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ABSTRACT: The oxygen reduction reaction (ORR) is an
important electrode reaction for energy storage and conversion
devices based on oxygen electrocatalysis. This paper
introduces the thermodynamics, reaction kinetics, reaction
mechanisms, and reaction pathways of ORR in aqueous
alkaline media. Recent advances of the catalysts for ORR were
extensively reviewed, including precious metals, nonmetal-
doped carbon, carbon—transition metal hybrids, transition
metal oxides with spinel and perovskite structures, and so
forth. The applications of those ORR catalysts to zinc—air
batteries and alkaline fuel cells were briefly introduced. A
concluding remark summarizes the current status of the
reaction pathways, advanced catalysts, and the future
challenges of the research and development of ORR.

Precious Metals Carbon-Transition Metal Hybrids

O, + 2H>0 + 4e = 40OH-

Non-Metal Doped Carbon CNT or graphene Transition Metal Oxides
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1. INTRODUCTION

Oxygen electrocatalysis is one of the most studied topics in the
fields of electrochemistry and catalysis because of its
importance for electrochemical energy conversion and storage
devices. It deals with the oxygen electrode reactions in
electrochemical systems. The oxygen reduction reaction
(ORR) is the cathodic branch of oxygen electrode reactions.
The ORR in aqueous solutions is highly irreversible and
consists of multiple adsorption/desorption and reaction steps
involving oxygen-containing species such as O, OH, O,
HO,”, and H,0,. Despite extensive research work over
decades,” the mechanistic aspects of oxygen reduction have
not been well understood because of the involvement of a net
transfer of four electrons and four protons to O, and the
cleavage of the formal double bond of O,. Apart from the
scientific significance, oxygen electrocatalysis is vitally impor-
tant to the industry, largely due to the increasing demands for
renewable energy technologies that rely on oxygen electro-
chemistry, such as metal—air batteries, fuel cells, electrocatalytic
and photocatalytic water splitting, fuel synthesis, and so forth.
The ORR is recognized as the kinetically limiting component of
these devices based on oxygen electrochemistry. To attain high
energy efficiency, it is desirable to have the oxygen electrodes of
electrochemical devices to trigger the ORR as close to the
reversible conditions as possible (i.e. with an overpotential as
close to zero as possible). Due to the highly irreversible nature
of oxygen electrode reactions, the use of electrocatalysts is of
paramount importance to minimize the overpotential.
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The alkaline media confers reduced adsorption energies of
anions. According to the Nernst equation, the working
potential of electrochemical processes in aqueous media shifts
by —59 mV, equivalent to a weakening of adsorption energy of
0.059 eV for a monovalent anion, for every increase of 1 pH
unit per increase. In the case of divalent anion, SO,>~ adsorbs
moderately on Pt in acidic media but does not adsorb to any
appreciable extent on Pt in a typical ORR working potential of
0 < E < 1V (RHE) in strongly alkaline solutions.” Moreover,
the alkaline nature enables surface-independent outer-sphere
electron transfer processes during the first stage of ORR.” The
surface nonspecificity sheds light on using a wide range of
nonprecious metal catalysts, besides precious metals. Alkaline
media provides a less corrosive environment to the catalysts,
and the ORR kinetics is more rapid in alkaline media than in
acidic media. A resurgence of interests on alkaline metal—air
batteries,”® alkaline hydrogen fuel cells,”'® alkaline direct
alcohol fuel cells,''* and microbial fuel cells'>'* has stimulated
more and more research and development on ORR catalysts in
alkaline media.

We limit the scope of this review paper to ORR in aqueous
alkaline media. Readers interested on ORR in acidic media are
suggested to extensive review papers covering the reaction
mechanisms'>~'® and electrocatalysts.'”~>* Even for ORR in
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alkaline media, excellent review papers and book chapters on
oxygen electrocatalysis covering ORR mechanism and reaction
pathways* ™ and electrocatalysts®® have been reported. To
avoid duplicating those previous works, this review paper starts
from a briefing of thermodynamics and kinetics of oxygen
electrode reactions, to an overview of reaction pathways of
ORR, and to recent advances (especially in the last three years)
of oxygen electrocatalysts. Those oxygen electrocatalysts under
review are categorized into precious metals, nonmetal-doped
carbons, carbon—transition metal hybrids, and transition metal
oxides, among others. A concluding remark section summarizes
the research progress and outlines the future perspective.

2. THERMODYNAMICS AND KINETICS OF OXYGEN
ELECTROCATALYSIS

2.1. General Principles. The standard reduction potential
of O, to OH", EO02 sor 18 0401 V versus Standard Hydrogen
Electrode (SHE) for the direct four-electron pathway:*’

0, + 2H,0 + 4e” = 40H"; E° = 0.401 Vvs SHE (1)

In an alternative two-electron pathway, O, is reduced to
peroxide ion

0, + H,0 + 2¢” = HO,” + OH~; E° = —0.076 Vvs SHE

)
followed by either further reduction
HO,” + H,0 + 2¢” = 30H7; E° = 0.878 Vvs SHE (3a)
or disproportionation
2HO,” = 20H™ + O, (3b)

In acidic solutions, the four-electron (Reaction 4) and two-
electron (Reactions S, 6a, and 6b) pathways are

0, + 4H' + 4e” = 2H,0; E° = 1.229 Vvs SHE (4)
0, + 2H" + 2¢” = H,0,; E° = 0.695 Vvs SHE (3)
H,0, + 2H" + 2¢” = 2H,0; E° = 1.776 V vs SHE (62)
2H,0, = 2H,0 + O, (6b)

In nonstandard conditions, the equilibrium potential of
oxygen electrode reactions is established according to the
Nernst equation:

RT

— —In
nF

Aox

E=E’
(7)
where R is the gas constant, T is the temperature in Kelvin, # is
the number of electrons transferred, F is the Faraday constant,
and a is activity of the oxidized and reduced species. In the
specific circumstance of alkaline media at 25 °C and at an O,
pressure of 1 atm, Egz Jonr- is related to the Reversible Hydrogen
Electrode (RHE)

Epug = Egup + 0.059 X pH

ARed

(8)

, as illustrated in Figure 1.

Considering a low solubility of O, of 1.26 X 107> mol L™" in
aqueous solutions, only those methods based on convective/
forced transport of reactants in the solutions can enable the
evaluation of ORR activity. The rotating-disk electrode (RDE)
technique is a powerful tool on evaluating the activity of oxygen
electrode reactions. RDE is a convective electrode system
consisting of a disk of electrode and a rotating shaft (Figure 2).
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Figure 1. RHE scales with SHE of O,/OH™ redox couple at different
pH values of aqueous solutions.
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Figure 2. Schematic diagram of typical rotating-disk electrode (RDE)
testing setup in three-electrode configuration. Catalysts are loaded on
an embedded glassy carbon disc of RDE. CE and RE are acronyms of
counter electrode and reference electrode, respectively.

