of RuO,, CoCH/CC, C@CoCH/CC, C@NCoCH/CC, and C@NFe;Co,CH/CC in 1.0 M KOH. Reproduced with

permission.®" Copyright 2019, Elsevier.
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W°" doping; the dopants also acted as O, adsorption sites. W
doping was also effective in enhancing the OER activity of vari-
ous metal carbonate hydroxides with greater than or equal to half-
filled metal d-orbitals (Figure 6d). In a recent study, Zhao et al.®!
doped Ni-foam-supported CoCH nanowire arrays (Figure 6D)
with Cr to modify their morphology, electronic structure
(Figure 6e), ECSA, and electrocatalytic OER activity in 1.0 M
NaOH. The optimal Crq,-CoCH/NF exhibited the highest
ECSA and a considerable improvement in the OER performance
with a lower overpotential (<203 mV@10mA cm™?) than
undoped CoCH/NF (273 mV). The theoretical investigation of
the OER mechanism identified *OOH formation as the RDS,
and Cr doping decreased the energy barrier of the RDS, thereby
boosting the OER activity in 1.0 M NaOH (Figure 6h).

In contrast, doping of very small or ultralow amount of noble
metals, such as Ru and Ir into TM-based oxides, hydroxides, and
LDHs also evidenced as an effective modulation strategy to
enhance OER activity."***? The advantages of ultralow noble
metal doping include adsorption energy optimization of OER
intermediates on the electrocatalyst surface through electronic
structure modulation, acting as additional active sites, increase
in electrical conductivity, and active surface areas by inducing
lattice distortion."**'*] These factors highly facilitate the
OER kinetics and decrease the overpotential. For example, Li
et al.l"*% reported enhanced OER performance of ultralow Ir-
doped Co(OH), nanosheets, fabricated by a facile cation-
exchange reaction. The synergistic interaction between the Ir
and Co(OH), resulted in high intrinsic oxygen evolution activity
in the electrocatalyst by regulating the adsorption energy of the
OER intermediates. Further, this approach was also highlighted
as a universal method for Ir-doping in a series of Co-based bime-
tallic LDHs. However, there are no studies available on noble
metal doping in MTMCHs for electrocatalytic OER applications.

6.2.2. Nonmetal Doping

Dai et al.®! used a hydrothermal route and low-temperature cal-
cination to fabricate thin carbon-coated N/Fe-modified CCH nee-
dle arrays on carbon cloth (C@NFeCoCH/CC) and studied its
electrochemical performance in the alkaline OER. The introduc-
tion of Fe into CoCH modified the electronic structure of the Co
centers, and among the different Fe/Co ratios, C@ NFe;Co;CH/
CC showed the lowest OER overpotential (Figure 6f).
C@NFe;Co;CH/CC (optimal composition) demonstrated an
overpotential of ~235mV@10mAcm 2, mass activity of
681.4A g ', and stability over 30h at 10mA cm
(Figure 6g). The N doping and the thin carbon layer boosted
the oxygen evolution ability by forming Co/Fe-N-C species as
well as enhanced the conductivity. The conductive carbon cloth,
thin carbon layer, and N/Fe modification in C@ NFe;Co;CH/CC
resulted in a stable, fast charge transfer between the interface and
the electrolyte. Recently, Wang et al.®?! derived N and Mn dual-
doped cactus-like Co;0, nanostructures from cobalt carbonate
hydroxides (CCH) and grew them on Ni foam using N, plasma.
In their study, the time for the hydrothermal reaction was first
optimized to 6h to achieve superior OER performance of the
Mn-CCH@NF precursor. The subsequent treatment with N,
plasma at room temperature led to the formation of N-doped
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Mn-CCH@NF and atomic defects/vacancies, which enhanced
its intrinsic activity and electronic conductivity. N-Mn-CCH
exhibited a lower OER overpotential (=318 mV @ 50 mA cm™?)
than Mn-CCH (~327 mV) in 1.0 M KOH.

