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1 | INTRODUCTION TO OXYGEN
ELECTROCATALYTIC REACTIONS

Currently, society is experiencing rapid development of
earth-abundant energy alternatives for use in electrochemical
storage devices and efficient energy conversion systems to
substitute fossil fuels as a result of the associated negative

Abstract

Electrochemical energy storage and conversion devices play a key role in the
development of clean, sustainable, and efficient energy systems to meet the sustain-
able growth of our society. However, challenging issues including the sluggish
kinetics of oxygen electrode reactions involving the oxygen reduction reaction
(ORR) and the oxygen evolution reaction (OER) are present, limiting the imple-
mentation of devices such as metal-air batteries, water electrolyzers, and regenera-
tive fuel cells. In this review, various monometallic and bimetallic transition metal
oxides (TMOs) and hydroxides are summarized in terms of their application for
ORR/OER, in which the merits and demerits of various precious metal and carbon-
based metal oxide materials are discussed, with requirements for better electro-
catalysts and catalyst support being introduced as well. Following this, different
approaches to improve catalytic activity such as the introduction of doping and
defects, the manipulation of crystal facets, and the engineering of supports, compo-
sitions, and morphologies are summarized in which TMOs with improved
ORR/OER catalytic activities can be synthesized, further improving the speed, sta-
bility, and polarization of electrochemical energy storage and conversion devices.
Finally, perspectives into the improvement of performance and the better under-
standing of ORR/OER mechanisms for bifunctional electrocatalysts using in situ
spectroscopic techniques and density functional theory calculations are also

discussed.
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consequences such as global warming and depletion of
petroleum resources, as well as increasing demands for
energy.'"! This is because electrochemical power resources
are one of the best solutions to mitigate fossil fuel-related
problems, in which renewable energy can be produced from
wind, thermal, or solar sources and can be stored in metal-
air batteries (MABs), fuel cells (FCs), and electrolytic cells.
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Here, regenerative fuel cells (RFCs) and water-splitting
systems'? ™! possess great potential for clean energy applica-
tions; such as the “hydrogen economy,” to be utilized in
large-scale power applications and electric vehicles. Further-
more, rechargeable MABs such as Fe-air, Zn-air, and Li-air
batteries, despite possessing kinetically sluggish reactions
including oxygen evolution reaction (OER) during charging
at the anode and oxygen reduction reaction (ORR) during

discharging at the cathode,"”~'!

are being intensively studied
due to tremendously high energy densities.

ORR and OER are important processes in renewable
energy devices'!! and insufficient activities can lead to
insufficient energy efficiencies and delayed commercializa-
tion.H*! Therefore, the rational development of bifunctional
(OER and ORR) catalysts with superior activity, high earth-
abundancy, and good stability to address these issues is
crucial for the commercialization of renewable energy con-
version and storage devices.!'*'*! In the past, precious metal
catalysts such as Pt/C, Ir/C, and Ru/C have been designed as
efficient ORR and OER electrocatalysts; however, these
electrocatalysts possess several issues, such as limited natu-
ral abundance, high rates of metal sintering, high rates of
catalyst detachment from supports,'>~'"! and poor bifunc-
tional activity. All these limit practical applications.!'®"
To address this, researchers have reported the use of carbon
as a support material for precious metal catalysts due to its
ability to provide high mechanical strengths,?' ¥ large sur-
face areas, and excellent electrical conductivities'>! toward
the oxygen electrochemical process.'*®! Nevertheless, even
with these carbon supports, stability remains a detrimental
issue.!*”!

As for nonprecious transition metal oxides (TMOs), they
possess several prominent advantages as potential catalysts,
including their manifold compositions, multiple valence
states, environmental friendliness, high durability, varying
structures, and high abundance. Similarly, layered double
hydroxides (LDHs) and sulfides'>?*34 are also considered
to be potential replacements for precious metal materials in
alkaline electrolytes.”*>! However, despite these advantages,
nonprecious TM catalysts also possess several disadvan-
tages, including poor electrical conductivity and limited sur-
face area. Therefore, the engineering of morphology, the
introduction of doping and defects, as well as the modifica-
tion of crystal facets and the coupling with conductive
materials®®>! are all potential solutions to overcome these
limitations. "’

1.1 | Oxygen electrocatalytic reactions

The primary electrochemical reactions catalyzed by
bifunctionally active catalysts are the OER and the ORR and
the role of bifunctional catalysts is crucial for the practical

operation of MABs to overcome the intrinsically slow kinet-
ics of OER and ORR. In addition, OER and ORR proceed
through different reaction pathways depending on the elec-
trolyte (summarized in Table 1) in which Liu and
coworkers*!! reported that the ORR mechanism involves
the diffusion and subsequent adsorption of oxygen mole-
cules onto catalyst surfaces, in which electrons are drawn
from the anode and transferred to the adsorbed oxygen to
weaken and break the oxygen double bond, subsequently
removing OH ions from the catalyst surface into the alkaline
electrolyte. Unlike the ORR mechanism, the OER mecha-
nism is more difficult to describe because of the involvement
of a series of complex electrochemical reactions with multi-
step electron-transfer processes. Therefore, to allow for a
better understanding of the content discussed in this review,
detailed mechanisms of the ORR and OER processes are
presented to an appropriate extent below.

1.2 | Oxygen evolution reaction

Efforts to design active and stable electrocatalysts to
improve OER kinetics under alkaline electrolytes have been
broadly studied for the past several decades, such as state-
of-the-art RuO, and IrO, catalysts for OER under alkaline
and acidic electrolytes'****! in which IrO, is more stable
than RuO,, and can sustain higher anodic potentials in both
acidic and alkaline electrolytes.[44] However, these electro-
catalysts are expensive and display high degrees of dissolu-
tion as well as the formation of unstable RuO, and IrO;
intermediates at high anodic potentials, limiting their appli-
cation.*! OER is a complex process that involves the inter-
action between solid catalysts, electrolytes, gas and liquid

(461 in which chemical reactions

phase reactants, and products
mainly occur at the catalyst/electrolyte interface. Unfortu-
nately, there is a lack of an in-depth understanding of the
reaction interface of OER™"! arising mainly from two exper-
imental limitations. First, the interface for catalytic reactions
is generally buried between the solid and liquid phases, and
is difficult to be accessed and detected using conventional
spectroscopic techniques.'*® Second, active species are usu-
ally mixed with binders and conductive carbon additives,
which hinder the accurate investigation of electrochemical
interfaces using traditional measurement techniques. 4!
Because the OER is a surface reaction, its mechanisms
vary depending on the geometry of the metal cation sites on
the catalyst surface."! Furthermore, the multivalence state
characteristics of TM ions are also important for OER
because reactions can be induced by the interaction between
the oxygen intermediate and the metal ions, resulting in the
formation of bonds through valence state changes. Here, the
geometric sites of the metal ions change the adsorption
energy of O, species and determine the kinetics of OER, and
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TABLE 1 OER and ORR pathways under acidic and alkaline media

Electrolyte OER reactions

Acidic electrolyte

Alkaline electrolyte

good OER catalysts possess lower O—O bond formation
energies from oxy-hydroxide groups.”® As for the OER
mechanism of TMO catalysts under alkaline electrolytes, M-
OH species are first adsorbed and transform into M-O spe-
cies through oxidation at the metal sites to which they are
coordinated. Following this, the mechanism can proceed
through either the coupling of two neighboring M-O species
to form O=O0O bonds or the nucleophilic attack of water by
the M-O species to form M-OOH species. These formed M-
OOH species can subsequently be oxidized to form M-OO
species that are replaced by water in the subsequent process,
allowing for the release of O, (Figure 1).3%1 Here,
researchers have proposed that the rate-determining step
(RDS) for OER is either the peroxide formation step or the
step involving O, evolution from the peroxide.'*>>! How-
ever, the actual RDS in the OER mechanism remains

2H,0 — O, + 4H* + 4e~

40H™ — 02 ar 2H20 + 4e”

CHEMICAL SOCIETY

ORR reactions

0, + 4H" + 4¢” — H,0O

02 + 2HJr +2e — HzOz

H,0, + 2H* + 2¢™ — 2H,0

02 = Hzo +4e” — 40H™

02 = Hzo +2¢ — HO2_ + OH™
HO,™ + 2H,0 + 2e~ — 30H™

elusive. Therefore, further investigations using in situ spec-
troscopic techniques or density functional theory (DFT) cal-
culations are required.

As for Pt catalysts for OER under alkaline conditions
(pH = 13.9), Crumlin and coworkers™'! proposed a more
complete mechanism by combining the literature data with
detailed steady-state dynamic information and reported that
the formation of the Pts—OHadS phase can be promoted
through the nucleophilic attack of hydroxide ions on metal
Pt surfaces followed by the rapid electron transfer to a meta-
stable configuration in which OH™ is chemisorbed on “‘acti-
vated” platinum sites (Pt®) (if Pt oxidation reactions under
alkaline conditions and high overpotentials were ignored,
the OER mechanism can be represented by Figure 1b).1>¢-"]
Because this high oxidation state of platinum is energetically
unfavorable and, therefore, unstable, it is reduced by

(a) OH OH
\/ :
e +0, M OH
H,0 +e¢
OH-.
HO OER mechanism in 7/ OH
SMm [ alkaline solutions ] M\ o
M
.
%+ RDS OH
H,0+e A\
L 4
‘e, e
O 7'\
OH OOH
(b) (c)
Pt® H,0 (1) +O, +& z* OH-
0, OH-
OH 1
pu
Z*0O0OH
. Z*OH
FIGURE 1 Proposed oxygen Pt? - 0,4 Pt - OH,,
evolution reaction (OER) mechanisms
for various oxygen electrocatalysts " 2 -
under alkaline conditions. &
(a) Transition metal oxide,*! (b) P,P1 {\ , }
(1521 H,0 + e OH- OH- aly H,0 (+ e

and (c) metal-free catalys
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electron transfer from the hydroxide ions in which platinum
(IV) reduces platinum (II), resulting in two hydroxide radi-
cals that can recombine into molecules for the oxygen gener-
ation of two oxygen radicals. As a result, Pt catalysts for
oxygen evolution in electrolysis reactions in alkaline media
exhibit high overpotentials and low energy efficiencies.

The proposed mechanisms of metal-free and carbon-
based OER under alkaline conditions are presented in Equa-
tions (1)-(4), in which * represents the active site and OH’,
O*, and OOH" are the adsorbed intermediates (reaction path-
ways are schematically summarized in Figure 1¢).1°*

OH™ +*—OH +e~ (1)

OH +OH™ — 0" +H,0(]) +e~ (2)
O"+0OH™ — OOH" +e" (3)

OOH" +OH™ — *+0,(g) + H,0(l) + e (4)

One main goal of developing bifunctional oxygen cata-
lysts is to apply them in RFCs and rechargeable air elec-
trodes for secondary MABs, whereby extensive efforts have
been dedicated to the investigation of OER active metal
oxide catalysts (e.g., oxides of Fe,[sg] Mn,[sg’(’o] Ni,[(’” and
Co'®*) and various layer structures.'*’ This is because
TM-based oxides are inexpensive, easily synthesized, and
environmentally benign. Furthermore, TM-based oxides are
stable in alkaline media and display moderate conductivities,
making them promising candidates as OER electrocatalysts.
Furthermore, these catalysts can be divided into different
classifications based on their composition (monometallic or
bimetallic) and will be discussed in detail in Section 3.

1.3 | Oxygen reduction reaction

The electrochemical ORR is the cathodic reaction of MABs
and FCs. The reaction is kinetically slow!® due to the
extraordinarily strong O=O bond (498 kJ/ mol), which is
too strong to be broken electrochemically. Furthermore, peo-
ple are still engaged in a quest for economically affordable
ORR catalysts alternative to pt. 163 However, researchers
have suggested that TM catalysts are favorable for ORR in
alkaline solutions.

Depending on the oxygen adsorption mode and dissocia-
tion barrier of Pt-based or metal oxide catalyst surfaces,
ORR reactions can proceed through a dissociative or asso-
ciative mechanism.®®%®! In addition, the different adsorption
modes of ORR reactions include the adsorption of end-on
0,, which leads to a direct four-electron pathway without
the formation of peroxide, and the adsorption of bidentate

O, (two O atoms coordinate with the metal), which leads to
a two-electron pathway with the formation of peroxide.
Here, four-electron pathway reactions are dominant on Pt
surfaces'®! with the fraction of two-electron pathway reac-
tions increasing on nonprecious TMO and carbon material
surfaces.””! Because of this, it is essential to enhance the
four-electron pathway reactions on nonprecious transitional
metal surfaces through various approaches.

Proposed ORR mechanisms and pathways follow differ-
ent rationales on different metal surfaces in which the sur-
face cations of TMOs are coordinated with the oxygen of
H,0 to fulfill full oxygen coordination (Figure 2a) so that
H,0O hydrogen atoms become distributed over the catalyst
surface. Furthermore, to create hydroxide ions, the proton-
ation of oxygen surfaces is charge-compensated through the
reduction of the metal surface. Here, the metal hydroxide
(M-OH) surface can further interact with O, that is adsorbed
on the oxide surface either in a side-on or end-on configura-
tion. As for the RDS in this ORR mechanism, it can either
be the displacement or regeneration of the OH surface.!*""!
Another criterion that determines reaction Kinetics is the
adsorption energy of OOH* intermediates in which a rela-
tively strong OOH* adsorption energy can facilitate the 4e™
pathway and a relatively weak OOH* adsorption will lead to
the 2¢~ pathway.!”!