Figure 3 shows a typical ORR RDE polarization curve, from
which some performance indicators of reaction kinetics are

Current density (mA cm‘z)

0.6 0.8
Potential (V, vs RHE)

1.0

Figure 3. Typical ORR polarization curve of Pt/C collected from RDE
system with rotating rate of 2000 rpm.

indicated (e.g, onset potential (E,,), half-wave potential
(Ei /), overpotential under a specific current density (77;), and
diffusion-limiting current density (j_)). The electrochemical
and hydrodynamic properties of RDE is correlated with the
Kouteckj—Levich (K—L) equation®®

DOI: 10.1021/acscatal.5b00524
ACS Catal. 2015, 5, 4643—-4667


http://dx.doi.org/10.1021/acscatal.5b00524

ACS Catalysis

1 1 1 1 L1
0.62nFCy(Dy)*"*v ™" w'/* ~ nFkC,

9)
where jy is the kinetic-limiting current density, @ is the angular
velocity in unit of rad/s, n is the number of transferred
electrons, C, and D, are the bulk concentration and diffusion
coefficient of O, in electrolyte, v is the kinematic viscosity of
the electrolyte, and k is the electron-transfer rate constant. n
and k can be obtained from the slope and intercept of K—L
equation, respectively.

The extent to which each of reaction pathways (1) to (6b) is
involved for a particular electrocatalyst is usually established
with the rotating ring-disk electrode (RRDE) technique. More
than RDE that only monitors the oxygen reduction currents,
RRDE has a coaxial ring electrode to detect the products
generated from the disk electrode (Figure 4). The ring

Jk

Loaded catalyst layer

Figure 4. Schematic diagram of rotating ring-disk electrode system.

electrode is set within the potential window between the
diffusion-limiting value for the oxidation of intermediates such
as H,0, and hydrogen peroxide anion (HO,") and E,,,, of the
oxidation of OH™ to O,. j; of H,O, oxidation on Pt RDE was
attained at 0.11 V vs SCE (equivalent to 1.12 V vs RHE) in 0.1
M KOH + 0.15 M H,O, solution under a rotating rate of 1000
rpm.”” The oxidation of OH™ to give O, on Pt RDE emerged
when the potential was larger than 0.71 V vs Ag/AgCl
(equivalent to 1.69 V vs RHE) in 0.1 M KOH under a rotating
rate of 2000 rpm.*’ Based on these results, a suitable potential
window between 1.3—1.5 V versus RHE is recommended for
the set potential of the Pt ring of RRDE. Figure 5 shows a
typical RRDE curve of Pt/C."' The fraction of current due to
HO,"™ that is recorded by the ring electrode (Xjo-) and the

corres};onding electron transfer numbers during ORR (n,-)
42,4

are
_ _2R/N
Mo T L+ /N (10)
41,
n-=———
¢ I+ /N (11)

, where I is the ring current, I, is the disk current, and N is the
collection efficiency.
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Figure S. Current—potential curves for O, reduction on Pt/(Pt + C) =
20% thin layer (b) and for HO,™ reoxidation on Pt ring electrode (a)
in 1 M NaOH solution saturated with pure O, gas. The potential of
ring current (Ep) = 0.35 V vs Hg/HgO. Rotation frequencies: (@)
500; (M) 1000; (A) 1500; (#) 2000 rpm. Scan rate: 1 mV s
Reprinted with permission from ref 41. Copyright 1998 Elsevier.

At equilibrium, the n—j characteristic is described by the
classic Butler—Volmer (BV) equation’®***°

. ankn
7= eXP( )_ eXP(_ RT ) (12)

where jj is the exchange current density as the current density
in both the cathodic and anodic directions at the equilibrium
potential, a, is the anodic charge transfer coefficient, and a, is
the cathodic charge transfer coefficient. Due to the high
irreversibility nature of oxygen electrode reactions, the
generated oxygen reaction currents at higher overpotentials
(Inl > S0 mV) would more appropriately be described as (by
convention, the current and overpotential associated with
cathodic oxygen reduction is taken as negative, and vice versa):

a,nFn
RT

o ( a,nF, )
=je
o = hoe ~pp )
_ ) ( anF, )
= —j.exp| —
Je Jo RT (14)

where the subscripts “a” and “c” denote anodic and cathodic,
respectively. The Tafel equations are the semilogarithmic forms
of egs 13 and 14

RT
nFa,

RT
= Inj— —Inj =blnj—a
, J nFa, Jo ]

(13)
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RT . | RT _ . .
n.= Inj, — Inj=a— blnj
nFa, nFa, (16)

b is the Tafel slope, which itself is a reaction mechanism
indicator as well as calculating the n value. b of —60 mV dec™
corresponds to a pseudo two-electron reaction as the rate-
determining step (RDS), whereas b of —120 mV dec™! suggests
the first-electron reduction of oxygen as RDS.** Note that the
ORR consists of multiple steps that can each be described by j,
and Tafel slopes. Further, because the cathodic and anodic
branches of oxygen electrode reaction (ie, ORR and OER)
have RDS, the extrapolation of Tafel plot in obtaining j, is not
valid, and j, should not be used as an indicator of catalytic
activity of ORR.

2.2. Reaction Pathways on Precious Metals. The ORR
kinetics is complicated not only because of the multiple
electronic transfer steps involving four electrons but also
because of the profound 1nﬂuences from the pH value,"
solvation, and polarity of water.* Flgure 6 shows the scenario

IHP

OHP

@

Hydroxﬂ Water
species

L~
Alkali M*

D -
Oxygen cation

Figure 6. Double-layer structure of electrolyte/electrolyte interface
during ORR in alkaline media. Insets (a) and (b) illustrate the inner-
and outer-sphere electron transfer processes, respectively. IHP is the
inner Helmholtz plane, and OHP is the outer Helmholtz plane. As
indicated in the figure, the negative end of the water, hydroxyl species,
and other intermediates orient themselves toward the positive
electrode. Reprinted with permission from ref S. Copyright 2012
Hindawi Publishing Corporation.

of double-layer structure of electrode/aqueous electrolyte
interface during ORR. Inner Helmholtz plane (IHP) defines
the region that is between the electrode surfaces and the IHP
charged species that are closely attracted on the vicinity of
electrode surfaces. In contrast, beyond the outer Helmholtz
plane (OHP), the charged species are loosely scattered in the
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aqueous solution.”” The bond dissociation energy (BDE) of O,
is 498 kJ mol™!, larger than the BDE of many typical
nonmetal—O bonds such as H—O (430 kJ mol™), ClI-O
(267 kJ mol™), and F—O (220 kJ/mol).’>*" The dissociation
of O,, therefore, would be more energetically favorable to
process on a catalyst surface with moderate adsorption energy
of O, through various intermediates such as adsorbed O (O,),
superoxide ion (O,”) and HO,,4, among others. The more
energetically favorable path is the superoxo/peroxo path, noting
that the BDE of O, and 0,2~ is around 399 kJ/mol.>* H,0,
easily transforms 1nto HO,™ in alkaline media according to its
pK, value of 11.7.% A reaction scheme taking into account O,~

and HO, 4 is given in Figure 7, where the first electron transfer

¢

- k,
T; - ;), @=—=H0; L OH"

y &Il«"’/

HO; — = HO;,,

k,

Figure 7. Serial pathway of oxygen reduction on gold surfaces with (a)
and without (b) adsorbed species. The subscripts a and b denote the
adsorbed and the bulk species, respectively. The superscript (*) refers
to the electrode-vicinity species. Reprinted with permission from ref
83. Copyright 2013 Elsevier.
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Figure 8. General reaction scheme of oxygen reduction on Pt-based
catalyst surface. The subscripts sa, a, b, and * denote “strongly
adsorbed”, “weakly adsorbed”, “bulk”, and “the vicinity of disk
electrode”, respectively. Reprinted with permission from ref 33.
Copyright 1987 Elsevier.