6.3. Morphological Modulations

Zhang et al.®® prepared nanoneedle-assembled 3D CCH super-
structures via hydrothermal synthesis; the superstructures exhib-
ited an enhanced OER performance with an overpotential of
~240 mV@10 mA cm > (Figure 7a,b). The enhancement was
ascribed to the rough surface of the ordered 3D assembled super-
structure, improved ECSA, and active-site accessibility. In
another report, the 7,9 and Tafel slope of the CCH nanorods were
~320mV and 39 mV dec ™, respectively.®® Cai et al.””! demon-
strated that FeCoMo/CoMo carbonate hydroxide core-shell
microspheres were promising electrocatalysts (710 =232 mV)
for the OER in alkaline media (Figure 7c,d). The presence of
Fe in the core resulted in energy level modulation, thereby shift-
ing the valence band of Fe, ;5—CoMoCH closer to the thermody-
namic potential (1.23V) for the OER than that of CoMoCH
(Figure 7e). In addition, the amorphous structure of Fegs—
CoMoCH facilitated oxygen evolution activity owing to numer-
ous active centers and high ECSA.

In another study, Ar plasma was used for exfoliating NiCo car-
bonate hydroxide nanowires into nanosheets, leading to the for-
mation of a 3D dendritic structure, as shown in Figure 7f-k).®*
This Ar plasma exfoliation strategy was instrumental in enhanc-
ing the specific surface area and ECSA, thereby improving the
OER activity with 250 mV@10mAcm™? and 89mV dec™’
Tafel slope. Furthermore, a population of higher oxidation states
of Ni and Co was also observed as a result of the plasma treat-
ment, which promoted the diffusion of the analytes and acceler-
ated the charge transfer at the electrode—electrolyte interfaces.

6.4. In Situ Transformations

Zhang et al.®>) synthesized Fe-doped cobalt carbonate hydroxide
hydrate nanowires grown on nickel foam (Fe-CCHH/NF) via a
hydrothermal treatment followed by an insitu electrochemical
modification (Figure 8a). The Fe doping concentration was opti-
mized by performing in situ electrochemical transformation for
different time intervals; Fe-CCHH/NF-30, obtained after 30 min
of electrolysis, exhibited the best OER performance. The modifi-
cation of the electronic environment and the coordination nature
around the Co centers were evidenced by the XPS and EXAFS
analyses (Figure 8d,e) of Fe-CCHH/NF, respectively. Further,
DFT investigations indicated that the increase in the electron
density of the Co 3d orbital favored the formation of -OOH
intermediate, which enhanced the OER in alkaline media
(Figure 8f,g). The optimized Fe-CCHH/NF-30 exhibited a small
OER overpotential of ~200 mV@10mA cm™2, a Tafel slope of
~50 mV dec™?, and an excellent stability for 130 h at 55 mA cm ™2
in 1.0 M KOH (Figure 8b,c). To achieve high OER performance
and excellent durability, Tang et al. adopted an insitu
approach.”® They fabricated a metal-sulfide-metal-carbonate
hydroxide heterostructure (Figure 8h), wherein the heterointer-
face was obtained by partially sulfurizing the CoFe carbonate
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Figure 7. a) FESEM and TEM images of cobalt carbonate hydroxide superstructures on carbon paper (CCHS/CP) and (b) OER polarization curves of CCHS/
CP, CP, and IrO,/CP. Reproduced with permission.®*! Copyright 2017, The Royal Society of Chemistry. ) HAADF-STEM and corresponding elemental
mapping images of Feg;s—CoMoCH. d) LSV curves for OER of CoOMoCH/NF, Fep,5—CoMoCH/NF, and IrO,/NF. e) Comparison of band gap structure
of CoMoCH and Feg ,5—CoMoCH. Reproduced with permission.>”! Copyright 2019, American Chemical Society. TEM and HRTEM images of NiCo-LDHs
(f.g, and h) and 10 min Ar-plasma treated NiCo-LDHs (i, j, k). Reproduced with permission.B* Copyright 2019, The Royal Society of Chemistry.

hydroxide nanoarrays on Ni foam. The partial sulfurization was
more instrumental in decreasing the OER overpotential than
complete sulfurization. The CoFe carbonate hydroxide/sulfide
with a nanoparticle-in-nanosheet morphology exhibited an over-
potential of ~226 mV@10 mA cm ™2 and delivered an industrial
standard current density of ~1A cm™> at merely 367 mV
overpotential in the alkaline OER. It was assumed that the
metal-S/CH heterointerface enhanced the intrinsic activity via
electronic-structure modulation by transferring electrons from
the M-S antibonding orbital to the M-O bonding orbitals.
Recently, Liu et al.®® identified in situ metal oxyhydroxides, which
originated from the partial phase transformation of CoNi,CH
holey nanosheet arrays, as the real active species in alkaline
OER. The emergence of electrocatalytically active CoOOH and
NiOOH species during the OER was evidenced by the increase
in the Co’*/Co®* and Ni**/Ni** ratios of Co,Ni,CH on compat-
ing the XPS spectra (before and after OER). Further, they pointed
out that the small Fe impurities in the electrolyte (1.0 M KOH)
played a key role in assisting the phase transition, thereby prevent-
ing the dissolution of Co in the alkaline solution during electroly-
sis and improving the electronic conductivity of the electrocatalyst.
Thus, Co,Ni,CH was proven to be an efficient precatalyst
(150~ 256 mV and Tafel slope =51 mVdec™?) for the OER in
the presence of Fe-containing alkaline media (Figure 8i,j).