The ORR for Pt catalysts in alkaline media normally
takes a dissociative pathway due to the strong initial O,
adsorption. Here, ORR can proceed through a two-step 2e™
pathway with the formation of H,O, (in acidic media) or
HO,™ (in alkaline media) as intermediate species, or through
a more efficient 4e~ process with the direct formation of
H,O (in acidic media) or OH™ (in alkaline media).”*! Here,
the selectivity toward the 2e” or 4e” pathway primarily
depends on the adsorption energy of the intermediates and
the reaction barrier on the corresponding surface. This theo-
retical proposal is also consistent with experimental evi-
dence, because Pt-based catalysts always exhibit selectivity
for the 4e™ pathway without the desorption of reaction inter-
mediates (such as peroxide) from the surface according to
the following reaction steps (Equations (5)—(8), also depicted
in Figure 2b):

Or+e™ — (0™ =) e (5)
(027 =) s +H2O+e™ — (HO, —) 4+ OH™ (6)
(HOz—) 4y +H,O0+¢™ — (HO—), 4 +20H" (7)
(HO),4 +¢~ — OH" (8)

As for metal-free electrocatalysts, ORR can proceed
either through a 2e~ or 4e” pathway depending on the
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FIGURE 2 Proposed oxygen (a) H,0,
reduction reaction (ORR) mechanisms
¢ ) H,0, l\l/[ OH-

of various oxygen electrocatalysts in
alkaline media: (a) transition metal
oxide, (b) Pt, and (c) metal-free
catalysts. Here, bold black arrows
indicate the 4e~ pathway, thin blue
arrows indicate the 2e~ pathway with
corresponding elementary reactions, Z*
represents the active sites

(b)

OH
&
H,,

"(),.

1()H&

relative stability of the O" and OOH" intermediates gener-
ated after the adsorption of O, on the catalyst. Here, the
intermediate product of O is present in both pathways and
is the major difference compared with the ORR mechanisms
of metal-based electrocatalysts (Pt and TM-based oxides). In
alkaline media, ORR using metal-free electrocatalysts can
proceed through a 2e” pathway as represented by Equa-
tions (9) and (10),°?

0," +H,0(l) +2¢~ — 0" +20H" 9)
O" +20H™ +H,0(l) +2e~ — 40H"~ (10)

or it can proceed through a 4e™ pathway as represented in
Equations (11)—(14).

0, +H,0(l) +e~ — OOH" +OH™ (11)

¥)+
200 .
H,0+e Z'0oH <
te
H,0+¢ Rt OH
OH- VA

-0...0..

RDS *

ORR mechanism in M —HO;
alkaline solutions
,0+¢
l\l/l 20H-
OH
(c)
H,0( +
& 700
om vJ/
H ()(,) +e

Z"O0OH

H,0(+2¢ +OH \_
.0.,'w
e 7' OOH o,
H 0(,)+ e
OOH" +e~ — O +OH"~ (12)
0" +H,0(l)+e~ — OH" +OH"~ (13)
OH +e” — *+OH™ (14)

The reaction schematics for metal-free electrocatalysts are
also illustrated in Figure 2c.

Although reviews on TM-based bifunctional electro-
catalysts are emerging, the focus of this review will be to
provide up-to-date appraisals of TM-based bifunctional elec-
trocatalysts under aqueous alkaline media and potential
application as oxygen electrocatalysts. As for readers who
are interested in ORR in acidic media, several extensive
reviews and books have been published as a reference.
[74-76] To avoid duplications with existing review litera-
ture, our review will start with the background of bifunc-
tional electrocatalysts followed by a general overview.
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In this review, recent advancements of nonprecious TM-
based electrocatalysts as well as the basic criteria and selec-
tion requirements of desirable electrocatalysts are presented.
In addition, recent progress of TM-based bifunctional elec-
trocatalysts and key factors used to determine the ORR/OER
of catalysts are summarized, including the basic require-
ments of better electrocatalysts and supports. Furthermore,
this review will focus on current activity and performance
optimization strategies ranging from engineering approaches
such as the introduction of doping and defects to the modifi-
cation of crystal facets, compositions, morphologies, and
synergetic supports.

2 | OVERVIEW OF BIFUNCTIONAL
ELECTROCATALYSTS

Increasingly advanced high-performance materials for
MABESs, water electrolyzers, and FC devices are appealing
because they are environmentally friendly and possess
high energy densities. However, sluggish kinetics remain
a major challenge in their utilization. In the past, Pt-based
catalysts were considered to be the best electrocatalysts to
minimize these challenges.!””~"®! These Pt-based materials
suffer drawbacks such as scarcity and vulnerability to poi-
soning by small molecules such as CO and H,S making
them unsuitable for OER, restricting the development of
bifunctional electrochemical devices. Therefore, the
design and synthesis of nonprecious bifunctional electro-
catalysts are crucial for the utilization of renewable
energy sources.

Recently, 3D TM materials have attracted increasing
attention for application in ORR and OER electro-
catalysts in alkaline media.’®®%" This is because com-
pared with precious metal catalysts, TM catalysts are less
expensive, geographically ubiquitous, more abundant,
and less susceptible to poisoning. However, TM com-
pounds also possess limited surface area, poor electronic
conductivity, and unsatisfactory activity in which the
electrocatalytic activity of TM catalysts is affected by
the site activity and site population, which depend on the
intrinsic properties (nature of the metal, crystal structure,
crystal size, crystallinity, morphology and composition
engineering, surface area, facet engineering, defect engi-
neering, doping engineering, and support engineering)!®®’
and extrinsic properties (synthesis methods, temperature,
type of electrolyte, type of electrode, and concentration
of electrolyte [Figure 3]) of the catalyst. Here, intrinsic
properties can be tuned through various approaches and
the details are presented in Section 4. As for the extrinsic
properties, improvements require the addition of other
materials or through geometric structures, such as the

Intrinsic factors

@Q\“"’"‘mg Mogy,
3 0.\@‘\ Extrinsic factors O/oé)
& o,
< Synthesis e Type of &
§ method 2, electrode %% ‘
) o1
§_ WwE T,
(=] w— o
T R -
2
% &
%A Temperature Type of §
: clectrolyte &
g N
7 A &
Electrolyte @ ¢;°
~ ~ ats \Q
';?C‘e, concentration . DOQ
Ngjn . . W
glneermg Suppo i E“gmee(\
FIGURE 3 Summary of extrinsic and intrinsic factors that affect

the performance of electrocatalysts

preparation of interfaces with another solid material, lig-
uid, or gas to influence the host catalyst.[®®!

2.1 | Requirements of optimal electrocatalysts

Potential bifunctional electrocatalysts need to possess prop-
erties such as a small energy barrier between the involved
chemicals and the charge transfer steps to minimize overall
overpotential (Figure 4), optimal bond strength between the
metal cation and the oxygen/hydroxide species to provide

high site activity,®!-8%

and a high surface area with proper
electrode porosity to maximize the accessibility of site
populations.®¥ Here, to achieve high site activity and site
population, defective structures with low formation energies
of proper defects or even amorphous materials may be
required. In addition, supports with high electrical conduc-
tivities can maximize accessible site populations through the

coupling effect, especially in thick porous layers.[8+%]

Structure
High activity
Morphology

High stability . Composition

1

Good selectivity
Defect

Reliable

e
z

Sustainability S icity

|
|
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Detailed discussions of these factors can be found in
Section 4.

2.2 | Requirements of optimal catalyst
supports

The interaction between catalysts and oxide supports is of
great importance in heterogeneous catalysts and electro-
catalysts in which carbon-based support materials are con-
sidered to be the best candidate. However, these support
materials are susceptible to carbon corrosion, which can lead
to the detachment and aggregation of metal catalysts from
the support at higher potentials, leading to poor durability
limiting their application.’®®! To minimize this, TM alloy
supports have been studied and have shown promising per-
formances, but the occurrence of support material leaching
from catalyst surfaces is still a major problem.”®* There-
fore, doped metal oxides have been reported by researchers
to resolve these challenges and have demonstrated relatively
better durability and stability as support materials.””®! Fur-
thermore, because the conductivity of TM electrocatalysts is
insufficient for electron transfer during electrochemical oper-
ations, researchers have reported that defect metal oxide sup-
ports such as Ti,,0,,_; (4 < n < 10), WO;_,, and MoO, can

be used to improve conductivity!®!)

through the synergetic
effects between the catalyst and oxide support. Concurrently,
support materials should possess high surface areas through
the engineering of morphology and the design of geometry
on which catalysts can be easily dispersed and highly uti-
lized."”*! Overall speaking, an optimal electrocatalyst sup-
ports should possess basic properties such as high stability,
large surface area, and good synergetic interaction with cata-

lysts (summarized in Figure 5).

Prevent catalyst from

High stability degradation

|
li

Promote dispersion of
metal catalyst

Expose more active
area to electrolyte
Enhance
. electrochemical
activity
\—' Enhance stability
Reduce ohmic
resistance

FIGURE 5 Summary of the requirements of optimal catalyst
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3 | ADVANCEMENTS OF TM-BASED
ELECTROCATALYSTS

Nonprecious TM-based OER and ORR electrocatalysts have
been investigated for application in energy conversion and
storage devices and researchers have reported that oxides,
sulfides, hydroxides, and carbides of TMs are the most
promising candidates as bifunctional electrocatalysts, which
have gained increasing attention due to promising activities
and satisfactory stabilities in alkaline solutions. In addition,
raw precursors of these catalysts are abundant and inexpen-
sive, making them optimal alternatives of precious metal
electrocatalysts. In this section, the performance of various
Co, Ni, Fe, and Mn-based electrocatalysts and the various
approaches used to enhance their performance will be thor-
oughly reviewed, with a focus on the recent progress
of TMOs.

3.1 | Transition metal oxides

3.1.1 | Ni, Co, Fe , and Mn monometallic
oxides

Typical metal oxides (Ni, Fe, Co, and Mn) are candidates
for bifunctional electrocatalysts due to promising intrinsic
activities and good stabilities.[*>4! However, limited surface
areas, poor electronic conductivities (insulators by nature),
and sluggish ORR kinetics due to large band gaps limit their
usage. To resolve these issues, viable strategies include the
modification of catalytic activities through doping and deco-
ration, as well as the engineering of morphologies to create
extra active sites on oxide surfaces have been reported.'>-%!

In metal oxide-based electrocatalysts, the catalyst crystal-
line nature, crystal plane, and geometry play crucial roles
in site activity and site population, and are responsible for
the corresponding electrocatalytic activity. In metal oxides
such as NiO,[97] Mn304,[98] and Co304,[99] the coexistence
of multiple oxidation states (Mn**/Mn>**and Co®>*/Co*) can
enhance bifunctional electrocatalytic performance.!®>3%10%]
Here, the performance of metal oxides (Co3;0y4, NiO, Fe,03/
Fe;0,4, and MnO,) depends on the morphology of the mate-
rial, (nanoflower, nanoparticle [NP], nanocube, nanosheet,
nanorod, and nanotube), including the M-valence states, the
crystalline phases, and the varying structures (micro/-
nanostructure). For example, Sun and coworkers!®7-101:102]
prepared Co30,4 nanorods and nanocubes comprised mainly
of exposed {110} and {100} facets and investigated the
facet-dependent electrocatalytic activity toward OER based
on the characterized crystalline structures and surface fea-
tures (Figure 6a). Here, the researchers reported that the
Co;04 nanorods with mainly exposed {110} facets exhibited
higher electrocatalytic OER activities than Co3;04 nanocubes
with mainly exposed {100} facets in alkaline solutions
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(Figure 6b,c) and attributed this enhanced activity to the syn-
ergistic effects of the facet and morphology.[67].

In another study, Liu and coworkers''**! investigated the
effects of different crystal facets on Co30,4 bifunctional elec-
trocatalysts for rechargeable MABs through the experimen-
tal and theoretical study of the octahedral and cubic forms of
Co030;. It is found that Co3;0,4 with an octahedron geometry
demonstrated much higher cycling performances, better spe-
cific capacities, and higher rate capabilities than cubic
Co304 and attributed this to the fact that the octahedron
Co50,4 geometry can provide more Co>* on the coordinated
planes of the catalyst surface, providing more active sites for
OER and ORR. In addition, DFT calculations conducted in
this study revealed that the octahedron Co3;0, possessed a
smaller O, desorption activation barrier for OER than cubic
Co30,4, which plays an important role in refreshing catalyst
active sites, and therefore, further allowing the exposed
Co304 octahedron (111) to provide more active sites to
enhance ORR and OER. In the case of ORR, the researchers
in this study reported that surface Co* possesses better cata-
lytic activities than Co®* in which Co*" tends to transfer
electrons to absorbed O, molecules and weaken or assist in
the breaking of O—O bonds during ORR in which Co** is
subsequently oxidized to Co’* intermediate products.
Despite the promising findings and the proper identification
of active sites in this study, the site population and fading
degradation mechanism under OER and ORR were not
clearly defined. Furthermore, Tung et al. applied an in situ
grazing-angle X-ray diffraction (XRD) approach in a liquid
environment to investigate the phase transformation of the
C030,@Co00 single-crystal nanocube. It is interesting to

C0,04 nanorods

FIGURE 6 (a) Crystal and
surface atomic configurations for the
Co304 (i) {110} and (ii) {001} planes.
(b) Polarization curves for Co;0,4 with
different nanostructures in 1 M KOH.
(¢) Schematic illustration of water
oxidation on Cos04 nanorods and

C0;0, nanocubes'®”!