(ky) is usually considered to be the RDS.>* Figure 8 illustrates a
more sophisticated oxygen reduction scheme on Pt-based
catalysts, in which no single reaction step involves the exchange

of more than one electron. The elementary reaction pathways
33

are”
— kl —

OZ,a +te — 02,3 (17)
0;, + H,0 + ¢~ «— HO,, + OH"~

) ko, d (18a)

k
20;, + H,0 = 0,, + HO,, + OH~ (18b)
kzz

0,, =~ 20, (19)
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k
0, +e = O (20)
— k23 —
OZ,a - OZ,sa (213)
k
0y, + H,0 + e~ = HO;, + OH~ (21b)
— k13 _
OZ,sa - Osa + Osa (21C)
HO,, + ¢ «— O, + OH™
’ S!k—s (22&)
ki _
2HO,, = O,, + 20H (22b)
— klz —
HOZ,sa - Osa + OH (ZZC)
k
O, + H,0 + e~ = 20H" (23)

The first electron transfer steps to adsorbed oxygen species
(e.gy Oy Oy Oy, etc.) with or without rapid proton transfer
(reactions 17, 19, and 20) are widely regarded as the RDS on Pt
surfaces.”™*° The first electron transfer step to O, is surface-
sensitive. It proceeds through reaction 17 on a mercury
electrode in the presence of strong surfactants such as
triphenylphosphine oxide (TPPO), where those surfactants
displace H,O from the electrode surface and inhibit the normal
formation of HO,™ species. The lifetime O3, is sufficiently long
before its decomposition to O, and HO,™ (halflife 7, ~ 1
min at pH 13), so that O, could be seen in the reverse sweep
of cyclic voltamograms.®” The formation of O3, was observed
at E° = —0.3 + 0.03 V vs SHE with both O, and O3, remaining
in the aqueous phase,” and the potential did not change from
pH 1 to pH 13 on Ag(111) surface in aqueous solutions.”” The
pH-independence caused the overpotential of O,/0;, to
decrease from 1.53 V at pH 0 to 0.7 V at pH 14, noting that
the standard reduction potential of H,O/OH™ changed from
1.229 to 0.401 V as the pH value changes from 0 to 14.”°” The
decrease of 7 is one of the reasons to explain the wide
availability of catalysts for the alkaline media. The first
protonation step of O, (reactions 18a, 18b, and 21a) does
not involve the cleavage of O—O bond of precious-metal-based
catalysts.”*>** The followed reactions proceed either via a two-
electron (2e”) pathway or a four-electron (4e”) pathway.
Although a two-electron (2e”) pathway followed by disappro-
priation of HO,™ (reactions 2 + 3a) can be detected by RRDE,
it is hard to discriminate the nuance between a two-electron
pathway followed by fast in situ electrochemical elimination of
HO,™ (“serial” 2e” + 2e~ pathway, reactions 2 + 3b) and a 4e”~
pathway (“direct” pathway, reaction 1). For example, part of O,
was partially reduced to HO,”, but the HO,™ was almost
simultaneously further reduced to OH™ on Pt/C catalysts that
were supported on porous gas diffusion layer.’” In the
literature, a so-called “pseudo” 4e™ pathway is always claimed
by researchers without differentiating the 2e™ + 2e™ pathway
with the 4e” pathway.”” A direct approach on supporting a
proposed reaction scheme is to in situ detect the reaction
intermediates. Surface-enhanced infrared reflection absorption
spectroscopy detected a potential-dependent vibration band at
1005—1016 cm™' of Pt surfaces in 0.1 M NaClO, + NaOH
(pH 11) solution, which was assigned to the O—O stretching
mode of O,”.°" The O—O stretch mode of O,” was also
observed on polycrystalline Au surface in 0.1 M NaOH solution
by surface-enhanced Raman spectroscopy at the frequency of
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1150 cm ™% The detection of O, but no detection of HO,~
implied that the protonation of O,  (reaction 21a) was the
RDS of the 2e™ + 2e” pathway for precious metal catalysts.

2.3. Reaction Pathways on Transition Metal Oxides.
The ORR reaction pathways at transition metal oxide surfaces
follow a different rationale to those at precious metal surfaces.
The surface cations of transition metal oxides coordinate with
the oxygen of H,O in order to fulfill their full oxygen
coordination. The hydrogen atoms of H,0 become distributed
over the catalyst surface. To create OH™ species, the
protonation of surface oxygen ligand is charge-compensated
by the reduction of a surface cation M such as Mn**, Co®*, Fe**,
and so forth. The M—OH™ species further interact with O,
which adsorb on oxide surfaces with either end-on or side-on
cogzﬁgurations.1 The ORR pathways on oxide surfaces would
be

2M™ — 0% + 2H,0 + 2¢” — 2M™ V* _ OH™ + 20H"

(24)
O, +e - OZ,ads_ (25)
MV — OH™ + 0,47 + ¢ — 2M™ — O*” + 20H"

(26)

or more probably

M™ - 0" + H,0 + ¢ —» M™% _ OH™ + OH"™ (27)
02 +e - Ol,ad57 (28)
M®™ D — OH™ + 0,4 > M™ -0 -0 +OH (29)

M™ -0 -0 +H,0+¢ - M™V*_0— OH + OH"

(30a)
M D* 0 — OH + e - M™ — O*” + OH~ (30b)
M™ -0 - 0 + H,0 + ¢ -» M™ V* _ OH™ + HO,~

(30c)

where reactions 26 and 30c are RDS.” A schematic
presentation of reaction pathways are illustrated in Figure 9.
The interaction of O, with metallic oxide catalysts can be
explained by the inorganic chemistry principles of molecular
orbitals and crystal field theory. By studying the ORR activities
of transition metal (TM)-doped lanthanum nickel oxides and
oxides with metallic conductivity, Matsumoto et al. found that

_ OH-
H _
© |m+ 02+e
O0O—B—O0
H,O+e” 4 1 OH~
02— OOQ_
|ty |(m+1y+
0—B—0 0—B—0
o \3 OOH 2/ —H,0+e
|m+
O0O—B—O
& OH~