6.5. Hybrid Structures or Heterostructures

Hybrid structures or heterostructures of mixed-metal-based elec-
trocatalysts can be beneficial in terms of synergistic interactions,
3D structures, heterointerfaces, and numerous available
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electrochemical active sites.'**? Xie et al.’”) investigated
the alkaline OER performance of Cu-foam-supported
Cu(OH),@CCHH  core-shell hybrid nanowire arrays
(Cu(OH),@CCHH NW/CF) fabricated via a wet-chemical
approach (Figure 9a). The large surface area, many exposed
active sites, high charge-transfer rate, and rapid electrode kinetics
of the Cu-foam-supported Cu(OH),@CoCO3(OH),-nH,0 core—
shell nanowire arrays accounted for its low overpotential of
~270mV@S0mA cm™? in 1.0m KOH (Figure 8b).
Alternatively, the hierarchical nature of Cu(OH),@CCHH
NW/CF and the synergism between the Cu(OH), core/
CoCO;3(0OH),-nH,0 shell were instrumental in enhancing the
OER activity.

In another study, Kang et al.®® also used directly grown
Cu(OH); nanotubes on Cu foam (Cu(OH), NTs/CF) as the sub-
strate and grew CoNiCH nanothorns atop the substrate to form
core—shell Cu(OH),@CoNiCH NTs/CF (Figure 9c-f). This
hybrid structure showed better hydrophilicity than Cu(OH),
NTs/CF. The 3D hierarchical core-shell Cu(OH),@CoNiCH
nanotubes on Cu foam exhibited an overpotential of
~288 mV@30 mA cm 2 in the alkaline OER. The authors sug-
gested that a large surface area and the presence of several mes-
oporous/short diffusion paths could increase the number of
available active sites. In addition, better OER performance could
be attributed to a faster electron transport. Indra et al.B? used
CC-supported cobalt hydroxide carbonate (CoHC/CC) as a tem-
plate to fabricate cubic Prussian blue analogs (PBAs), forming a
heterostructure of PBA@CoHC/CC. The CCH/CC template was
essential for effectively decreasing the OER overpotential of the
templated PBAs relative to that of the PBAs without any template.
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Figure 8. a) Fabrication scheme of the Fe-CCHH/NF-t (¢ represents time). b) Overpotential of Fe-CCHH/NF-t samples, CCHH/NF, and bare NF.
c) Long-term stability of Fe-CCHH/NF-30 for 130h @ 55 mA cm™2. d,e) FT-EXAFS of the CCHH/NF, Fe-CCHH/NF-30, and the reference samples.
f) Projected density of states and g) reaction free energy diagram for OER of CCHH and Fe-CCHH-30. Reproduced with permission.®® Copyright
2020, American Chemical Society. h) Schematic representation and the EDX elemental mapping images of partial sulfurated CFCH (psCFCH).
Reproduced with permission.*®! Copyright 2019, The Royal Society of Chemistry. i) LSV curves and j) overpotentials (at 10 and 50 mA cm™2) for
OER of different Co,Ni,CH samples. Reproduced with permission.®¥ Copyright 2022, The Royal Society of Chemistry.