C0,0, nanocubes

note that f-CoOOH forms first and o-CooH later as the
applied voltage increases. The thin CoO shell works as an
adaptive layer to ease off the strain in the nanocrystal sub-
strates when the active phases are formed, thus to prolong
the durability of the electrocatalyst.!'%*!

Similar to Co3;04, MnO, is promising for application as
ORR and OER electrocatalysts and possess advantages such
as high abundancy, nontoxicity, low costs, and eco-friendli-
ness.'%1%! 1 addition, the MnO, family possesses over
30 different crystal structures and variable valences of Mn
centers in different polymorphs. As a result of its multiple
valence states and the ability to form different crystallo-
graphic structures, MnO,-based electrocatalysts have been
extensively used as ORR catalysts.!”! Here, the presence of
variable oxidation states and the ease of engineering for
crystallographic structures result in the formation of different
oxides of manganese such as (o, f, y) MnO, Mn3O,,
Mn,03, MnOOH, Mns0g, and MnO, (MnsOg < Mn;04
< Mn,03 < MnOOH in ORR activity).[loﬂ Researchers
have reported that f-MnQO, is the most stable and best ORR
catalyst in alkaline media, suggesting that morphology
(nanosphere, nanowire, and microparticles) and crystallo-
graphic structure (a- > f- > y-MnO,) can play an important
role in site activity, site population, and stability of Mn-
based oxides.['0>-108-111] Furthermore, researchers have
reported that Mn>* in the octahedral coordination possesses
higher specific activities than Mn*" or Mn*" and that the
inclusion of Mn** can improve charge transfer to adsorbed
oxygen and promote activity. In addition, the presence of
Mn** with some Mn*" in perovskite structures can help to

achieve highly specific ORR activities in basic solutions.!'*!
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Here, the ORR activity for the different phases of MnO,
depends on the structure and valance state of Mn. And, as a
result, their catalytic activities are reported in the order of
a- > p- > y-Mn0,,1"% B-MnO, > Mn;0, > Mn,0;,1'%
and MnOOH > Mn,03 > Mn;O4 > MnsOg."'%"  Despite
this, previous studies on the mechanistic aspects of MnO,-

HILIBY have revealed that

based alkaline air electrodes
MnO, possesses prominent ORR activities,!''* suggesting
that the identification of the optimal active and stable crys-

tallographic phase (a, B, y) of MnO, is still lacking.

3.1.2 | Copper oxides

Copper oxides (CuO,) can also behave as suitable non-
precious metal electrocatalysts for ORR due to variable oxi-
dation states, high chemical stability, and large surface
areas. However, relatively poor conductivities as well as low
catalytic activities limit widespread application.''>! To
resolve this, researchers have reported that the mixing of
CuO, with carbonaceous materials is an effective solution to
enhance the electrocatalytic properties.''® Because Cu®*
ions can act as active sites for ORR and OER and possess
great affinity toward the formation of stable complexes with
N-based ligands,””] the combination of CuO and N-rGO
can produce nanocomposites (i.e., CuO/N-rGO) with tre-
mendous ORR activity. In particular, CuO/N-rGO
nanocomposites can rapidly reduce HOO-intermediates to
achieve high current densities and more positive onset
potentials with a 4-electron pathway during the reaction in
which synergic effects arising from the Cu—N interaction
can improve the ORR performance of the
nanocomposite.”' > Similarly, a composite of Nd and Cu
oxide (NdCuO,) on conductive carbon support was also
reported as a promising ORR electrocatalyst.!'® In another
study, Hong et al."''” investigated the dispersion of CuO
onto Lag ¢Sry4CogFey305_, (LSCF; a representative solid
oxide fuel cell (SOFC) electrocatalyst) as a synergistic cata-
lyst for ORR and reported that the resulting catalyst pro-
duced greatly accelerated ORR kinetics by a factor of up to
4 as obtained by electrical conductivity relaxation measure-
ments. Despite these promising performances, functional
copper-based bifunctional electrocatalysts require combina-
tion with other TMs. For example, Serov et al.''**! reported
a CuCo,0, bifunctional catalyst that demonstrated high
activities for both ORR and OER, with onset potentials of
0.8 and 1.51 V, respectively.

3.1.3 | Molybdenum oxides

Numerous TMOs possessing similar crystal structures to
rutile TiO, are highly conductive in ORR. Among these
TMOs, molybdenum oxides (MoO,) possess different

CHEMICAL SOCIETY

Magnéli phases including MoO,, M0oO3, Mo40;, MogO,3,
and MoyO,¢ in molybdenum-oxygen systems, all of which
affect crystal orientation and chemical composition, and,
therefore, corresponding electrochemistry and catalytic
activity. All Magnéli phases of MoO, are also moderately
conductive and stable in acidic solutions except MoO."'?"]
In addition, most of these Magnéli phases can be grown into
large single crystals to investigate the effects of orientation.
Furthermore, Chandrasekaran et al.'*?! recently reported
that molybdenum oxide-based compounds with different
structures and properties can demonstrate excellent OER and
ORR activities; attracting considerable interest in the field of
materials research. There are few studies into the use of
MoOj; as catalysts or catalyst supports. Among them, Liu
et al.'"?*! prepared a Pt-MoOj catalyst with the aim of elimi-
nating the harmful effects of SO, on the performance of Pt
NPs for ORR and reported that the presence of MoOj; can
weaken the S—Pt bond and reduce the adsorption energy of
SO,, resulting in higher ORR activities.

Metal molybdates have also been proposed to be excel-
lent candidates in electrochemical energy conversion and
storage systems such as water-splitting devices and lithium-
ion batteries as a result of their rapid and efficient redox
activity arising from their exceptional stability in alkaline
solutions. In terms of crystallography, MoOj3 exists in three
phases, including orthorhombic o-MoOjz;, monoclinic
B-MoOj3, and hexagonal H-MoOj; in which the hexagonal H-
MoOj; system is a metastable phase that is composed of zig-
zag chains of octahedral [MoOg] as building blocks through
adjacent oxygen atoms. Compared with a and p crystal
structures, hexagonal MoQOj retains numerous interesting
properties. However, to date, there have been no reports of
multifunctional catalysts based on hexagonal molybdenum
oxide-embedded graphene materials for ORR and OER.
Alternatively, binary metal oxides and mixed metal oxides
such as NiMoO4[124] and C0M004[125] have been recently
studied due to their considerable ORR and OER activities,
in which researchers have deemed CoMoO, as a highly
promising ORR catalyst due to its low cost, abundance, low
toxicity, and durability.

3.1.4 | Bimetallic oxides

NiCo oxides

Oxides of Co®*'?®! and Ni!'*”! have been demonstrated to
be promising OER electrocatalysts and have shown moder-
ate activities as bifunctional catalysts in alkaline electrolytes.
However, their ORR activities are unsatisfactory due to slug-
gish kinetics and require effective catalysts to facilitate the
direct 4e~ pathway mechanism. Recently, researchers have
focused on the development of bifunctional catalysts
through the formation of bimetallic oxides of Ni and Co
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based on the fact that in bimetallic systems, the incorporation of
secondary atoms to multivalent TMs such as Mn, Co, and Fe
can improve ORR activity and stability,!"**'?! in which there is
general consensus that NiCo,O, possesses the best ORR activ-
ity among all mixed nickel and cobalt oxides.""**'*!! As for the
study of OER in Co30, electrocatalysts, water oxidation activity
can be generally ascribed to the presence of Co™, which origi-
nates from the CoO,/CoOOH redox couple right before the
onset of the OER. Based on this, Co in NiCo oxide-based elec-
trocatalysts such as NiC0204@MnOX,“32] NiO/NiC0204,”33]
NiCo@NiCo0,,'"** NiC0,0,,!"**! Ni-Co nanowire,'*®! Ni,Co;,
_ O4_y,[13 71" hollow mesoporous NiC0204,[138] and
Ni/NiO/NiC0204“39] can weaken O—H bonds in absorbed OH
through affinity to O atoms. In addition, the Ni counterpart of
these catalysts can help to dissociate protic H through affinity to
H atoms, leading to the synergistic enhancement of O—H bond
breakage.

Co’* cations, possessing a higher oxidation state, are con-
sidered to be the active sites for ORR activity in NiCo oxide-
based electrocatalysts. This is because Co>* cations can be
used as donor—acceptor reduction sites to catalyze ORR
through the capture of electrons in electrodes and release of
electrons in electrolyte solutions. In addition, the addition of
Co can change Ni-centered bond distances (such as Ni-O and
Ni-M [M: Fe, Ni, and/or Co]) resulting from the substitution of
Ni** with the higher oxidation state of Co’*. In general, the
valance state and morphology of nickel-cobalt oxides prepared
through the electrodeposition method (Figure 7a) have

significant effects on the site activity and site population of
bifunctional ORR/OER electrocatalysts.

The attractive ORR/OER properties of NiCo,0, include
intrinsically high activity, easy availability, and good corro-
sion resistance, but the electrocatalytic capability of
NiCo,0, is hindered by its bulky morphology, which nega-
tively affects site population, electrical conductivity, and
electron transfer rate. Here, the tuning of com-
positions/structures, the creation of defects, the design of
morphologies, the control of valence states, the growth on
conductive substrates, and the coupling with conductive sup-
ports are all methods used by researchers to enhance activity
in electrocatalysts. Among these methods, the coupling
effect can play an enormous role in the modification of elec-
tronic structure and conductivity of an electrocatalyst, in
which enhanced OER and ORR activities can arise from the
as-synthesized materials due to the synergetic effect between
Co and Ni (Figure 7b,c). Furthermore, the active sites for
OER activity of multivalent Co (Co**, Co®*, or Co*") are
still unclear, and although different research groups have
suggested that different surface states, such as C02+,[50] Co®
+ 1401 o Co*1*1 can potentially be the OER active sites,
reaction mechanisms as well as the active surface of Co
require further investigation. Researchers have reported that
in the normal spinel crystal structure of Co;0, with a close-
packed face-centered cubic configuration in which Co*" ions
occupy the tetrahedral A sites and Co®" ions occupy the
octahedral B sites,mz] exposed active sites associated with
cations possessing higher oxidation states (Co>" ions) can

FIGURE 7
illustration of the preparation of
NiCo@NiC00,."**! (b) Polarization

(a) Schematic

— NiO/NiCo,0, curves of (1) pristine NiCoO,,
—NiO (2) NiCo@NiCoO, core-shell, and
—NiCo,0,
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play a dominant role as ORR active sites.”**! Moreover,
there are limited studies on the site populations of NiCo-
based oxides. Additionally, although the stability of NiCo
oxide-based electrocatalysts for OER and ORR in different
environments has been reported, there have been no reports
on the stability of these catalysts in bifunctional environ-
ments, nor has there been any reports on the fading degrada-
tion mechanism of these oxides.

CoFe oxides

Cobalt ferrite oxides (M,Cos;_,0,) are Co-containing and
Fe-containing spinel structures, which can be represented as
(Fe**)[Co*"Fe*1,0, with tetrahedral and octahedral geom-
etries in which Fe** occupies 1/8 of the tetrahedral site and
Co* and Fe** occupy 1/2 of the octahedral site. These spi-
nel structures possess good electrical conductivities due to
the electron hopping between valence states of the cations at
the octahedral site. Based on its unique structural and chemi-
cal stability, CoFe,04"** has received great attention as an
effective catalyst for ORR and OER."'**

TM composites of Fe and Co are one of the best rep-
resentatives of bimetallic systems due to their low costs
and the ability to perform well in both alkaline and acidic
electrolytes. Furthermore, these composites can provide
better performances as compared with monometallic

(a) @rfe
@co s Sol B
ow @ '
wa . ,;’ )
@o 9 S -
WH &\7” (59 ‘
G M
R ~

v°® G-
e, . - td .
\‘) Hydrolygmg ( J - Gelling
(5. N )

e e

>

FIGURE 8

CHEMICAL SOCIETY

counterparts for OER.'**) However, numerous experimen-
tal and computational studies have confirmed the fact that
these TMOs and associated metal-dopants are vital for
OER catalysts,“zs] factors such as the role of the second-
ary metal (i.e., Fe) in catalysis remain unclear in
which researchers have yet to determine whether these
secondary metals activate the catalyst sites or whether
they are the “active sites.” Here, several studies have
reported that Fe is an active site for OER!'*~4®) whereas
other studies have reported that the role of Fe is to
[149.150] . hat

Fe acts as an electron promoter'®! to enable high cata-

improve the conductivity of the electrode

Iytic activities.

Hung et al. delicately used X-ray absorption techniques
to explore this issue by deliberately varying the iron dopant
amount in cobalt oxide. It is found that Fe occupies the octa-
hedral sites (Fe3+(0h>) and confines Co to the tetrahedral site
(C02+(Td)). Further increasing the composition of Fe ions
would occupy the tetrahedral sites to decrease the amount of
C02+(Td) and worsen the OER activity.”® It is suggested that
Fe’* on) has an effect to confine cobalt ions to the tetrahe-
dral site to restrain the multipath transfer of cobalt ions dur-
ing the structural transformation between spinel and
oxyhydroxide. Thus, Fe3+(oh) keeps promoting the catalytic

behavior of Co** 1y ions.”"!
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(a) Schematic illustration of the synthesis of ternary (oxy) hydroxide catalysts. (b) TEM image, atomic-resolution TEM image, and

EDX of G-FeCoW. (c) Polarization curves of catalysts loaded onto Au-plated Ni foam. (d) Overpotentials obtained for OER at 10 mA/cm tested on

Au, GCE and Au-plated Ni foam electrodes!'>"!
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Fe also plays an important role in optimizing OH adsorp-
tion energies on transitional metal-based oxide electro-
catalysts. Zhang et al. designed ternary spinel type
electrocatalysts including annealed FeCoW, gelled FeCo,
FeCo LDH, and gelled FeCoW and reported that among
these catalysts, the gelled FeCoW displayed the lowest over-
potential (0.191 V @ 10 mA/cm) and the highest OER activ-
ity with optimized OH adsorption energies (Figure 8).">" In
addition, the researchers also reported that gelled FeCoW
demonstrated long-term stability with no evident degrada-
tion after 500 hr. Here, the researchers suggested that the
lowest overpotential, the best OER activity, and the long-
term durability of the gelled FeCoW can be attributed to the
synergistic effects between the three transition metals, which
can create beneficial coordination environments and elec-
tronic structures. Despite these promising performances, the
maintenance and control of coexisting components (compo-
sition) as well as the particle size and morphology of the dif-
ferent metals is especially challenging in binary or ternary
TM-based catalysts. Therefore, it is essential to elucidate the
effects of the introduction of metals and its role in electro-
catalysts using spectroscopic techniques such as XRD to
determine shifts in angle or changes in structure for nano-
crystals, and with in situ Raman, XAS, and X-ray photoelec-
tron spectroscopy (XPS) to obtain qualitative identifications.