Figure 9. Proposed ORR mechanism on perovskite oxide catalysts.
The ORR process via four steps: 1, surface hydroxide displacement; 2,
surface peroxide formation; 3, surface oxide formation; 4, surface
hydroxide regeneration. Reprinted with permission from ref 65.
Copyright 2011 Nature Publishing Group.
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Figure 10. (A) SEM image, (B,C) TEM, (D) HAADF, (E) Raman spectrum, and (F) XPS spectrum of as-synthesized Au/rGO hybrids. Inset in
panel D stands for the statistic histogram of Au cluster sizes, whereas the inset in panel F represents the XPS spectrum of the Au element in Au/rGO

hybrids.*”

the catalytic activity was influenced by the overlap integral
between the e, orbital of TM and the sp, orbital of oxygen and
that the larger the overlap integral, the higher was the
electrocatalytic activity.>** Yeager proposed that a strong
metal-to-oxygen interaction was established by the overlapping
of the 7 orbitals of O, with the d,> orbitals of a TM element,
with back-bonding from at least partially filled d,, or d,, orbitals
of TM to the #* orbitals of O,. The strong TM—O interaction
resulted in a weakening of the O—O bond and led to the
dissociative adsorption of O, and probably simultaneous
protonation and valence change of TM.** In 2011, the Shao-
Horn group observed a volcano plot of the catalytic activities of
perovskite oxides versus the e, electrons that peaked at e,
electrons ca. 0.8—1.0. A moderate e, filling around 0.8—1.0
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conferred the B—O, bonding that was neither too strong nor
too weak. The presence of an e, electron was proposed to
destabilize the TM—O bond and together with O, 4~ to
facilitate the displacement of OH™ of TM—OH™ with TM—
0,>™ (reaction 28).65 During oxygen incorporation, Mueller et
al. noticed that the surface lattice oxygen anion of perovskite
oxides was oxidized while the oxygen adsorbate was reduced,
highlighting the crucial role of anion-redox chemistry of the
surface of transition metal oxides during ORR.%®

3. CATALYSTS FOR OXYGEN REDUCTION REACTION

3.1. Precious Metals. 3.1.7. Platinum. No single
polycrystalline metal catalyzes the ORR as effectively as Pt.”’
Extensive works on Pt single crystals and Pt nanoparticles

DOI: 10.1021/acscatal.5b00524
ACS Catal. 2015, 5, 4643—4667


http://dx.doi.org/10.1021/acscatal.5b00524

ACS Catalysis

supported on a carbon black matrix (Pt/C) were carried out in
acidic media,”*** given its excellent activity and the extensive
interests on its technical application in acidic polymer
electrolyte fuel cells. Research works on Pt/C in alkaline
media attract more and more attention because of the
increasing interests on alkaline fuel cells and batteries. The Pt
particle size of Pt/C has substantial influence on its activity for
ORR in alkaline media. A plot of mass activity (MA) of thin
film Pt showed MA reached maximum at 2 nm-thick Pt film
with an average particle size of 3 nm.” A 3-fold reduction in
activity was observed when Pt particles decreased in size from
24 to 2 nm in 1 M NaOH solution.*" This decrease in activity
was attributed to excess HO,  on the surface, which was
desorbed into bulk solution and without further reduction. In
contrast, a combined experimental and thin film/flooded
agglomerate model analysis by Gonzalez et al. indicated the
highest MA of Pt/C with Pt particle size of S nm and the
highest specific activity of Pt/C with Pt particle size of 4 nm in
1 M NaOH solution.”" A desirable Pt particle around 4—5 nm
was also observed in a 20 wt % Pt supported on microporous-
mesoporous carbon derived from molybdenum carbide (Pt(20
wt %)/C(Mo,C)), whose ORR kinetics in 0.1 M KOH solution
was better than commercial Pt (20 wt %)/Vulcan on
electrochemical surface area (ECSA) basis.”””> The further
increase of Pt loading to 60 wt % showed little improvement of
Pt(60 wt %)/C(Mo,C) as compared to Pt(60 wt %)/Vulcan.”*

To reduce the use of high-cost Pt, core—shell structures with
Pt as shell and less costly metal as core were developed, such as
Pt@Au nanorods dispersed on pyridine cycloaddition of
graphene (Pt@Au-PyNG) and Pt@Pd nanocubes enclosed
with (100) planes.”*”® Another approach is to use nonprecious
metal oxides as the catalyst support for Pt. A novel Pt cluster
loaded on CaMnOj as a noncarbon support was developed. It
exhibited essentially competitive ORR kinetics of commercial
Pt/Vulcan and outperforms Pt/C with better operating
durability.”” Tin-doped indium oxide (ITO) is a well-known
conducting glass material. Pt with particle size of 5 nm was
coated on 22 nm ITO nanoparticles by galvanic replacement of
electrodeposited Cu layer. The interaction between Sn atoms
with Pt at the Pt/ITO interfaces was reported in the literature
and confirmed by the —0.3 V negative shift of the Sn and In X-
ray photoelectron spectroscopy (XPS) peaks of Pt/ITO
catalysts. This atomic-level interaction between Pt and ITO
would be the reason for the salient MA, specific activity, and
operatin§ durability of Pt/ITO, all of which are better than Pt/
Vulcan.”

The catalytic activity and efficiency of ORR on the Pt surface
in alkaline media is lower than in the acidic one, mainly due to
the excessive HO,™ species generated on the Pt surface in
alkaline solutions.*’ Moreover, the future of Pt/C is shadowed
with high cost, scarcity, and the insufficient durability of Pt.
Recent works have recognized some non-Pt metals and alloys
for ORR.

3.1.2. Gold. Au (100) is the most active crystalline facet of
Au single crystals for the ORR in alkaline media, albeit a poor
catalyst in acidic media. The 7 for oxygen reduction on Au
(100) in 0.1 M NaOH is 0.34 V.”” Such a small # value is even
better than # = 0.48 V of Pt (110) in 0.1 M HCIO,.*” DFT
calculations indicated the rate of the reactions after the transfer
of first electron (reactions 15 or 18) were fast enough to render
the very small concentration of O,~."" O, were attracted to
the surface of Au(100) that was positively charged at small 7,
where they reacted rapidly.*> Polycrystalline Au and Au
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electrodeposited on Ni substrate both showed desirable
catalytic activity for HO,™ reduction.”” This indicates that
ORR could proceed on the Au surface via 2e™ + 2 e pathway
or 4 e~ pathway. Awad and Ohsaka developed a method to
electrodeposit Cu nanoparticles on the Au(111) facet, and the
ORR active Au(100) and Au(110) were protected by a cysteine
monolayer. The cysteine monolayer was later completely
removed by the reductive desorption in 0.5 M KOH. In that
way, the nano-Cu/Au was a 4~ ORR catalyst with a slightly
less negative ORR reduction peak compared to Pt.**