The templated sample (designated t-Co"-Co™") exhibited a low
OER overpotential (i710) of ~240mV in a 1.0 M aqueous KOH
solution. The post-OER detailed spectroscopic and microscopic
characterizations revealed the electrochemical transformation
of PBA into a hydroxide—oxyhydroxide structure and the disap-
pearance of the —-CN group during the alkaline OER. The forma-
tion of an integrated system with a strong electrocatalyst support,
improved charge transfer, and availability of a greater number of
active centers were presumed to be responsible for such high
OER performance. A multicomponent hierarchical hybrid com-
prising FeOOH/NiFe LDH nanoplates grown atop the CCH
nanowire arrays on NF (Figure 9g), prepared via a two-step
hydrothermal synthesis, was an effective OER electrocatalyst
with low overpotential (710) of ~220mV in 1.0m KOH.P?
Such a hierarchical construction was intended to increase the
surface area for improving the electrolyte accessibility and mass
transport during the OER. Wang et al.®" constructed a 3D hybrid
composed of P-doped NiMoO, (NiMoP) parallel nanosheets on
CC-supported CoCH nanowire arrays (Figure 9i), which showed
good alkaline OER activity (267 mV@40 mA cm™?). The high
electrochemical activity of 3D NiMoP@CoCH/CC possibly
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resulted from the synergism of NiMoP and CoCH, which formed
quasi-1D channels and enhanced the electrolyte penetration.
The oxygen vacancies (introduced during the phosphorization)
and the P dopant might also have been instrumental in enhanc-
ing the electronic conductivity as well as the intrinsic electroca-
talytic activity. Kang et al® demonstrated a prospective
approach for achieving an ultralow OER overpotential of
~207 mV@100mA cm > They employed a 3D integrated
precious-metal (Pd)-decorated hybrid structure of a core/shell
electrocatalyst comprising a Cu(OH), NTs/CF core and a
nickel-cobalt hydroxide carbonate (NCHC) nanothorn shell
(Figure 9h,j). The Tafel analysis identified OH™ adsorption
and O-H bond-breaking steps as the RDS in the alkaline OER
for CH@NCHC-Pd NT/CF (64mV dec™'). Cu(OH), NTs/CF
exhibited poor OER performance; however, its role was crucial
in improving the oxygen evolution ability of the CH@NCHC-
Pd NT/CF hybrid. The high electrolyte exposure of the active
sites was attributed to the large surface area imparted by the
nanotubes and the hierarchical morphology of the hybrid.
Additionally, the improved electrode wettability, due to the
presence of OH™ and CO?%~, boosted the OER activity. The
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Figure 9. a) SEM images of Cu(OH),@CCHH NW/CF and (b) OER polarization curves of bare CF, RuO,/CF, Cu(OH), NW/CF, and Cu(OH),@CCHH
NW/CF. Reproduced with permission.®”] Copyright 2017, Wiley-VCH GmbH. (c) High magnification SEM image, (d) HAADF-STEM image, e) high-
magnification TEM image, f) HAADF line-scan and corresponding elemental mapping images for Cu, Co, Ni, C, and O of Cu(OH),@CoNiCH
NTs. Reproduced with permission.®® Copyright 2018, The Royal Society of Chemistry. (g) Synthetic scheme for the FeOOH/NiFe-LDHs@CCH
NAs-NF. Reproduced with permission.®® Copyright 2018, The Royal Society of Chemistry. h) Schematic illustration of the formation of 3D
CH@NCHC-Pd NT/CF electrode and j) Polarization curves of CH@NCHC-Pd NT/CF, CH@NCHC NT/CF, NCHC-Pd NR/CF, CH-Pd NT/CF, CH
NT/CF, and bare CF in 1.0 M KOH. Reproduced with permission.”? Copyright 2019, American Chemical Society. i) Schematic representation of
the preparatory pathways of the NiMoP@-CoCH/CC hybrid and the pathways for the electrons transfer and ions diffusion in the NiMoP parallel nano-
sheet architecture. Reproduced with permission.”" Copyright 2019, The Royal Society of Chemistry. k) Arrhenius plots of NiFeCH and NiFeCH (Ce-20)

for activation energy determination. Reproduced with permission.l”! Copyright 2019, Springer-Verlag GmbH Germany.