NiFe oxides
Currently, different alloys, oxides, and hydroxides of Ni and
Fe are thought to be promising OER electrocatalysts as a

result of their intrinsically high activity and corrosion-resistant
nature.>>!33 Highly crystalline NiFe oxides can be formed
through the high-temperature annealing of NiFe alloy,”** in
which the ratio of the two metals and the multivalence state of
the metals (Ni**/Ni** and Fe**/Fe*") in NiFe,0, spinel mate-
rials are major factors determining OER activity.!">> In addi-
tion, NiFe,0,">® has also been reported to demonstrate good
OER catalytic activity due to factors such as the outstanding
OER activity of Ni-based oxides and the role of Fe in tuning
the electronic structure of NiO, compounds. Moreover, the
introduction of conductive substrates into NiFe,O, can also
reportedly improve electrochemical performances through the
increase of electronic conductivity. However, the main chal-
lenge of these materials is to identify the exact active sites
and to quantify site populations.

In one example, Yan et al 11571 recently synthesized a
novel 3D FeNi3/NiFeO, nanohybrid material as a bifunc-
tional catalyst for efficient overall water electrolysis and
reported a relatively small OER overpotential of ~240 mV.
Here, the researchers suggested that the defect-rich FeNis/
NiFeO, can be a promising electrocatalyst for cathodes and
anodes in alkaline electrolyzers due to its abundancy, cost-
effectiveness, and activity as a bifunctional catalyst. Further-
more, the researchers reported that Ni is the active site and
that Fe and NiFeO, can improve the conductivity and elec-
tronic structure of Ni in this composite material, therefore
suggesting that the higher OER activity (Figure 9a) of the
FeNi3/NiFeO, series is due to the synergistic effects between
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FeNi; and NiFeO,, as well as to the larger ECSA and more
exposed surface defects of NiFeO,.

Following this concept, Cheng et al.!'*®! developed a
new synthesis approach based on ultrafine TMO NPs cores
such as NiO, FeNiO, and FeO embedded into an amorphous
MnO,, shell for reversible OER and ORR catalyses. Here, a
nanostructured confinement strategy was used to synthesize
an efficient core—shell structure, in which the shell and core
of the material can serve as effective catalysts for OER and
ORR, respectively. In addition, the amorphous MnO, shell
can simultaneously provide outstanding structural confine-
ment of the embedded metal-oxide cores. To evaluate the
overall activity of the resulting oxygen electrocatalyst for
reversible OER and ORR, the researchers quantified the
potential gaps (the difference between ORR and OER poten-
tials @ -3 and 10 mA/cm) and reported that the
NiFeO@MnO, demonstrated a potential gap of 0.788 V,
which was smaller than the overall overpotential for
NiO@MnO, (0.835 V) and FeO@MnO, (1.038 V). Here,
the researchers suggested that the high OER/ORR activity of
the core—shell structure was significantly enhanced by the
synergistic interaction between the core and shell (Figure 9b,
¢). In general, the active site theory of ORR and OER results
from the perspective of electronic configuration, surface
morphology, and bulk structure of catalysts. Nevertheless,
site populations and fading degradation mechanisms of NiFe
oxide catalysts are unclear.

MnCo oxides

TMs with multiple valence states are also considered to be
promising oxygen electrocatalysts. As previously discussed,
MnO,, catalysts are prominent ORR electrocatalysts under
alkaline media, and therefore, have been extensively studied
for alkaline FCs and MABs.!"! Similar to other TMO fami-
lies, drawbacks of MnO, include poor electronic conductiv-
ity and limited ORR activity; and therefore, various
strategies such as the design of defected MnO,,!"'!"3 the
blending with conductive supports such as Ag,!'>*! Au, and
Pd"®! (in which Au > Pt > Pd), and the decoration with
other metal or metal oxides (Mn304-decorated Cos0y4
NPs!'®! and Ni-doped Mn30,"%*) have been proposed to
enhance OER, ORR, and bifunctional activities, in which
researchers reported that the optimal ORR nature of the
Mn3H, IHO4 phase, the OER nature of the mixed Mn'™ Y
oxides, and the synergistic effect between the catalyst and
support can all contribute toward outstanding ORR/ORR
activities for manganese oxides."'®* Another approach used
by researchers to obtain active and stable materials is to
design multivalent metal spinels. This is because multivalent
metal spinels; and in particular Co;_,Mn,O,.s, are attractive
nonprecious oxygen electrocatalysts.”>'®Y However, the
structure-property relationship of spinel metal oxides

CHEMICAL SOCIETY

remains elusive and their catalytic performances are limited
as compared with Pt-based counterparts as a result of low
electrical conductivities and poor O, binding. Another chal-
lenge of Co,Mn;_,0, is that calcination at higher tempera-
tures or prolonged synthesis will result in catalysts with poor
performances, large particle sizes, high rates of agglomera-
tion, and small specific surface areas.

To address these issues, Cheng et al.®! studied bifunc-
tional Co,Mn;_,0, NPs through the rapid reduction and
recrystallization of amorphous MnO, precursors in an aque-
ous solution containing Co”* at room temperature. Here,
CoMnO-P and CoMnO-B (P and B represent NaH,PO, and
NaBH,) are the two representative nanocrystals studied by
the researchers, which possessed tetragonal and cubic spinel
phases, respectively (structures in Figure 10a,b), in which
synthesis was carried out using NaH,PO, and NaBH, as
reductants. Consequently, the researchers reported that the
cubic spinel phase outperformed the tetragonal spinel phase
in terms of the intrinsic ORR activity, but that the tetragonal
spinel phase outperformed the cubic spinel phase in terms of
the OER activity (Figure 10c,d). The researchers attributed
these results to the disparate oxygen adsorption binding
energies (cubic phase shows an increase in O,q4s) of Co, as
well as to the defect sites of Mn for OER and ORR.

In a later study, similar results concerning the phase and
compositional effects of MnCo oxides were published by
Chen and coworkers''®® in which the researchers rationally
prepared Mn-Co spinel phases through structural variations,
multiple oxidation states, and elusive distribution of cations.
In this study, the tetragonal and cubic phases of Co;_,Mn,O4
were obtained by varying the Co/Mn ratio in which low Mn
proportions (0 < x < 1.3) resulted in the cubic spinel phase,
whereas high Mn proportions (1.9 < x < 3) resulted in the
tetragonal spinel phase at room temperature. In Figure 10e,
the tetragonal spinel c-CoMn, provided better ORR and OER
performances and superior catalytic durability as compared
with the cubic spinel phase. Here, the researchers attributed
these results to the fact that c-CoMn, possesses smaller parti-
cle sizes, abundant ionic defects, high specific surface area,
and variable metal valences.

In another example, He et al!'®l recently designed
NiMnO5/NiMn,O4 hybrid oxides (Figure 10b) through the tem-
plate synthesis method to investigate the effects of metal com-
position on activity using a preparation method involving the
use of melon pollen as a template followed by the subsequent
two-step annealing. Here, the composition of the resulting
NiMnO5/NiMn,O, hybrid oxides varied from NiMnOs,
NiMn,Oy, 3.11 NiMnO3/NiMn,O,, 1.57 NiMnO3z/NiMn,O,,
0.61 NiMnO3/NiMn,O,, to 0.42 NiMnOs/NiMn,0O,, and the
researchers reported that 1.57 NiMnO;/NiMn,O, and 0.61
NiMnO5/NiMn,0O, demonstrated the highest ORR and OER
activity, respectively. Furthermore, the bifunctional activity of
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FIGURE 10 (a) Schematic illustration of (i) tetragonal and (ii) cubic CoMnO spinels.””*! (b) TEM image of NiMnO3/NiMn,0,.!'%!

(c) Polarization curves of ORR using catalyst-modified RDE in O,-saturated alkaline electrolytes.’*” (d) Polarization curves of OER using catalyst-
modified RDE in O,-saturated alkaline electrolytes.[zg] (e) Evaluation of OER and ORR activities for the c-CoMn,+C mixture, the c-CoMn,/C
hybrid, and a Pt/C catalyst!'®®!

these oxides was also tested and 0.61 NiMnO;/NiMn,O4 adsorbed from the gas or liquid phase react and subsequently
reportedly exhibited higher activities with a minimum relative ~ desorb as products. However, these adsorbed species can
potential gap of 0.88 V. The researchers attributed this also interact with oxide catalyst surfaces as well as other
enhanced activity of the hybrid material to the synergistic adsorbed species (through direct interaction and surface-
effects arising from the interaction between the NiMn,O, and mediated interaction) and change the electronic and geomet-
NiMnO; NPs. Additionally, the researchers reported that this ric properties of the catalytic surface.!'®”! Therefore, the best
interaction can also modify the charge transfer between the cata- metal oxide catalysts are often ones that bind relevant adsor-
lyst and the active species in the electrolyte and that the surface bents with intermediate adsorption strengths, in which
Ni** and Mn** with small amounts of Mn*" were the active metals that possess either stronger or weaker oxygen bond-

sites for OER and ORR, respectively. Despite the promising ing than Pt are usually poorer oxygen-reduction catalysts.[“]
findings in this study, the site population of this material was The estimated catalytic activity of various metallic sur-
not quantified. faces toward ORR can be represented by a “volcano” plot

The activity of electrode materials toward OER and ORR (Figure 11a) using the calculated binding energies of the
depends on their electronic structure and the catalytic surface oxygen intermediates *O as the activity descriptor. From
during reaction conditions is complex and dynamic. At first these calculated binding energies, it can be seen that metal
glance, these reactions appear simple in which reactants catalysts with slightly lower oxygen-binding energies than

(a) . (b) ]
P > \ giof&g?é;’;g;
> [T S ~ 1020 " ey
° 4] h "'ééo Pd QAg S 41 Ptoz(bexa)?' N'°Q:‘-.P.ff’ oo
" % b= *, Cr .
:g' e OON;O S Mo0, "0 o, 2 FIGURE 11 Trends in oxygen
% b~ K e, . .. .

B ,..-'9' ! i Au 2 CrOy “oSn02 reduction activity plotted as a function
< -2 Mo, "'_..-‘ 2 s 2. Nbﬁ. ° ., : o )

o > 20 of electrocatalytic activity (expressed in

w Fe® o .~ Oovo, .
. : . . . . Re0, different terms) based on relevant
2 - 0 1 2 3 0 1 2 3 calculated “activity descriptors” for
AEoleV AG‘O'AG'OH leV () ORR[66J and (b) OER[168J
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Pt should possess higher rates of oxygen reduction.!'®”

Here, DFT calculations have shown that Pt alloy catalysts
with TMs such as Ni, Co, Fe, and Cr, in which Pt will segre-
gate to the surface,'’”! possess smaller oxygen-binding
energies than pure Pt, and the OH-binding energies are not
reduced to the same extent on these Pt catalyst surfaces. In
the case of Ni metal, which binds O and OH strongly, the
activity is limited by the proton transfer to the O and OH. As
for Au metal, which binds O and OH weakly, although pro-
ton transfer is faster, oxygen is less stable on the surface of
the catalyst than it is in the gas phase, meaning that no trans-
fer of protons and electrons to the oxygen on the surface of
the catalyst occurs at the beginning of the ORR process.
Thus, weak binding leads to the rapid reduction of ORR
activity as compared with strong binding.!'”"! Researchers
have reported that PtzM (M = Ni, Fe, Co Ti, Sc, and Y)
bimetallic alloys as Pt-based catalysts can further reduce
overpotentials by increasing the oxygen adsorption energy
by 0.2-0.3 eV as compared with a pure Pt catalyst."”"! In
the case of Pt oxides, although they do not possess superior
activities for OER, they possess optimal binding energies for
key reaction intermediates. Despite the fact that Pt catalysts
are near the top of the volcano-like trend for metals, they
still demonstrate overpotentials of 0.3-0.4 V [66-168.172]

In a more recent study, Man et al. used the difference
between the energy states of two subsequent intermediates
(AGOHOO* - AGOHO*) as a descriptor for catalytic activity
for several different compounds and reported a volcano rela-
tionship (Figure 11b)./"°®! Here, the researchers reported that
the difference of bonding strengths follows the Sabatier prin-
ciplet!”?!
weakly, intermediates cannot easily react and potentials
become limited by the oxidation of HO*. Alternatively, if
oxygen bonding is too strong, intermediates and adsorbed
products stabilize and potentials become limited by the for-
mation of HOO* species. Optimal electrocatalysts should,

in which if oxide catalyst surfaces bind oxygen too

therefore, possess medium bonding strengths for oxygen,
such as in the case of RuO,, Cos0,4, NiO, and PtO,. Further-
more, the actual surface of oxide catalysts also experiences
oxidation and/or dissolution in highly corrosive OER envi-
ronments. For example, oxides such as NbO,, ReO,, MoO,,
and CrO, are not stable for OER. However, their theoretical
values can still provide guidance in the design of mixed
oxides to improve activity.!'74!7°!