Au is relatively inert in the bulk polycrystalline state but
exhibits good catalytic activity at the nanoscale.** Nanosized Au
needs suitable catalyst supports such as carbon blacks.
Graphene was reported as a more stable and robust catalyst
support than the conventional Vulcan carbon.*> Specific activity
of an Au/reduced graphene oxide (rGO) nanocomposite was
three times higher than that of Au nanoparticles.”® Figure 10
shows an Au cluster/reduced graphene oxide hybrid (Au/rGO)
with mean Au size of 1.8 nm obtained by a surfactant-free
synthesis method. Although the ORR kinetics of Au/rGO was
inferior to the commercial Pt/C, Au/rGO outperformed Pt/C
with better operating stability and methanol tolerance. Pt/rGO
and Pd/rGO could be synthesized by the same method.®” An
Au/rGO with uniformly distributed Au clusters with particle
sizes less than 2 nm was synthesized by using citric acid as the
reducing and linking agent. A composite catalyst consisting of
freestanding and stretchable thin-film of Au nanoparticles
(~10) nm decorated on reduced graphene oxide (rGO) was
synthesized by a polystyrene-poly(4-vinylpyridine) diblock
copolymer micelle method.”™® The ORR kinetics of Au(10
nm)/rGO was relatively poor, as reflected from the E, ., of
—02 V vs Ag/AgCl, possibly due to the use of poorly
conducting polymer surfactant.

Alloying Au with less costly metal noble metals, such as Ag, is
a viable approach to reduce the cost of ORR catalysts. A
volcano plot of the composition effect of AgAu alloy catalysts
with particle sizes of 3—5 nm was reported, showing that the
catalyst with 36 at. % Au gave the best activity."® Chen et al.
reported a Langmuir—Blodgett method as well as galvanic
exchange reaction to prepare AgAu Janus particles. Despite a
minimal loading of Au on Ag, specific activity and MA of ORR
of the resultin% Janus particles were 6—7 times that of the Ag
nanoparticles.”

3.1.3. Palladium. Pd is active for ORR in alkaline media. A
combined electrochemical and topological analysis indicated
that polycrystalline Pd surfaces underwent pronounced surface
oxidation/reduction and morphology evolution due to the
interaction of Pd with surface species, as listed in reactions
17-23°° A RDE study on the relationship between ORR
activity and d-band center of noble metals (i.e, Au, Ag, Pd, Rh,
Ir, Ru and Pt) indicated close d-band center value between
Pd(111) and Pd/C with Pt(111) and Pt/C.”" The specific
activity of (100)-oriented Pd nanocubes with particle size of 27
nm was ~4 times of that of spherical Pd nanoparticles with
particle size of 3 nm, highlighting the high activity of Pd(100)
in alkaline media.”” Recently, 14 nm Pd nanocubes with (100)
facets and with (111) facets at corners were synthesized. The
adsorption of OH™ on the truncated Pd nanocubes in 1 M
NaOH was more significant than in 0.1 M NaOH.”

A number of different methods have been utilized for
synthesizin§ Pd nanoparticles on carbon supports, including the
reduction,”””*"* electrodeposition,”® evaporation.”” Similar to
Pt/C, the particle size of Pd of Pd/C is nontrivial. The specific
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Figure 11. (A) ORR polarization curves on the strongly coupled Pd/W,30,, hybrids, Pt/C, Pd/C, and the supportless Pd nanoparticles in O,-
saturated 0.1 M KOH solution at room temperature, with rotation rate of 1600 rpm and a potential sweep rate of 10 mV/s. (B) Koutecky—Levich
plots on Pd/W 30, at different potentials. Symbols are experimental data from the corresponding rotating-disk voltammograms shown in the inset.
Lines are the linear regressions. (C) Mass activities for Pd/W 40,4, Pt/C, Pd/C, and the supportless Pd nanoparticles at 0.875 and 0.90 V. (D) Tafel
plots from the different electrocatalysts and the comparison of their specific activities."

activity of Pd/Vulcan for ORR increased continuously by 3
times with increased Pd particle sizes from 3.1 to 16.7 nm. In
contrast, MA of Pd/Vulcan reached a maximum of Pd(5 nm)/
Vulcan, which was about 30% better than the untreated Pd/
Vulcan.”® This was scribed to the stronger adsorption of
hydroxyl species on very small particles (<S nm) that block the
active reaction sites,”” similar for the case of Pt*"7%7!
Tammeveski et al. prepared Pd/multiwalled carbon nanotubes
(MWCNTs) by the magnetron sputtering of Pd nanoparticles
on MWCNTSs.” An optimized annealing temperature of 500
°C was identified for Pd/MWCNTs, albeit larger particle sizes
of Pd after the annealing at 500 °C than 300 and 400 °C. The
phenomenon that the specific activity (SA = ji/ESCA)
decreases with decreasing particle size of Pd has been attributed
to the stronger adsorption of hydroxyl species on smaller
particles, which blocks the active sites for ORR.” A number of
works on dispersing Pd nanoparticles on various catalyst
supports have been reported. Pd/nitrogen-doped graphene
oxide (NrGO) was synthesized by using NaBH, as the reducing
agent.'” The formation of HO,™ during ORR was negligible
for Pd/Vulcan and Pd/NrGO,”*'” implying a dominant 4e~
pathway. The enhanced ORR activity of Pd-rGO was attributed
to the tensile strain effect when Pd contacted graphene, which
resulted in the electron exchange transfer between Pd and
graphene interfaces and increased the interaction states and
transmission channels between Pd and graphene while keeping
sufficient 7 electrons on graphene for conduction.'”’ Chen et
al. developed a hybrid catalyst consisting of Pd nano-
tetrahedron and W,30,, nanosheets (Pd/W3O,). E;,, of
Pd/W 40,4 was 40 mV more positive than that of Pt/C (Figure
11). The impressive ORR performance of Pd/W;3O,, was
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attributed to the strong coupling between Pd and W30,
where the strong oxygen affinity of Pd was weakened by
W 50,9 and moderate dissociative adsorption energy of O, on
Pd surface was attainted.'” Sato et al. reported amorphous PdP
nanoparticles supported on glassy carbon electrodes were
highly active for ORR.”

Alloying Pd with transition metals improves the catalytic
activity as well as reducing the use of Pd. Han et al. reported the
synthesis of MPd;/rGO (M = Fe, Cu, Ag, Au, Cr, Mo, W) by
the hydrogen annealing of Pd and M-anchored poly-
(diallyldinethylammonium chloride) (PDDA)-functionalized
GO. MPd; nanoparticles were uniformly distributed, and
their particle sizes were between 3—9 nm. The ORR onset
potentials of MPd;/rGO are found to follow the order: CuPd,
< AgPd; < CrPd; < MoPd; < WPd; < AuPd; < FePd,.'”
Recently, 5-fold twinned Pd,NiAg with a Ni-terminated surface
was developed for ORR application. The improved ORR
activity was attributed to the decreased oxygen adsorption
energy of the 15 nm Pd,NiAg nanocrystals over PdAg alloys.'**

Apart from the alloying method, constructing core—shell
structure with Pd as shell material is another viable method. A
silver core/Pd shell (Ag@Pd) structure supported on MWCNT
was synthesized by galvanic displacement of Pd on Ag, but it
performed worse than commercial Pd/C for the ORR in 1 M
KOH.'” In contrast, an Au core/Pd shell structure supported
on rGO (Au@Pd/rGO) exhibited almost doubled MA as
compared to Pd black.'” The conflicting results underline the
influence of synthesis routes and catalyst/support interactions,
which result in different surface quality and structures, on
determining the catalytic activity.