heterostructure prepared by electrodepositing CeO, on CFP-
supported nickel-iron carbonate hydroxide hydrate nanosheets
(NiFeCH(Ce)) delivered a high current density of ~100mA
cm™ at a low overpotential of ~252mV in the alkaline
OER.* The introduction of CeOx induced a strong electronic
interaction between Ce and Ni atoms, which was evident from
the shifting of Ni 2p photoelectron peaks and Ni*" ions were also
identified as the OER active sites from the XPS analysis. Adding
to this, CeOy incorporation also made NiFeCH(Ce) oxygen-
vacancy-rich, which was beneficial for modifying the coordina-
tion environment and electrical conductivity. Furthermore, the
temperature-dependent OER activity indicated that the
NiFeCH/(Ce) heterostructure had a lower activation energy (E,)
barrier than NiFeCH (Figure 9Kk). Therefore, the strong elec-
tronic interactions, enriched oxygen vacancies, and increased
population of active Ni*" sites contributed to the high OER per-
formance of NiFeCH(Ce). In another study, insitu modified
CeCO;0H-NiFe-LDH 3D hybrid grown on Ni foam was inves-
tigated for the OER (Figure 10a).°*) CeCO;0H effectively
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promoted the OER activity of the hybrid owing to the high oxo-
philicity of Ce(OH)s, which accelerated OH™ adsorption and O,
desorption. In addition, the in situ oxidation of Ce*" to Ce*" dur-
ing the OER and the modification of the electronic environment
around Ni and Fe due to the prominent electronic interaction of
Ce with NiFe-LDH facilitated the binding of the OER intermedi-
ates on the electrocatalyst surface. Furthermore, the increased
hydrophilicity, owing to the presence of CO3~ ions, was also
instrumental in enhancing the electrolyte exposure and optimiz-
ing the oxygen intermediate binding. A possible mechanistic
pathway for the OER over the CeCO;OH/NiFe LDH hybrid is
schematized in Figure 10b. Thus, the synergistic interaction
of CeCO;0H and NiFe-LDH resulted in the high alkaline
OER activity (q10~ 228mV) and small Tafel slope
(38.3mV dec ™) of the hybrid NiyssFeo15Ceq.10/NF.

According to previous studies, introducing a heterointerface
of crystalline and amorphous components can be a feasible
approach to superior electrocatalytic activity.!">***" Zhao et al.l’”!
adopted this strategy and fabricated a 3D heterostructure
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b) Probable mechanistic pathway

of OER using CeCO;0H/NiFe LDH hybrid. Reproduced with permission.®* Copyright 2020, Elsevier. c) Synthetic scheme of CFOC/Ti mesh and
CFMS@CFOC/Ti mesh. Reproduced with permission.”®! Copyright 2020, Wiley-VCH GmbH. d) Schematic illustration of the formation of
CusN@CoNiCHs@CF and e) TEM image of CusN@CoNiCHs showing the core-shell structure. Reproduced with permission.®® Copyright 2021,
Elsevier. f) TEM image of FeNi-QDs decorated CoCH/Nifoam (FeNi/CoCH/NF), g) Tafel plot for OER in 1.0 M KOH, and h) contact angle measurements
of FeNi/CoCH/Ni foam and CoCH/Ni foam. Reproduced with permission.’” Copyright 2022, The Royal Society of Chemistry. SEM images of: (i)

CoCuCH/NF and j) NIOOH@CoCuCH nanorods. Reproduced with permission.®®! Copyright 2022, The Royal Society of Chemistry.

composed of amorphous cobalt—iron tetrathiomolybdate shell on
crystalline Ti mesh-supported cobalt-iron carbonate hydroxide
hydrate nanowire arrays (CFMS@CFOC/Ti mesh), as shown
in Figure 10c. The hypothesis was that such an amorphous—crys-
talline combination would accelerate the charge transfer by
increasing exposure of the active sites to the electrolyte and also
improve the long-term structural stability of the electrode mate-
rial. The high OER performance of CFMS@CFOC/Ti mesh was
evidenced by the low overpotential (237 mV) requirement to
deliver 10mA cm ™ ? current density and good stability for 25h
in 1.0 M KOH.

To harness the interfacial interaction, Liu et al.’® prepared a
3D hierarchical heterostructure of CusN/Cu foam core and
Co-Ni carbonate hydroxide (CoNiCH) shell (Figure 10d,e). The
strong electronic interaction between CuszN and CoNiCH favored
the OH™ adsorption on the electron-deficient CoNiCHs and fast
electron transport in CusN@CoNiCHs@CF. The controlled elec-
trocatalytic investigations confirmed the more significant role of
the compact heterointerface in this hybrid compared to that
of the singular counterparts and physical mixtures of
both components. The surprisingly high ECSA value of
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CusN@CoNiCHs@CF indicated the availability of numerous
electrochemically active OER sites, and its superhydrophilicity
benefitted wettability, thereby increasing the electrolyte
exposure. As a result of all these contributing factors,
CusN@CoNiCHs@CF demonstrated excellent OER perfor-
mance (710 ~ 155mV) in 1.0M KOH. In a recent study,
Zhao et al.””! employed FeNi-QD-decorated CoCH@Ni foam
nanosword arrays (Figure 10f) as an efficient OER electrocatalyst
in 1.0 M KOH. The FeNi/CoCH/Ni foam exhibited a low
overpotential of ~240 mV@20mA cm™2 and a Tafel slope
(Figure 10g) of ~44.8mVdec ' for OER. Such an efficient
oxygen evolution activity was attributed to the synergistic
interaction of FeNi-alloy QDs with CoCH, which modified the
electronic structure of the electrocatalyst surface and also
improved the mass transfer by facilitating a rapid bubble release
due to the low interfacial adhesion, consequently accelerating the
reaction kinetics (Figure 10h). It was also identified that Fe
played a key role in tailoring the OER performance of
CoCH. Another recent report presented the efficient alkaline
OER activity of a hybrid obtained by electrodepositing NIOOH
on Ni-foam-supported CuCo carbonate hydroxide nanorods
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(NIOOH@CoCuCH@NF), as shown in Figure 10i,j.°® This
hybrid exhibited a lower OER overpotential (1719 ~ 263 mV) than
its individual components in 1.0 M KOH. The enhanced OER
performance of NIOOH@CoCuCH@NF could be attributed
to the availability of numerous active sites, firm NiOOH-
CuCoCH interface enabled rapid charge transfer, and quick
release of gas bubbles facilitating the mass transport. In addition,
the strong adhesion of NIOOH@CoCuCH to the Ni foam
improved the stability of the electrode for long-term electrolysis.