In general, it is important to emphasize that in the case of
metal or oxide electrodes, although the use of calculated
descriptors can predict and explain observed activity trends,
this only applies for certain electrolytes in specific model
environments. In addition, based on the reported data (12),
the optimization of OH adsorption energies is preferable to
O adsorption energies because it is likely the most abundant
surface intermediate. Furthermore, this theoretical volcano-
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FIGURE 12 Trends in oxygen reduction activity plotted as a
function of electrocatalytic activity on relevant calculated “activity

descriptors™ for both O and OH adsorption energies in fuel cells'®®

like trend between ORR catalytic activity and oxygen or/and
hydroxyl adsorption energy for metal catalysts is observed
in FCs.

Overall, ideal bifunctional ORR and OER catalysts
should possess properties such as (a) tolerance for wide pH
range conditions, (b) operation at moderate overpotentials
with high current densities, (c) long-term stability (years to
decades), (d) composition of inexpensive earth-abundant
materials, and (e) simple and economical preparation and
fabrication methods. However, any single catalyst may never
realistically possess all these qualities. Therefore, choosing
appropriate catalysts based on the needs of each application
is key to deciding developmental priorities for future water-
splitting electrolyzers. In addition, researchers need to find a
balance between the varying factors in which a balance
between the efficiencies of ORR and OER is most needed.
A good example of this balance is the balance between cost
and efficiency. Therefore, researchers must explore a wide
range of bifunctional electrocatalysts with various properties
to advance the development of next generation energy con-
version technologies.

3.2 | Layered double hydroxides

LDHs are typical inorganic brucite-like materials, which can
be described using the general formula: MY, _ M™ (OH),J
(A", yH50, in which M" and M™ are divalent (e.g.,
Mg®*, Ni**, Co**, Zn®*, or Fe’*) and trivalent cations
(e.g., AT, Fe*", Cr’" or Ga®) and A" is the interlayer
anion compensating for the positive charge of the brucite-
like layer.!'’®! LDHs are formed by the substitution of M**
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ions with trivalent ions possessing similar radii to Mg ions.
In addition, the metallic cations that make up the lamella in
LDHs must present an octahedral shape with an ionic radius
in the range of 0.50-0.74 A. Recently, LDHs have been pro-
posed as interesting alternatives for application in
catalysis,"'7"'7® adsorption,'”®! and energy storage and
conversion."'®® Due to intrinsically poor conductivities and
limited surface areas, the use of LDHs as catalysts in energy
conversion systems is limited. To resolve these issues,
researchers have proposed many different strategies, includ-
ing the blending, decorating, and supporting of LDHs with
defected metal oxides (Figure 13a,d), which reportedly
improve stability but decrease electronic conductivity; or the
mixing with conductive carbon materials (Figure 13b,c),
which reportedly enhances conductivity and surface area but
reduces the long-term stability of carbon due to carbon cor-
rosion. Therefore, the optimal design of defective metal
oxide supports is essential to simultaneously improve con-
ductivity and stability.

Among these LDH materials, Ni-based catalysts such as
NiFe 451761 NiCo, 184185 NiMn, 186187 NiTi, 1881 Njv,[189)
and NiRu"®"" have all been reported to show promising
OER activity. However, the lack of investigation into the
ORR activities of LDHs greatly limits further application in
rechargeable MABs and RFCs. Therefore, it is vital to evalu-
ate the bifunctional performance of LDH-based materials to
broaden electrochemical applications. Recently, Qian
et al."® investigated ternary NiCoFe LDHs as ORR and
OER electrocatalysts and reported that the observed

outstanding ORR and OER performances (Figure 14a,b) of
the O-NiCoFe LDH originate from the oxidation process,
which can improve the valence state of Co. As for the chal-
lenges of the limited surface area and poor electronic con-
ductivity of NiFeCo LDHs encountered during
electrochemical measurements, Zhou et al["ol grew NiFeCo
catalysts onto N-doped graphene oxide (GO) (Figure 14c¢) to
enhance electrical conductivity and reported that the
resulting Ni,Co"™Fe-LDH/N-GO catalyst displayed the best
bifunctional activity with 0.88 and 1.41 V for ORR and
OER, respectively (Figure 14d). Here, the researchers attrib-
uted this enhanced OER and ORR activity to the synergistic
effects between the LDH and the conductive support in
which Co®* and N-doped GO can act as active sites for
OER and ORR, respectively. A similar phenomenon was
also reported by Duarte et al.'®*! through the combination
of CoMn LDHs with carbon nanotubes as efficient and
effective bifunctional electrocatalysts for OER and ORR.
Despite these promising performances, carbon-supported
LDH catalysts still encounter short-term durability issues
due to the degradation of carbon supports at higher poten-
tials resulting from carbon oxidation. To resolve this,
Ibrahim et al.'"*°! introduced a new approach to synthesize
highly durable and active metal oxide decorated LDHs as
efficient and stable ORR catalysts and reported superior per-
formances (Figure 14e). Here, 3D flower-like NiRu LDHs
were decorated using highly conductive and robust Ti4O; in
which the researchers suggested that the morphological engi-
neering of NiRu LDH into 3D FL-NiRu LDH can increase

Enhance

(0)
LDH/CNT

Enhance surface
area and
Conductivity

LDH/GO

durability

Nanowire

(d)
C0,0,@LDH

LDH nanosheets

FIGURE 13 Summary of
different support materials for the
preparation of LDH-based catalysts:
(a) TiO,@LDH,!"3"

(b) LDH/CNT,!"®?! (¢) LDH/GO,!'83!
and (d) Co;0,@LDH!'8"
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(a,b) ORR and OER polarization curves of NiCoFe-LDHs.'83 (¢) Schematic of the in situ growth of LDH nanosheets on N-GO.

(d) OER and ORR polarization curves of Ni,CoFe LDH+GO, Ni,CoFe LDH, Ir/C, and Py/C.1"°! (e) ORR polarization curves of 3D FL-NiRu LDH,

Ti4O, 3D-FL NiRu LDH/Ti,0;, and NiRu LDH/Ti,O,"°"

active sites and allow for easy accessiblity to electrolytes,
and that the selection of a support with strong interactions to
the metal can reduce NP agglomeration and allow Ti4O- to
boost the conductivity and durability of the LDH material.
In addition, the researchers suggested that the superior per-
formance of the resulting hybrid arises from the intrinsically
high activity of the NiRu-LDH and the strong coupling
effect between the LDH and the robust and conductive
Ti 0.

In general, the above-mentioned LDHs have demon-
strated activity for ORR and OER and have shown stability
at individual reaction potentials (as OER or ORR), but there
are limited reports on the quantification of site populations
and stability measurements in real-life conditions (bifunc-
tional conditions). In addition, researchers have not yet
reported the fading mechanisms of LDH-based materials.

3.3 | Metal sulfides, selenides, nitrides, and
carbides

Metal oxides have been extensively studied as potential oxy-
gen electrode catalysts. Due to limited conductivities of
metal oxides, researchers have branched out to TM
nitrides,"' ! sulfides, 94199 phosphides,“97] selenides,!'%®!
and carbides!"”®! and have reported promising results for

ORR and/or OER. This is because at higher oxidation states,

site activity of the TMs occurs regardless of the anions they
are coordinated to. In the case of transition metal carbides
(TMCs), they possess good electronic conductivity, high
chemical stability, and satisfactory metallic properties, and
are potentially viable for ORR.?°! Due to the instability of
TMCs at higher potentials, only a few studies have exam-
ined their OER properties, in which most notably, bimetallic
carbide-based materials are potentially promising candidates
as OER and ORR electrocatalysts due to the incorporation
of secondary metals, which can manipulate the electronic
structure and expose abundant site activities.”?*!?%?! Simi-
larly, TM sulfides such as NiS, and CoS, have also been
reported to be promising ORR and OER electrocatalysts due
to their electrochemically stable nature, 2032041 Here,
researchers reported that the activity of these TM sulfides is
dependent of the morphology and crystal structure of
NiS,,2%1 and that due to the electronically insulating nature
of sulfur, metal sulfides need to be blended with conductive
substrates or supports to modify conductivity. As for sele-
nides of Ni and Co, they possess similar chemical properties
to sulfide and are also promising candidates for oxygen elec-
trode catalysts. Here, Co can exist in two stable forms of Se
(CoSe and CoSe;), both of which possess high
electrocatalytic activities for OER,[2°6] ORR,[163’204] and
hydrogen evolution reaction (HER),[207’208] making CoSe,
an interesting candidate in the field of water electrolyzers.
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[209] [67]

Furthermore, in the case of TM selenides, sulfides,
and nitrides,mo] they are similar to mixed metal oxides and
can enhance the electrocatalytic nature of compounds due to
the highly electron-rich nature of the nonmetals."*'"! Similar
to TMOs, a major drawback for TM sulfides, selenides, and
nitrides is the poor electronic conductivity.*'*! To resolve
this issue, researchers have reported that the coating of these
TM-based catalysts (Figure 15a) with carbonaceous mate-
rials is an effective solution due to the highly conductive
nature of carbon. Liu et al!'?®! synthesized a catalyst
possessing a composition of Co and Ni (NiCo,S,@g) and
reported efficient OER and ORR activities with an overall
potential of 0.98 V. Here, the researchers attributed this dra-
matic enhancement in bifunctional activity to the unique d-
electronic configuration of Co®* at the surface of the
NiCo0,S,4. And in a later study, Dong et al."'*®! introduced an
easy and facile synthesis approach to grow binary Ni-Fe sul-
fide onto Ni-foam (15c¢) and reported extremely high current
densities due to the highly conductive nature of Ni-foam as
well as the covalent bridge between the active sulfides and
the carbon as the support to provide facile pathways for elec-
tron and mass transport.

Precious metals (Pt for ORR and IrO, and RuO, for
OER) have been extensively used as oxygen reaction cata-
lysts for FCs and MABs (summarized in Table 2 and

Figure 16). However, these devices are hindered by high
costs, a limited abundance of noble metals, poor bifunctional
activities of Pt, IrO,, and RuO,, as well as poor stability and
unsatisfactory ORR/OER processes. To overcome these
issues, researchers have applied different carbon-based mate-
rials (as a catalyst and as support), chalcogenides, metal car-
bides, nitrides, oxides (monometallic and bimetallic oxides),
and oxide supports as catalysts. Nevertheless, although the
use of carbon as the catalyst and catalyst support (Figure 16)
provides advantages such as high surface area and good con-
ductivity, it also possesses issues such as poor stability aris-
ing from carbon oxidation at relatively higher potentials,
limiting the future development of such materials. To
resolve this, researchers have designed TMO-based electro-
catalysts that possess good stability, but still face the issue
of insufficient activity due to poor conductivities and small
surface areas. Therefore, an emerging strategy to minimize
these issues is to dope metal into well-defined structures of
oxides, spinels, and hydroxides to modify catalytic activity
through the alteration of electronic structures and the crea-
tion of synergetic effects. Although this strategy does
increase site activity, site population, and provide good sta-
bility, conductivities are still unsatisfactory. Furthermore,
metal oxide support catalysts have recently emerged as
promising candidates for bifunctional catalysts with
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TABLE 2 Summary of ORR/OER activity of recently reported bifunctional oxygen electrocatalysts

Bifunctional
electrocatalysts

Carbide, nitride
Co/N-C
FeNi@C
NiFe@NC,
Fe;C@NG
Co/N-CNT
Fe/N/C
Monometallic oxide
MnO,
CoO
Co304
Co304
Bimetallic oxides
Nonsupported oxide
NiMn,0,
NiCo,04
Nij 4C0,.5604
CoMn,0y4
FeCo,04
MnCo,04
Nonoxide supported
CoFe,0,4/G

NiFe,O4/MWCNT

COF6204/G

CO304-MHC0204/

N-rGO
NiCo,04/C
Oxide supported
NiO/NiCo,0,
NiCo0,0,@MnO,
MnO,@NiFeO,

Ml’l3O4 @ COMI’I204

NiRu-LDH/Ti,O7
Chalcogenides
CoS,/N, S-GO
CoSe,
NiFe,_.Se,
NiCo,S4,@N/S-rGO
Coy sFep sS@N-MC

7 (mV) at
J =10 mA/cm

371
280
320
361

320
195
210
410

Layered hydroxide-based catalysts

NiFe-LDH-Fe-N-C
FeCo-LDH

300
279

Eogr (V) at
J =10 mA/cm

1.599

1.591
1.62
1.59

1.77
1.56
1.52
1.54

1.61
1.62
1.75
1.83
1.71
1.65

1.69
1.56
0.54
1.68

1.67
1.49
1.5

1.52
1.67

1.61

1.70

1.57

1.539

EORR (V) at J =
—3 mA/cm

0.74

0.811
0.84
0.81

0.73
0.85
0.78
0.82

0.73
0.78
0.79
0.75
0.75
0.76

0.72
0.54
0.62
0.77

0.70

0.72

0.94

0.80

0.85

0.79

0.72

0.81

0.793

Oxygen electrode AE (V)
= Eokr — Eorr

0.859

0.780
0.78
0.78

1.04
0.71
0.74
0.72

0.88
0.84
0.96
1.08
0.96
0.89

0.97
1.02

0.08
0.91

0.97

0.87

0.82

0.98

0.76

0.747
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Reference

[200]
[213]
[214]
[215]
[216]

[217]

[31
[100]

[391]

[165]
[218]
[219]
[220]
[221]

[222]

[38]
[156]
[38]

[223]

[224]

[133]
[132]
[158]
[225]

[190]

[226]
[227]
[228]
[128]

[212]

[229]

[151]

(Continues)
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TABLE 2 (Continued)
Bifunctional 7 (mV) at Eogr (V) at Eorr (V) atJ = Oxygen electrode AE (V)
electrocatalysts J =10 mA/cm J =10 mA/cm —3 mA/cm = Eogr — Eorr Reference
CoNi-LDH/CoO 300 22
NiFeCo LDH 1.49 0.8 0.69 (et
g-FeWCo 191 iy

desirable advantages such as good conductivity and stability
but they still possess issues such as limited surface areas,
which is vital in this field.