DOI: 10.1021/acscatal.5b00524
ACS Catal. 2015, 5, 4643—4667


http://dx.doi.org/10.1021/acscatal.5b00524

ACS Catalysis

Table 1. ORR Performance of Precious-Metal-Based Catalysts Obtained from RDE“

catalysts
Pt (20 wt %)/C

Pt/Vulcan

Pt/C(Mo,C)

Pt/CaMnO;,
Pt@Au/PyNG

Pt@Pd

Pt/ITO

Au(100)

Au(110)

Au(111)

Au (1.8 nm)/rGO
Au (<2 nm)/rGO
Au/rGO

Janus AgAu
Au(36 at.%)/Ag
Pd

Pd (2.6 nm)

Pd nanocube

Pd/C
Pd/rGO
PdP
FePd,/rGO
Pd/W,4Oy

Pd/MWCNT

Pd,NiAg

Ag@Pd/MWCNTs

Au@Pd/rGO

Ag(110)

E st VS RHE’ E, s, vs RHE  Tafel slope (mV/decade)

1.07
091
093
0.79°
(3000 rpm)
Lo6™ "
0.83""
(3000 rpm)
0.95

0.81

0.92
undefined
0.97

0.88

(1 M NaOH)

0.96
0.82

undefined
0.83""
undefined
0.85""
070"

0.92

0.77

0.92

0.76

1.00

0.89

0.98

0.82

1.00

0.87

(1900 rpm)
097"
0.86™"*
0.93

0.73

0.81
(1900 rpm)
0.97*
0.83*
0.83
0.72"

(1 M KOH)

0.90°
0.70°
0.91

=57 (low j);
—120 (high )
—60 (low j);
—81 (high j)

—60 (low j);
—88 (high j)

—65 (low j);
~109 (high j)

—69 (low j);
—129 (high j)

—117 (low j);
—263 (high j)
—62 (low j);
—109 (high j)
—65 (low j);
—124 (high j)
—67 (low j);
—129 (high j)
=79 (low j);
—180 (high j)

—60 (low j);
—125 (high j)

—74 (low j);
—130 (high j)

—80 (low j);
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durability

95% retention of j under 0.80 V for 27.8 h
99% retention of j after 1000 CV scans

80% retention of j after 1000 cycles from 0.13 to 1.14 V

20 mV penalty of E, , after 300 cycles from 1.11 V to 0.51 V

849% retention of j under 0.78 V for 11.1 h
84% retention of j after 1000 CV scans from —0.04 to 1.16 V

95% retention of j under 0.80 V for 13.9 h

ref

71

72

77

75

76

78

79

87

84

86

89

46

90

100

92

98

negligible penalty of E,/, after 4000 cycles from 0.86 V to 0.36 V. 101

58% retention of j under 0.80 V for 8.3 h

96

103

102

99

negligible penalty of E,/, after 5000 cycles from 0.18 V to 1.08 V.= 104

50% retention of specific current under 0.82 V for 0.5 h

10 mV penalty of E,,, after 1000 cycles from 1.01 to 0.22 V

105

106

111
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Table 1. continued

catalysts

0.70
0.88
0.64
1.02
0.87
0.84""
063"
0.89°*
0.69°*
0.85""
074"
0.83
0.70
0.88*
0.67*

Ag(111)

Ag(20 wt %)/C
Ag (4.5 nm)
Ag@Pt@Ag
Ag/CNT
Ag/GO/C

Ag/GO-S-(CH,),—SH 120

—80 (low j);
—120 (high j)

Ep vs RHE” E, s, vs RHE  Tafel slope (mV/decade)
—123 (high j)

-85 (IOW ]),

—125 (high j)

ref

durability

52
115
112
43

116
119

117

“The rotating rate of RDE is 1600 rpm, and the electrolyte is O,-saturated 0.1 M KOH/NaOH, unless otherwise stated. b, onset 1s Teadily calculated
from E e by foneet = 1.227 V — E o " converted from Ag/AgCl in 3*M*KCI, Ey rue = Evs ag/agal + 0209 V + 0.059 X pH. ™, converted from Ag/
AgCl in saturitsil*KCI, Es rup = Eys agragal + 0197 V + 0.059 X pH. : converted from saturated camel electrode, E  gyg = Eys scg + 0241 V +
0.059 X pH. ~ : converted from Hg/HgO electrode, E gyp = Eys o + 0.098 V + 0.059 X pH.

3.1.4. Silver. Due to the high-cost of Pt, Au, and Pd, there are
growing interests in exploring relative more cost-effective
metallic catalysts. Ag is a promising candidate because it has
similar reaction mechanisms and kinetics for ORR compared to
Pt.'"7'% Ag is also a good HO,™ elimination catalyst.""”"'"’
ORR on Ag single crystal surfaces and Ag nanoparticles
proceeded through the pseudo 4e” pathway.''"''” ORR
proceeded by the 4e™ pathway on Ag/Vulcan with large Ag
nanoparticles (174 nm) but the 2e™ + 2e” pathway on that with
small Ag nanoparticles (4.1 nm).'"? The higher fractional
contribution of the 2e” pathway of polycrystalline Ag was
attributed to a more defective surface of bulk Ag, at which
stronger adsorption of OH™ prevented the two-site chem-
isorption of O, that was needed for the 4e™ pathway. The ORR
kinetics of different facets of Ag single crystal increases in the
order Ag(100) < Ag(111) < Ag(110)."” Two opposing
effects, the adsorption of spectator OH™ and the activation
energy, were well balanced for Ag(110), which was the most
active Ag facet.''" Weaker adsorption of hydroxide species on
Ag(111) than that on Ag(100) was confirmed by the
investigation on Ag(111)-terminated nanodecahedra and
Ag(100)-terminated nanocube.'"*

The best composition and Ag loading of Ag supported on
carbon materials are still under debate. Coutanceau et al. stated
20 wt % of Ag as the best composition of Ag/C in terms of
current density and MA.""® Fazil and Chetty found 40 wt % Ag
was the best loading of Ag/CNT nanocomposites."'® In
contrast, Chen et al. found the ORR activity of Ag/C was
relatively insensitive to the Ag loading from the range of 10 wt
% to 60 wt %, although a mild positive shift of E . was
observed among catalysts with increasing Ag loading.'”® Besides
carbon blacks, graphene has been recently used for two-
dimensional (2D) and three-dimensional frameworks (3D)
with Ag catalysts, such as Ag/GO linked by thiols,"'” Ag/rGO
linked by deoxyribonucleic acid (DNA),"'® and 3D GO/carbon
supported Ag composite (Ag/GO/C).""” E,. and E,/, of
these Ag/nanocarbon catalysts are generally about 50—100 mV
more negative than Pt(20 wt %)/Vulcan."'°™""* Ag nano-
particles were also used for improving the electrical
conductivity and catalytic activity of transition metal oxides
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such as MnO,."*>"*" Table 1 lists the ORR performance of Pt,
Au, Pd, and Ag-based catalysts.