7. Conclusions and Prospects

Easily synthesizable layered metal carbonate hydroxides have
been less explored for electrocatalytic water splitting instead of
their considerable hydrophilicity. However, recently, this class
of materials has gained attention as active electrode materials
for water electrolysis. The main challenges associated with
monometallic TMCHs as alkaline OER electrocatalysts are their
low electrical conductivity, limited number of available active
sites, low intrinsic activity, and poor durability due to metal dis-
solution during long-term usage.”®®! In this regard, multimetallic
carbonate hydroxides have attracted considerable interest over
the past few years. The present review summarizes various mod-
ulation strategies—compositional tuning, heteroatom doping/
substitution, morphology engineering, insitu electrochemical
transformation, and hybrid/heterostructure fabrication. A com-
prehensive discussion of these strategies would be beneficial for
the design and fabrication of highly efficient OER electrocatalysts
in alkaline media. Briefly, achieving an optimized MTMCH com-
position in terms of high OER performance via compositional
tuning could pave the way for the fabrication of prospective
OER electrocatalysts with more active sites than their monome-
tallic counterparts. Doping/substitution is highly advantageous
for modifying the electronic structure to regulate the d-band elec-
tron density, improve the electrical conductivity, and lower the
activation energy barrier of the rate-limiting step. In addition,
morphology engineering and in situ electrochemical transforma-
tions, including phase transition, enhance the OER by enhancing
the ECSA of the electrode materials via better electrolyte expo-
sure and in situ generation of highly reactive chemical species
that serve as the real active sites. Another effective approach
is the fabrication of a hybrid/heterostructure, in which the syn-
ergistic interaction between the individual components in the
hybrid plays a crucial role in boosting the OER activity.
Despite the exploration of various effective strategies, there is still
much room left for the advancement of MTMCHs as highly effi-
cient electrocatalysts for water electrolysis.

In this regard, the following points can be regarded as future
perspectives for the application of MTMCHs as superefficient
water-splitting electrocatalysts. First, the crystal structure of
MTMCHs is still debated, so the structure—activity relationship
should be investigated further to better the understanding.
Second, the precise and accurate identification of the true active
sites in MTMCH-based OER electrocatalysts by ex situ character-
ization is still challenging. Thus, insitu or operando spectro-
scopic and microscopic techniques should be adopted to
determine the real OER active species. In addition, theoretical
insights would also enhance the understanding of the
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mechanistic pathways of the alkaline OER in MTMCHs.
Third, MTMCHs are likely to undergo surface reconstruction
or phase transition during the alkaline OER along with metal dis-
solution, which is associated with serious performance degrada-
tion. In practice, electrode materials that can deliver ~1 A cm™>
current density for more than 1000 h are desirable for industrial
applications."*? To improve the long-term stability, structural
integrity, and also electronic conductivity of the electrode mate-
rials, the strategy of introducing protective layers of carbona-
ceous components can be adopted.

In conclusion, mixed transition metal carbonate hydroxide-
based materials with the available reported strategies can be ben-
eficial for the development of promising OER electrocatalysts.
Furthermore, highly efficient alkaline oxygen-evolving electroca-
talysts can be suitably designed and fabricated by combining
advanced operando techniques and theoretical determination
of the precise structure—activity relationships to satisfy the rising
demand for large-scale industrial applications in favor of the
hydrogen-fuel economies.
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