4 | APPROACHES TO ENHANCING
THE ACTIVITY

The effectiveness and efficiency of optimal electrocatalysts
are determined based on the different properties of OER and
ORR such as current density, onset potential, Tafel slope,
electrochemical surface area, turnover frequency, half-wave
potential, and potential gap (Figure 17). To modify the dif-
ferent basic properties of OER and ORR catalysts, different
engineering approaches such as the introduction of doping,
defects, and supports as well as the modification of facets,
morphology, and composition are emerging as viable strate-
gies. Here, the introduction of doping, defects, and conduc-
tive support materials can modify site activities, electronic
structures, and conductivities, whereas the modification of
facets, morphology, and composition can increase surface
areas by exposing surfaces to electrolytes, which in turn can
change the site populations of catalysts. In addition, the syn-
ergistic effects arising from the interactions between the
dopant, the doped metal oxide, the catalyst, and the support
can result in enhanced conductivities, increased site activi-
ties, changed electronic structures, and increased site

[164]

populations in resulting catalysts, all of which can

enhance catalytic activity and stability.

4.1 | Doping engineering

The engineering of doping is one of the most effective
methods to alter electronic structures and local structures to
improve the site activity of electrocatalysts'**'*** in which
the best strategy is the introduction of secondary metals (sin-
gle or multiple metal doping) to oxides/hydroxides of TMs
through nucleation doping and growth doping.[*®'7®" In
nucleation doping, dopants are incorporated into all precur-
sor molecules and serve as nucleation centers, allowing for
the uniform doping of all NPs.***! As for growth doping,
dopants are introduced separately into the reaction mixture
alongside precursor molecules, such as in the form of salts
of the dopant element, resulting in the nonuniform doping of
NPs due to its highly statistical nature. As for the formation
of doped products, this depends on the reactivity of both the
dopant precursor and the host material.*** Furthermore, if
the rates of reaction and the rates of dopant formation are
unbalanced, the amount of dopant can become low, or new
crystals mainly containing dopant elements can form. Favor-
able doping conditions of metal oxides depend on the ligand
environment and the specific crystal facets,'””>> which
change as crystal growth continues. Because of this, most
doping methods require careful trial and error selection of

Carbon based catalysts Monometallic oxides

Precious metal

a .

>4
QUes g
TE,

a. Pt/C[16]

a. NiFe@NC,[214] a. C0,0,[39]

b. IrO, RuO,[43] b. Fe;C@NG [215] b. CoO [100]
c. MnO,[3]

Remarks Remarks Remarks

<+ Cost <+ Good surface area <+ Stable

<+ Limited nature < Poor conductivity
reservation

<+ Poor stability

< Good conductivity

<+ Poor stability and
dispersion with TM
oxides

FIGURE 16

d 9\’1’9!/1150,'

o 0 (

o

g
Bimetallic oxides/hydroxides Synergies between oxide and support
a. NiCoFe-LDH [185] a. NiMnO,/NiMn,0,[165]
b. NiFe,0,[156] b. 3D-FL-NiRu-LDH/Ti,0,[190]
c. NiCo,0,[218] c. CoO/CoNi-LDH [230]
d. NiFeSe,[228] d. Mn;0,@CoMn,0,-Co,0, [225]
e. MnCo,0,[38]
Remarks Remarks
<+ Stable «* Conductivity
<% Still limited <+ Stable

conductivity <+ Small surface area

Summary of the development of OER and ORR electrocatalysts
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FIGURE 17 Summary of
various properties used to evaluate
ORR/OER electrocatalysts
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FIGURE 18 (a) Free energy landscape of V-doped FeOOH,?*®! (b) DFT calculated OER activities for pure and W-doped CoFe OOH and W

oxides,

[151]

and (c) the effect of doping on adsorption energy (AGq

151
H)[ 1
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synthesis approaches and precursors. Fan et al.**®! comple-

mented this approach by demonstrating the effects of V-
doping into FeOOH and elucidated the synergistic effects
between V and Fe (Figure 18a), in which the addition of
vanadium into FeOOH enhances the electronic structure and
conductivity of the material, resulting in the V-doped
FeOOH demonstrating better OER activities than FeOOH
by itself. Although Fe was identified as the active site for
OER, site populations were not identified.

Researchers have reported that Fe can either significantly
alter the electronic structure of NiOOH through the substitu-
tion of Ni with Fe or itself can act as an active site for
OER.[°"#7) Iy addition, researchers have examined the
effects of Fe on Ni sites on the OER performance of NIOOH
and reported that FeO, produced very poor activity as com-
pared with the composite material. ***! Recent evidence sug-
gests that the NiOOH surface modified with the presence of
Fe is the active site for OER.!***?*°I Nj, _ Fe OOH has been
reported to have a record low overpotential (= 0.4 V) under
alkaline conditions, where the metal-oxo bond is suggested
to play a critical and catalytic role in the favorable O—O
bond coupling.”?*!! Shin et al. suggested Co, Rh, and Ir
among 17 TMs as promising dopants for NIOOH to further
improve the OER activity based on in silico quantum-
mechanical calculations.?*? However, in these studies, the
OER mechanisms for the compounds with Fe impurities are
still elusive and doubtful. Zhang et al.">" studied the effects
of dual-doping on catalytic activity and degree of adsorption
energy in CoOOH and reported that the inclusion of Fe and
W into CoOOH resulted in increased adsorption energies for
OH (AGyo+) as compared with the counter single atom dop-
ing in the reduction of energy barriers (Figure 18b,c).

In general, elemental doping can increase site activities
through the formation of defect sites, the enhancement of
electronic conductivities, and the modification of intrinsic
electronic structures of catalysts, resulting in lowered energy
barriers.23%-243]

4.2 | Defect engineering

Defects in crystalline materials arise for various reasons and
from various sources. In the case of metal oxides, defects
can be produced through high-temperature synthesis, exfoli-
ation, and chemical etching, as well as doping atoms into
crystal structures and decreasing thicknesses to atomic levels
in which surface atoms can easily escape from lattices to
form vacancy defects.”**! In high-temperature synthesis,
metal oxides can shift to different crystalline phases driven
by chemical potential, shifting from higher chemical poten-
tial phases at high temperatures to lower chemical potential
phases as temperatures cool. Here, if cooling was conducted
fast enough so that particles cannot fully complete the phase

shift, defects can be created at the boundary of the different
phases. Chemical etching agents can also be applied to parti-
cles to remove certain atoms on the surface of particles to
create defects. Although this process destroys the crystalline
structure of the material, defects created through this method
are mostly on the surface.**”! Recent studies have also
shown that the intrinsic site activity of catalyst active sites
can significantly affect overall catalytic performances.
Therefore, to improve the intrinsic site activity of metal
oxides, surfaces need to be properly engineered,**¢!
based on this, the formation of vacancy defects in catalysts

and

is a promising strategy to adjust the electronic structure and
surface property of metal oxides to enhance catalytic activ-
ity. In general, defect-rich metal oxide catalysts are charac-
terized by lower coordination numbers, increased structure
distortions, and dangling bonds on the surface./**”!

Although it is difficult to synthesize perfect crystal mate-
rials free of defects, defects can modify the surface elec-
tronic properties of electrocatalysts, in which different types
of defects such as line defects, point defects, volume defects,
and plane defects can form during material preparation. Fur-
thermore, point defects; based on their location and compo-
sition, can be further divided into heteroatom dopants,
impurities, and interstitial atoms and vacancies (Figure 19).
Here, many researchers have reported that surface defects on
electrocatalysts can enhance electrochemical reac-
tions®®"3%°*531 in which many electrocatalysts possessing
defects have been reported to exhibit much better OER/ORR

activities than corresponding defect-free materials.

SR

@ R
SRR

Support defect

<
-6,
I

il

‘Oxygen vacancy

Anion vacancy
Lattic deet

FIGURE 19 Schematic showing the various defects, their effects
on OER/ORR electrocatalysts, and characterization techniques
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As for defects in new materials, there has been rapid
development in nanoscience and many novel materials with
striking advantages have been discovered, providing inter-
esting and meaningful research directions for the immediate
future. In addition, researchers have reported that many of
these advanced materials potentially possess numerous inte-
rior defects and oxygen vacancies, allowing for the publica-
tion of many satisfactory findings. However, the vacancies
of other metal or nonmetal elements or defects in nonoxide
compounds have rarely been discussed.***?*°! For example,
graphyne is a material ~ similar  to
graphene!137:1381
hybridization of sp” in which 1 < n < 2. Here, researchers
suggest that the existence of defects can have great impacts
on performance such as in electrocatalysis.''**! With the
emergence of conductive metal-organic frameworks (MOFs)
as electrocatalysts for heterogeneous reactions,'*>*! defects

star-shaped
which can be considered to be a mixed

on both the metal sites and organic sites should be further
studied, in which coordinatively unsaturated metal atoms are
thought to be the active sites.'**'" Overall, the study of the
defects of these novel materials can guide the creation of
many effective catalysts and the discovery of interesting
phenomena and the search and development of new effective
methods to controllably prepare various defects is crucial.
Reviews concerning defects are common, the controlla-
ble preparation of electrocatalysts with various defects
remains a great challenge. In addition, the control of defect
concentrations can allow for the more systematic and clear
understanding of the role of defects. Currently, most
reported materials with defects are prepared using pyrolysis
or template methods, but these methods cannot accurately
control the generated defects, making the study of the actual
relationship between the defect and activity difficult. How-
ever, plasma technology has emerged as a useful method to
generate oxygen defects on the surface of hematite
nanoflakes,?>!! anatase TiO,,'*% and In,05.1*>*' For exam-
ple, Xu et al.*>¥ created surface vacancies in Co;0y using
Ar plasma in the presence of P and noted that the in situ fill-
ing of P can effectively compensate coordination numbers
and change the electronic property using heteroatoms. Over-
all, these newly developed strategies can guide the engineer-
ing of defects and allow for the study of interactive
relationships between activity, stability, and defects.
Furthermore, the development of advanced methods to
identify defects is also needed. This is because although
there are already many advanced and effective techniques to
characterize the various defect types, these techniques can-
not quantitatively interpret defects. The development of the-
oretical tools such as hybrid functionals (e.g., B3LYP, HSE)
in DFT to explore the effects of defects on performance is
necessary.'”>> Here, analytical tools such as in operando
electrochemical impedance measurements, X-ray absorption

CHEMICAL SOCIETY

spectroscopy (XAS),?*®! and positron annihilation life spec-

troscopy' " can be used to provide an understanding into
the effects of defects on electrocatalysis in a clearer and
more convincing manner.

Material stability is an important parameter for practical
application. Furthermore, the stability of active defect sites
to confirm whether defects change or recombine under
working conditions also needs to be examined. To accom-
plish this, more accurate and high-end in situ measurement
and characterization methods need to be developed.

The characterization of these above factors can affect site
activities, and therefore, the understanding of active sites for
catalysts is crucial to improve catalytic performances.
Defects in TM catalysts can result in disordered structures,
unsaturated bonds, lower coordination numbers, and dan-
gling bonds. Here, researchers reported that lower coordina-
tion numbers of reactive sites can lead to more dangling
bonds and result in higher catalytic activities, indicating that
coordination numbers play a decisive role in identifying site
activities.>*”) Likewise, disordered structures can result in
the formation of unsaturated bonds, leading to the formation
of unsaturated atoms that can act as the activity sites in cata-
lysts. Because of this, the number of unsaturated atoms plays
a crucial role in the influence of catalytic properties, mean-
ing that the increase of unsaturated atoms is an effective
strategy to promote catalytic activity.'*>®! Furthermore, the
introduction of vacancies can tailor the activity sites of elec-
trocatalysts and the distortion of structure can enhance the
structural stability of electrocatalysts by reducing surface
energies. Overall, there are many types of defects (cation,
anion, lattice, and intrinsic defects on supports, summarized
in Figure 19) with different effects such as charge redistribu-
tion, conductivity enhancement, and adsorption energy opti-
mization in OER electrocatalysts. Based on this, deeper
investigations into defects need to be conducted and factors
such as the type of defects as well as the effect of defects on
electrocatalytic activity need to be studied. In addition,
researchers should focus on defect—activity relationships as
well as the identification, characterization, and manipulation
of surface defects on catalysts.