3.2. Carbon. 3.2.1. Nonmetal Doped Carbon. Carbon,
including carbon black, graphene, and carbon nanotube
(CNT), is conventionally used as catalyst support because of
its high electronic conductivity and large surface area. The
chemically stable sp> hybridized carbon atoms in graphene and
CNT hinder their more broad application as electrocatalyst.
Recently, it is noticed that carbon doped with nonmetal
heteroatoms exhibits good ORR activity, where the nonmetal
elements include N, B, S, P, F, and so forth. Besides N, other
popular dopants include B, P, S, and F. Although the exact
mechanisms were still under debate, the inclusion of
heteroatoms was believed to create carbon active sites adjacent
to the heteroatoms and facilitated the O=0O bond breaking of
0, after the modulation of the binding energy of oxygen.'**~"**
Paraknowitsch and Thomas gave an excellent review on the B-
doped, P-doped, and S-doped carbons for fuel cell
applications.'” Very recently, Dai et al. gave an exhaustive
review on nanocarbons (e.g., fullerenes, CNT, graphene), the
use of nanocarbons for oxygen electrocatalysis, intermolecular
charge transfer, spin redistribution of nanocarbon catalysts and
their applications in fuel cells."*® To avoid duplicating the
above work, section 3.2.1 reviews the very recent progress on
doped and codoped carbons with heteroatoms for ORR in
alkaline media.

Nitrogen-doped carbon (NC), including N-doped carbon
nanofiber (N-CNF),"*” N-doped carbon nanotube (N-CNT),
N-doped graphene (NGR), and N-doped carbon black, is one
of the most studied heteroatom-doped carbons for ORR.'*
The introduction of N atoms into carbon increases the
electronic density of states near the Fermi level, thus facilitating
the electronic transfer from the electronic bands of C to O, ¢*
antibonding orbitals.'”*'*” For the case of N-CNF and N-
CNT, Maldonado and Stevenson found ORR proceeds via the
2e” pathway followed by catalyzed disproportionation of HO,™
(reaction 3b) and highlighted the exposed ed§e plane defects
and N-doping sites as “hot spots” for ORR.*>"*” For the case of
NGR, the spin density and charge distribution of carbon atoms
are influenced by the neighboring nitro§en, which induces
activated regions on the graphene surface."”" The ORR activity
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Figure 12. (A) Typical XPS spectrum of nitrogen-doped CNT with assigned peaks. Inset: high-resolution C 1s peak, (B) high-resolution N 1s peak,
(C) possible nitrogen positions in the structure; (i) top-N, (ii) center-N, (iii) valley-N, and (iv) oxide-N. (d) different nitrogen functionalities in a
graphitic sheet: pyridinic-N (N1), pyrrolic-N (N2), graphitic-N in center (N3, N-Q_.y,), and graphitic-N in valley (N4, N-Qmuey).135
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Figure 13. (a) CV of nitrogen-doped carbon nanosheets derived from silica-22 (NDCN-22) in Ar- and O,-saturated 0.1 M KOH solution at a scan
rate of 100 mV s™". (b) Linear sweep voltammetry (LSV) of NDCN-22 in O,-saturated 0.1 M KOH at a scan rate of 10 mV s™! at different RDE
rotation rates. (c) LSV of the NDCN and NDCN-X in O,-saturated 0.1 M KOH at a scan rate of 10 mV s™* with an RDE rotation rate of 1600 rpm.
(d) RRDE polarization curve for NDCN-22 and Pt/C in O,-saturated 0.1 M KOH at a scan rate of 10 mV s~ with an RDE roration rate of 1600
rpm. For all the rotating disk electrode (RDE) and the rotating ring-disk electrode (RRDE) measurements, the loading of catalysts was 20 pgp, cm ™
for Pt/C and 0.6 mg cm™> for NDCN-X and the NDCN. Reprinted with permission from ref 150. Copyright 2014 Wiley.

of NC originates from the conjugation between the graphene 7
orbitals and the nitrogen lone-pair."** N-sites of NC include
pyridinic N, pyrrolic N, and quaternary N. Pyridinic N refers to
N atoms at the edges of graphene planes, where each N is
bonded to two carbon atoms and donates one p-electron to the
aromatic 7 system. Pyrrolic N atoms are integrated into five-
membered heterocyclic rings, which are bonded to two carbon
atoms and contribute two p-electrons to the 7z system.
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Quaternary N atoms are those substituting carbon atoms
within the graphene layer."** The pyridinic and pyrrolic N are
located at the graphitic edge, where quaternary N can be both
“edge-N” and “bulk-like-N”."** Quaternary N is further
classified into quaternary N valley sites (N-Q..,) and
quaternary N center cites (N-Q.oneer) (Figure 12).155 The
binding energy (BE) of N 1s increases in the sequence of
pyridinic N < pyrrolic N < quaternary N."** Quaternary and
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Table 2. ORR Performance of Non-Metal-Doped Nanocarbon Catalysts Obtained from RDE“

Eqpeet Vs RHE?

catalysts E,/, vs RHE durability ref
nitrogen-doped
N-doped porous carbon 0.86 75% retention of j under 0.60 V for 7 h 151
0.70
N-doped porous carbon 0917 71% retention of j under 0.56 V for 2.8 h 145
079"
N-doped mesoporous carbon 0.71 149
undefined
N-doped carbon sheets 0.91 147
0.73
N-rich porous carbon 076" negligible degradation of j under 0.71 V for 1.1 h 132
N-doped carbon nanosheets 150
N-doped carbon nanofiber 20 mV penalty of E,, after 10 000 cycles from 1.0 to 0.6 V 127
N-doped graphene 133
N-doped graphene 143
N-doped graphene 72% retention of j under 0.61 V for 5.6 h 142
N-doped graphene 88% retention of j under 0.71 V for 10 h 146
py-decorated CNT 140
N-doped unzipped CNT 94% retention of j under 0.66 V for 1.4 h 141
N-doped CNT 135
N-doped CNT—graphene negligible degradation of E,, and j;, after 1000 cycles from 1.01 to —0.21 V 144
boron-doped or boron as a codopant
B-doped CNT 075""" 152
undefined "
B- and N-doped nanodiamond 093" 95% retention of j under 0.81 V for 13.9 h 155
081"
B- and N-doped graphene quantum dot/graphene 157
B- and N-doped carbon nanoribbon 156
B- and N-doped CNT 90% retention of j under 0.71 V for 13.9 h 153
sulfur-doped or sulfur as a codopant
S-doped graphene 090" 159
undefined
S- and N-doped graphene 0.89%* 164
undefined
S- and N-doped graphene 0.83* 160
undefined
S- and N-doped CNT 162
S- and N-doped carbon 163
others
P-doped carbon hollow sphere 0.88* 93% retention of j under 0.68 V for 16.7 h 165
0.76*
P- and N-doped biocarbon 0.94 85% retention of j under 0.75 V for 12 h 166
0.82
N-, P-, and B-doped carbon 086" 95% retention of j under 0.71 V for 10 h 167
073"
F-doped carbon 098" negligible degradation of E, . and j; after 12 000 cycles from 1.31 to —0.19 V 168
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Table 2. continued