4.2.1 | Characterization of defects

The positive effects of various defects have been widely
studied through the use of different advanced tools and char-
acterization techniques, and it is necessary to summarize
these methods to provide guidance to researchers in the iden-
tification of defects. One of the most powerful tools used to
determine the electronic structure and local geometry of cat-
alysts is XAS.[#°726!1 For example, because defects can
reduce coordination numbers and increase disordered struc-
tures and dangling bonds, Zhang et al. used extended X-ray
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FIGURE 20 (a) CoK-edge FT-

EXAFS of pristine and different
temperature-treated Co304.[249] (b) The
slight shift in Co 2p binding energy
demonstrates the promotion of oxygen
vacancy generation in the hybrid to
accelerate OER.?%?! (c) Raman spectra
acquired from SnO, samples annealed

at different temperatures under
[263]
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absorption fine structure (EXAFS) to study a model Co30,,
revealing that the existence of Co304-500 (Co-Co N = 8.00)
and Co0304-300 (Co-Co N = 7.50) can be attributed to the
existence of V¢, (Figure 20a).1%*! In addition, this technique
(EXAFS) was also used by Liu et al.®® to reveal that
ultrathin CoFe LDH nanosheets possessed an octahedral
coordination of Co-Ogy with a coordination number of
N = 4.7, which is slightly less than that of pristine CoFe
LDHs (N =4.9) and can be attributed to the existence of
oxygen vacancies. The researchers in this study also used
this technique (EXAFS) to reveal that the bond distance of
the exfoliated ultrathin CoFe LDH nanosheets was 3.148 A,
which is larger than that of pristine CoFe LDHs (3.136 A).
Furthermore, based on the obtained results, the N of Co-M
was revealed to be only 4.4 in the exfoliated LDH, which is
lower than that in pristine CoFe LDHs (N = 5.3), revealing
the existence of metal vacancies (Co and Fe vacancies).
Another important tool used to characterize defects is XPS,
which is a surface-sensitive technique that can measure the
chemical and electronic states of elements within a material.
Here, defects are characterized by changing bonding ener-
gies through the appearance of new peaks and the slight
shifting of peaks. Based on this, Zhang et al.'***! revealed
strong shifts in binding energy for Co;0, after coupling with
Ti, suggesting strong electron transfer performances and the
formation of oxygen vacancies in CozO4/Ti (Figure 20b).
Raman spectroscopy is another common and useful tech-
nique that can be used to characterize defects in materials,
and especially in carbon materials. This is because defects in

Y I g meme
@ & & & & & 5 8 &8 8 s aas

materials can change vibration modes in systems, resulting
in the shifting or appearance of Raman peaks. For example,
researchers have acquired representative Raman spectra
from SnO, samples annealed under oxygen at different tem-
peratures (Figure 20c) and obtained three weak peaks at
475.5 (f5), 540.5 (f3), and 498.5 cm™! (f2) of the crystal
SnO, with different peak positions, attributing the slight
shifts to the OV-induced phonon confinement effect.[26%-26¢!
In addition, with the rapid development of electron micros-
copy, the direct imaging of atomic structures for samples is
possible, in which the most advanced transmission electron
microscopy (TEM) technologies can observe materials on
the atomic scale, allowing for the direct observation and
quantification of defects in materials (Figure 20d)/2¢*!
Overall, these advanced methods can assist researchers in
obtaining in-depth information about defects; even at the
atomic level, and help to elucidate the positive effects of
defects on electrocatalysts. However, challenges still remain
for researchers to obtain more information about defects, in
which there is still a lack of technologies; and especially in
situ technologies, to further identify and quantify defects to
evaluate the role of defects in electrocatalytic performance.

4.2.2 | Anion vacancies

Oxygen vacancies (Vo) are the dominant anion vacancies in
TMOs because of low formation energies,?®”! and in some
solid metal oxides such as TiO,, Nb,Os, and CeO, are the

. 2 .
sole source of conduction electrons.”®® Here, the existence
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of oxygen vacancies can influence the geometric and elec-
tronic structures of oxide surfaces®®” and alter their chemi-
cal reactivity, thus enhancing the conductivity and initial
adsorption energy of water, as well as the performance of
TMOs.27%271 Iy addition, for the adsorption of inert mole-
cules such as O,, N,, and CO,, Vg can act as the direct coor-
dinating site for enhanced substrate adsorption as well as the
charge donor site, which is capable of activating these mole-
cules due to the abundance of electrons localized at
Vo.[100’254’272_276] Furthermore, surface Vo can improve the
transfer of electrons from the metal d-band center to the O-
vacancies and vice versa to further effectively tune the
adsorption of surface species on catalysts.”””}

4.2.3 | Cation vacancies

Cation vacancies can also greatly affect the properties of
oxide catalysts and metal cation vacancies can imbue sur-
prising characteristics as a result of their various electronic
and orbital distributions. Metal cation vacancies can also
affect the site activity, active site density, and electrochemi-
cally active surface area (ECSA) of oxide catalysts®”
because cation defects can further decrease the coordination
number of neighboring atoms, making them more reactive.
In addition, cation defects can also strongly affect the elec-
tronic structure of metal oxide catalysts, which in turn can
play an important role in increasing the valence state of
nearby metal centers, tuning the activity of reactive sites
and, therefore, improving their catalytic properties./>*®!
However, the large formation energy of metal cation vacan-
cies relative to anion vacancies makes it more challenging to
study the role of cation vacancies.

In general, oxygen and metal vacancies can not only
decrease the coordination number of neighboring catalytic
sites, but can also act as donors to narrow band gaps, mini-
mize strains, and modify structures, and can simultaneously
increase electrical conductivities and improve the adsorption
of H,O and electron density of materials, resulting in the

Ni -precursor

FIGURE 21

interaction between the catalyst and

Coupling

metal oxide support

Ru -precursor
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improvement of intrinsic activity for active sites. In addition,
the formation of multiple vacancies can improve ion
exchange between electrolytes and catalytically active sites,
and increase site activities for OER. Compared to oxygen
vacancies, metal vacancies can provide better regulation of
multifarious electron configurations and orbits, thus provid-
ing an efficient route for optimized water oxidation.””®! Fur-
thermore, the stability of materials is another important
parameter for practical application and various catalysts with
defects have been reported to demonstrate desirable stabili-
ties.>>*2"”1 More studies are required to determine whether
defects change or recombine under working conditions.

4.3 | Support engineering

To minimize the energy loss between electrodes and active
sites where reactions take place, the electronic conductivity
of catalysts and the interface between the catalyst and the
electrolyte need to be optimized. Among the various
approaches, the coupling with stable and conductive sup-
ports (Figure 21) has been reported to be an effective
approach. Here, researchers report that carbonaceous mate-
rials as the metal oxide support is preferred in ORR/OER
electrocatalysts due to their structural and chemical stability
in harsh environments. 25!

Au nanostructure-decorated catalysts have been proposed
to be able to enhance electrocatalytic activities through the
formation of favorable local catalyst-gold interfacial interac-
tions due to Au being the most active for ORR in alkaline
media, despite poor performances in acidic media. 28282
For example, Wang and coworkers'**!! studied the influence
of embedding NiFe-LDH electrocatalysts with polyatomic
Au and reported that the polyatomic Au distribution on the
surface of NiFe-LDH can exhibit higher activities with a
current density of ~500 mA/cm and higher stability than
pristine samples. Zhang et al.”*®*! synthesized single atom
Au-decorated NiFe-LDHs as efficient OER catalysts and
found that by downsizing the particles from the nanometer

o, 0% 3D-FL-NiRu-LDH/Ti,0,

P
SDS Template QQQ"Z &?z"é‘g

Urea Hydrothermal @9
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scale to single atoms, Au usage can be effectively reduced
and atomic utilization can be maximized. Gold is seen as a
promising decorating material for catalysts with poor elec-
tronic conductivity, possessing the capacity to modify elec-
tronic structures and increase the conductivity and site
activity of electrocatalysts. Similar to this concept, silver-
decorated NiFe-LDHs have demonstrated their outstanding
OER/ORR bifuncationality.”®*! However, the main chal-
lenges of single atom chemistry are the control of mecha-
nisms and characterization tools.

In the following subsections, highly ordered oxides such
as TiO,, CeO,, WO,, and FeNiO, are selected for detailed
discussion.

4.3.1 | TiO, support

TiO, is considered to be a potential support material for cata-
lysts due to its environmental friendliness, high stability, mod-
erate cost, large surface area (250 m*/g), and its ability to alter
the electronic properties of oxide catalysts, allowing for the
control of oxide catalyst size, structure, and commercial avail-
ability. A known drawback of TiO, is its poor conductivity.'"’
To resolve this, several studies have demonstrated that the con-
ductivity of TiO, can be enhanced through the reduction of
metal oxides to form oxygen vacancies,!' %2

achieved through high-temperature annealing in reducing atmo-

which can be

spheres to obtain Magnéli phased TiO, possessing conductivi-
ties several orders higher than TiO, (e.g., Ti3Os [530 S/cm],
Ti4O; [1035 S/cm], TisOy [631 S/cm], TigOq; [63 S/cml],
TigOys [25 S/em], TizOs + TiyO7 [410 S/em], TiyO7 + TisOg
[330 S/cm], and TisOg + TicOy; [500 S/em]).**>** Here,
researchers reported that the most conductive phase of titanium
was TiyO;, which reached its optimal conductivity at
ca. 10° S/cm at room temperatllre.[87’190] However, researchers
also reported that this method can lead to low surface areas and
cause poor dispersion and increased aggregation of NPs during
the blending of the catalyst with the support,”'**?**! presenting
a dilemma between the need for high conductivity and the need
for high surface area for the electrocatalyst and support.
Another method to enhance the conductivity of TiO, is through
the introduction of appropriate donor dopants such as Nb,'"
Mo,[go] and W,[287] which can achieve relatively better conduc-
tivities as compared with bare TiO,. To reduce the negative
impact of particle growth during the doping treatment,
researchers have proposed a template-based synthesis method
using hexamethyldisilazane and tetra ethyl orthosilicate
(TEOS), which may provide an alternative route to control par-
ticle sizes.[*®®! Yet, this approach also presents challenges such
as the lack of controlled compositions, tedious preparation

[289]

steps, and the presence of liquid phases incorporated by

capillary forces. But overall, supports that enhance conductivity

coupled with supports that provide high surface areas can sig-
nificantly improve the activity and stability of catalysts.**'*"!

4.3.2 | WO, support

Tungsten oxide (WO3) is robust in aggressive acidic and
alkaline media and is known to enhance ORR."**” Draw-
backs such as poor electronic conductivity and small sur-
face area hinder application as a catalyst support. Despite
this, defective forms of tungsten oxide (WO;_,) are cur-
rently attracting increasing attention as support materials
due to comparable conductivities (1.76 S/cm) to graphi-
tized carbon (3.0 S/cm).[zgl] In addition, these defective
and reduced forms of tungsten oxide possess advantages
such as moderate temperature preparation conditions
(~600 C, whereas TisO; is ~1,000C), and relatively
smooth and flat surfaces.”® Furthermore, oxygen
vacancy defects formed in these defective tungsten oxides
can provide coordinatively unsaturated sites for molecular
adsorption, and high-temperature treatment along with
doping can further enhance conductivities. Overall speak-
ing, through doping with foreign atoms and morphologi-
cal variations (e.g., nanowire, ordered, and disordered
core—shell structures), WO, are not only promising oxy-
gen electrocatalysts but are also good support materials
for other catalysts.!?*%!

4.3.3 | CeO, support

CeO, or ceria, a rare-earth metal oxide with a fluorite
cubic structure that is widely regarded as a type of
“oxygen-tank,” can undergo surface hydration and carbon-
ation and can be easily reduced. CeO, has been intensively
studied as a promoter for many catalyst systems due to the
(2932941 1f metal
oxides are exposed to atmospheric H,O and CO, at room

temperature and pressure, bulk hydration and carbonation
[295]

existence of Ce**/Ce®* redox couples.

can occur, producing important modifications to the
reactivity of highly dispersed metals on the above sup-
ports. Furthermore, CeO, possesses reversible surface oxy-
gen ion exchange, good electronic/ionic conductivity, and
high oxygen storage capacity because of the flexible tran-
sition between the Ce’™ and Ce** oxidation states as a
result of variations in oxygen concentration.?**2%¢2%7] I
addition, the multivalence of CeO, can generate strong
electron interactions with other matrixes, and accordingly
can enhance catalytic performances, in which the good
electronic/ionic conductivity and high oxygen-storage
capacity of CeO, are favorable factors for the enhancement
of OER activity. 2?3299

Long et al.!'”® recently designed and fabricated a
novel catalyst of ceria film-supported metallic nickel NP-
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decorated TMO nanosheets (ceria/Ni-TMO) to achieve
efficient OER in alkaline electrolytes and reported that the
presence of unique abundant oxygen species as well as
the storage transfer property of the ceria film, which is
favorable to the adsorption-desorption of intermediates
during the water-splitting process, produced low onset
potentials for both OER and HER. In addition to these
promising results, the simple synthesis and earth abun-
dance of the result material provides the exciting potential
for commercial development in full electrocatalytic water

splitting systems. %!

4.3.4 | NiFeO, support

As-synthesized NiFeO, materials can also be used as sup-
ports or possess core@shell interactions with electro-
catalysts. Here, core@shell systems involve the coating of
one material with a thin layer of another material, and the
functional properties of these resulting nanoscale mate-
rials depend on the size, composition, and structural order
of the core and shell. For example, physical properties
such as color are strongly dependent on the type of shell
as well as the shell-to-core ratio in which the core and
shell can be different materials or the same material with
different structures, sizes, and morphologies.m“ In one
study, Cheng et al.*%% recently designed a new class of
TMO-based catalyst supports that are embedded into an
amorphous MnQO,, and reported that in this NiFeO-MnO,
structure, the amorphous MnO, shell can serve as an
effective catalyst for OER and ORR, and the metal-oxide
core can function as an outstanding structural confine-
ment for the embedded metal-oxide core. As a result, the
obtained core@shell structured bifunctional NiFeO@-
MnO, catalyst demonstrated a potential gap of 0.792 V
for reversible OER and ORR in 0.1 M KOH solution.
Similarly, Zhu et al.?%!
OER activity and durability through the synergy of
core—shell structure of NiFe/NiFeO,. Likewise, hierar-

provided evidence for enhanced

chically structured nanowires/nanosheets of CuO/NiFeO,
show impressive activity and durability.!'”*! Here, the
researchers suggested that the enhanced activity origi-
nates from the intrinsic activity of Ni as well as the syn-
ergistic effects between the defected NiFeO, support and
catalyst. In addition, Zhu et al.”°* suggested that core
can provide good bulk electron conduction and extend
OER active sites to the whole oxide/hydroxide shell, all-
owing the shell to catalyze OER and protect the metal
core from oxidation. Here, the researchers also
suggested that the long-term stability of this catalyst
originates from the degradation resistant nature of the
metal oxide support.

CHEMICAL SOCIETY

4.4 | Facet, morphology, and composition
engineering

4.4.1 | Morphology and composition
engineering

Sabatier’s principle states that adsorbate-catalyst interactions
should be neither too weak or too strong in order for reac-
tions to occur.!>¥ Here, the degree of interaction in electro-
catalysts is mainly influenced by either the composition or
morphology of the materials. To improve the degree of inter-
action, two main methods have been proposed involving the
design of bimetallic catalysts and the development of porous
nanostructures, in which the former can accelerate reaction
kinetics and the latter can buffer stress from electrode swell-
ing and shrinkage and provide more ion adsorption, site
activity, and site population for charge transfer reactions, as
well as shortened diffusion and transfer pathways for elec-
trolyte ions (Figure 22).

To modify morphologies, researchers have used various
reducing agents such as NaH,PO, and NaBH, and templates
such as sodium dodecyl sulfate, NaCl,BOS] Si0,, and
MgO.1%! For example, Co,Mn;_,0, catalysts were recently
prepared using different reducing agents to control the crys-
tallographic structure such as cubic and tetragonal phases
(Figure 23a,b)°%73%) based on the report that crystallo-
graphic modification can accommodate the tuning of cata-
lytic activity®®! in which the cubic phase reportedly
displayed significantly improved ORR and OER activities as
compared with the tetragonal phase. The chemical composi-
tion of the as-synthesized materials can also influence the
coordination sites, surface structures, pore sizes, and surface
areas of catalysts, and the composition of catalysts have a
great impact on the oxidation/reduction potential of neigh-
boring elements and the enhancement of the activity and
selectivity of the product.!'¢>-31%!

To demonstrate this, Song et al. synthesized mesoporous
cobalt oxide as well as Ni-/Mn-promoted cobaltite through a
one-step wet chemical method and studied the effects of
metal composition on OER and ORR performance through

|

' Morphology

[ Surface area ] [Diffusion path] 1 Conductivity li Durability
Site Il . 5 o
: Site activity
population

FIGURE 22 Strategies to enhance the performance of
electrocatalysts

Composition
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FIGURE 23 Schematics of the synthesis of (a) cubic and (b) tetragonal spinel phases.[166] (¢) Polarization curves for the ORR and OER of 5%
Ni-Co, 20%Mn-Co, Meso-Co, Pt/C, and Ir/C catalysts.[307] (d) Assessment of the overpotential required to reach 10 mA/cm for aMnO,, fMnO,,

YMnO,, and amorphous manganese oxides (AMO)P%¥!

the variation of Ni and Mn composition.”°”! Here, the
researchers reported that 5% Ni-Co demonstrated promising
ORR and OER activities with an overpotential of 399 and
381 mV at —3 and 10 mA/cm?, respectively (Figure 23c),
and attributed the enhanced ORR activity to the incorpora-
tion of Ni and Mn, which resulted in an increase in surface
oxygen defects and surface area. The researchers also attrib-
uted the enhanced OER performance to the oxidation of the
surface from Co** to Co**. Thus, comprehensive investiga-
tion of surface structure—activity relationships for OER and
ORR is crucial for the continuous improvement of future

catalyst design for efficient bifunctional oxygen electrodes,
in which the surface-sensitive nature of the oxygen electrode
reactions and the engineering of morphologies and design of
nanostructures such as nanoﬂower,“sg] honeycomb,B“]
needle—like,mz] nanowire array,[313] and dendrimer™'¥
structures can significantly influence the site activity and site
population of catalysts.

In fact, the designated composition of catalysts can be
deviated from its surface composition'?***'*! and the mate-
rial’s morphology, composition, and phase could change
during the course of utilization and vary from its pristine
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state.'**31%1 The interesting phenomenon deserves more
investigation with the development of advanced analyzing
tools (e.g., in situ/in operando spectroscopic measurement
and apparatus design).

4.4.2 | Facet engineering

The atomic level engineering of surface structures and inter-
faces can be used to precisely manipulate the exposure of
active sites and subsequently enhance the corresponding
electrocatalytic activities.”””! Because of this, the modulation
of material chemical and physical properties through selec-
tive facet engineering has become one of the most active
research topics in this field, aimed at optimizing functional
performance in different applications. In the interface appli-
cation of heterogeneous catalysis, catalytic properties
depend on the atomic arrangement of exposed surfaces and
geometry sites, involving atom steps, corners, edges, coordi-
nation status, dangling bonds, and surface energies. Rational
design of active and stable facets with favorable coordina-
tion and arrangement of atoms is the most promising
route.!7! Here, different crystal planes exhibit different
catalysis properties such as surface stability, oxygen vacancy
energy, and interaction with  surface
molecules,”'®! in which both octahedral and tetrahedral
structures enclosed with all {111} facets possess larger sur-
face area to volume ratios than cubic structures. Therefore,

formation

to design enhanced catalytic properties such as the thermal
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and structural stability of facets ({2kl} > {3kl} > {4kl}), a
combination of thermodynamically favorable shapes such as
{111} and {100} is vital.'"o!

Furthermore, to obtain different facets composed of
edges, etching is required in which two conventional synthe-
sis methods are typically used.”'®! One etching method
commonly used is a template-assisted etching process in
which metal is first deposited onto the edges of a well-
controlled solid template particle, followed by the subse-
quent introduction of a proper etchant and the removal of
the template, leaving behind the frame structure. The other
etching method commonly used is a kinetic-controlled disso-
lution process in which stable or metastable particles are first
generated. Following this, an etchant is added to remove
internal atoms depending on the stability of the NPs.***! In
the design of electrocatalysts, catalysts that possess stable
shapes may not be structurally or thermally stable.**'! Here,
spherical particles possess better shape stability for different
planes, and for polyhedra particles, shape stability is essen-
tially determined by the average coordination number of sur-

1322] Furthermore, a
317.323]

face atoms and their distribution.
breakthrough was made by Lu and Cheng’ team
the understanding and control of crystal facets to dramati-
cally increase the ratio of {001} to {101} in anatase TiO,, in
which metal oxides with variable compositions and crystal-
lographic structures of {101}, {001}, and {010} facets and
(o, B, y) exhibit different activation barriers for O, desorp-
tion (Figure 24). Therefore, the engineering of surface

Single-crystal

Textured nanopyramids

FIGURE 24 (a) Schematic representation of anatase TiO, with different crystal facets. (b—d) SEM images of anatase TiO, crystals

synthesized with different aqueous solutions of HF containing different amounts of TiOSO, precursor at different times."***! () Schematic

representation of surface engineered Co0."%"! (f) Histogram expression for the shape-dependent electrocatalytic activity of spinel oxides

[310]
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structures of crystals with different facets can affect
electrocatalytic performances and boost activity and
stability.!310-324]

S | CONCLUSIONS AND
PERSPECTIVES

The ORR and OER are the two most vital reactions in RFC
devices and rechargeable MABs, both of which are promis-
ing technologies to meet the demands of future renewable
energy applications. Most of the time, the use of precious
metal electrocatalysts such as Pt, RuO,, and IrO, becomes
unavoidable to improve kinetics in the aforementioned reac-
tions. However, the high cost, limited abundance, poor sta-
bility, and poor bifunctional activity of Pt, Ir, and Ru are
major hurdles to commercialization. Therefore, the develop-
ment of low cost, highly efficient, and stable bifunctional
electrocatalysts is important.

TM-based catalysts are inherently more stable than car-
bon materials in oxidizing environments, despite their aver-
age activities. Ni-based, Co-based, and Fe-based oxides and
hydroxide such as NiFe oxides, NiFe-LDHs, and Co050,
have demonstrated activity for OER, whereas Ni-based and
Mn-based oxides such as NiMn-LDHs and different oxides
of Mn (MnO,) have demonstrated ORR activity. Therefore,
composites of TMs can potentially be the best bifunctional
electrocatalysts, but challenges such as intrinsically poor
conductivity and low surface area remain in TM-based
oxides.

In this review, selection criteria for adequate TM-based
electrocatalysts and catalyst supports were first scrutinized.
Following this, intrinsic and extrinsic factors affecting
electrocatalytic activity were summarized. Furthermore,
approaches to enhance the catalytic performance of
OER/ORR were discussed, including (a) doping engineer-
ing, (b) defect engineering, (c) crystal facet engineering,
(d) support engineering, and (e) morphology and composi-
tion engineering. Here, the composition, structure, and mor-
phology are all factors responsible for the stability of water
electrolysis catalysts. Advanced catalysts with outstanding
stabilities can be obtained if all these factors are fully identi-
fied and carefully controlled. However, current design
methods of electrocatalysts rely heavily on preacquired
knowledge of existing materials and through trial-and-error,
with few materials being developed based on the rational
design and fundamental understanding of catalytic mecha-
nisms of targeted electrochemical reactions, thus hindering
further development of high-performance bifunctional cata-
lysts. As an example, the perfect morphological control of
catalysts can enable increased specific surface areas and
more exposed catalytic active sites, thus shortening the dis-
tance for charge/mass transport and elevating conductivity

and electrochemical performances. In addition, the innova-
tive design and synthesis of unique nanostructures to signifi-
cantly improve electrocatalytic performances is still
challenging in energy conversion and storage devices. Fur-
thermore, the total cost of the overall synthetic and electro-
chemical processes, including the control of waste and
acid/base pollution, should be carefully taken into consider-
ation and well optimized to realize the efficient and robust
deployment of large-scale energy conversion and storage for
sustainable global energy requirements. Overall, the design
of electronic and phase structures, the creation and exposure
of active sites, the elaborate control of morphology and
dimension, and the regulation of lattice strain through means
of alloying, compounding, heteroatom-doping, and synthetic
procedure innovation/control are the most common methods
to design novel bifunctional electrocatalysts.

The creation of defects in crystalline materials is one of
the most important factors, which can affect site activity and
site population in electrocatalysts, and can be created
through high-temperature synthesis, exfoliation, and chemi-
cal etching. The origin of the advanced activity of these oxy-
gen electrocatalysts is still unclear. To increase the
OER/ORR activity of TM-based electrocatalysts, it is neces-
sary to increase individual site activities and overall site
populations, in which the activity of a catalyst is equal to the
product of the site activity multiplied by the site population.
Therefore, an in-depth understanding of active sites; such as
the atomic-level interplay between active sites and site popu-
lation, still requires deeper research, despite a large number
of studies that have been conducted to investigate the elusive
nature of active sites. Site activity is attributed to the elec-
tronic structure and local structure of an active site; there-
fore, any methods affecting the electronic structure and local
structure of active sites, such as doping, defect, and decora-
tion, can affect site activity as well. Furthermore, the site
population of catalysts is associated with its exposed surface
area as influenced by catalyst loading, electrode architecture,
dispersion, size, and thickness. Here, morphological engi-
neering can improve site population through the increase of
surface area, whereas composition engineering can increase
site activity through the enhancement of activity or the crea-
tion of defects. In addition to defects, the coupling between
the catalyst and support can also have significant effects on
site activity through the modification of catalyst conductiv-
ity. Although both site activity and site population are
important to catalytic activity, the origin of catalytic activity
can only be understood if they can be differentiated. Unfor-
tunately, most factors impact site activity and site population
simultaneously. Therefore, future research in this field
should focus on the development of methodologies such as
poisoning nonprecious transaction metal-based electro-
catalysts with different anions such as chlorides to better
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differentiate the difference between site activity and site pop-
ulation so that the origin of catalytic activity and stability in
ORR/OER can be clarified.

Furthermore, the coupling effect between the catalyst and
support is another prominent factor that can modify the con-
ductivity, site activity, and site population of electro-
catalysts, in which synergistic bifunctional activities
between the catalyst and support can typically improve elec-
trochemical activity and stability, resulting from the change
in local and electronic structures of active sites through the
creation of defective sites and exposure of more ECSA
through the increase in catalytic surface area.

Finally, the long-term stability of ORR/OER electro-
catalysts under real conditions (oxidation and reduction) still
requires in-depth research. Researchers have been studying
the stability of catalysts in OER and ORR individually, real
bifunctional tests under successive oxidation-reduction
(or charging—discharging) cycles are more challenging.
Therefore, the investigation and identification of the origin
of bifunctional catalytic activity as well as the fading and
poison mechanisms of ORR/OER electrocatalysts are neces-
sary. Future studies in this field should focus on the develop-
ment of in situ TEM, Raman, and XAS characterization
tools, as well as DFT calculations to understand the surface
reactions of different sites during electrochemical processes.
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