Eqpeet Vs RHE?
E,;, vs RHE

0.89""*

catalysts

“The rotating rate of RDE is 1600 rpm, and the electrolyte is O,-saturated 0.1 M KOH/NaOH, unless otherwise stated. ©
: converted from Ag/AgCl in 3M KCI, By pug =
: converted from saturated camel electrode, E
: converted from Hg/HgO electrode, E pyg = E\s pyio + 0.098 V + 0.059 X pH.

from Eonset bY ”onset 1227V — Eonset
AgCl in saturated KCl Es rup = Evs ag/agal + 0.197 V + 0.059 X pH.
0.059 X pH.

ref

durability

 Tgnger 18 readily calculated
= Ey ag/iagal + 0209 V + 0.059 X pH. ~ : converted from Ag/
vs RHE = By scp + 0.241 V +

pyridinic N are generally the most stable N sites at high
temperatures (>600 °C)."”” Although the real nature of the
roles of various N sites in NC still remains unclear, literature
results have showed that different N sites contribute differently
to the ORR. Ruoft et al. found the pyridinic N improved E_.
and the quaternary N determined j;, whereas the total N
content did not play a vital role in ORR.'** Comparing a series
of NGR, the authors also thought graphitic-N dominated NC
had higher catalytic act1v1ty w1th larger ji than pyrrolic-N or
pyridinic-N dominated NC."** Giambastiani et al. found CNT
functionalized with 9-aminoacridine (a mimic of pyridine
framework) showed more positive E, ., and larger j; than that
functionalized with 3-aminocarbazole (a mimic of pyrrole
framework).">® Wagberg et al. reported the thermal treatment
of N-doped MWCNTs transformed pyrrolic and pyridinic N
sites into quaternary N sites, and confirmed an overall
improvement of ORR performance."*> N sites located at the
graphitic edge planes were reported to be highly efficient for
ORR."** The 4 e~ pathway occurred on the N edge defects
(i.e., pyridinic and quaternary N sites), whereas the less efficient
2 ¢~ pathway occurred on the in-plane N defects."*” A number
of NGR and CNT-based ORR catalysts have been reported by
tuning their N sites and 3D architecture, such as pyridinic
functionalized NWCNT,'*” NGR unzipped from CNT,""
porous NGR,'*'** NGR/CNT composite.'**

Direct pyrolysis of carbon sources that are rich of nitrogen-
containing groups is a facile method in producing N-doped
carbons, some of which have been found to be active for ORR.
Some proved nitrogen-rich carbon sources that can be used for
ORR application include folic acid,"* sugar/urea mixture,"*’
and gelatin,"*” among others. By calculating the 7 and & states
of NC derived from gelatin/Ketjenblack carbon, Cho et al.
found the graphitic-like N doping increased the metallic density
of state at the Fermi level and the pyridine-like N doping
increased the 7 states of carbon. A proper combination of
graphitic and pyridinic N sites was proposed to facilitate the
formation of O, 4~ (reaction 17). A zinc—air battery employing
the composite catalyst attained a maximum power density
(Pray) of 193 mW cm ™2, cf. 188 mW cm ™ of the battery using
Pt/C."*" A primary zinc—air battery using the N-doped carbon
nanofiber derived from coconut-based bacterial cellulose
exhibited a discharge plateau at 1.34 and 1. 25 V at the current
densities of 1 and 10 mA cm™2, respectively.'*” Zinc—air battery
is a type of metal—air battery that uses metallic zinc as the
anode, with a theoretical cell voltage of 1.65 V and a specific
energy of 1353 Wh kg™'. In practice, the open circuit voltage
(OCV) of the zinc—air battery is around 1.50 V, with a specific
energy of 370 Wh kg™.'** Mesoporous N-doped nanocarbons
could be derived from suitable templates or frameworks.'**~">"
Figure 13 shows electrochemical performance of NC nano-
sheets derived from soft silica template. It exhibited impressive
ORR performance with E_ ., the same as Pt/C and E;/, 50 mV
more positive than Pt/C (Figure 13d)."”° A metal-free N-
doped porous carbon was derived from a composite of ZIF-7
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framework [Zn(PhIM),-(H,0);; PhIM = benzimidazole] and
glucose. The high porosity and surface area (783 m* g™') was
one of the reasons for the good ORR activity of the nanoporous
carbon material.'>’'

Boron is an electron-deficient dopant for carbon materials.
Based on a combined experimental and density functional
theory (DFT) calculation, Ma and Hu et al. proposed the
following mechanism of B-doped CNTs."*” Positively charged
B dopant induced chemisorption of O, on B-doped CNTs.
Some 7* electrons accumulated around the B dopant, which
can be easily transferred to the chemisorbed O, for ORR with
boron as a bridge. The mechanism was still valid when the B
dopant was in oxidized states such as BC,0, BCO,, and so
forth. Intuitively, the O, adsorption on B-doped carbons should
be quite easy owing to the electron-deficiency around B sites
and the considerable difference of electronegativity between B
and O. Doped carbons with sole doping of B, however,
exhibited rather modest activity for ORR.'>* To improve the
ORR performance, B and N were used together as dopants for
carbon. Dai et al. reported the synergetic effect of B- and N-
doped verticall ali §ned CNTs and graphene on improving the
ORR activity.”>">* Chen et al. synthesized B- and N-codoped
nanodiamond (BND) via microwave plasma enhanced
chemical vapor deposmon A zinc—air battery usmg BND
delivered 24.8 mW cm 2, cf. 22.4 mW cm2 of Pt/C."> Tour
and Ajayan et al. synthesized B- and N-containing carbon
nanoribbons (BNC-NR) that attained —0.03 V vs Ag/AgCl], 156
a better ORR catalyst than B- and N-doped graphene quantum
dots/graphene hybrid reported by the same group.'>” Yang and
Hu investigated two types of B- and N-doped CNTs, where
one was dominated by bonded B—N sites and the other had
separated B and N sites."*® The experimental and DFT results
showed that the B—N bonded CNT cannot, although the
separated B- and N-doped CNT can, create the ORR activity.
The reason for the inertness of B—N bonded CNT was that the
long-pair electrons of N were largely neutralized by the vacant
B dopant, and few electrons or vacant orbitals were left to
conjugate with the carbon 7z system of CNT. In contrast, the
separation of B from N of B—N doped CNT prevented the
electronic neutralization between N, an electron donor, and B,
an electron acceptor.””® Those results explained the discrep-
ancy of ORR activities of various B- and N-containing carbon
materials and highlighted the importance of electrical
neutralization degree between B and N on determining the
ORR performance.

Sulfur has a close electronegativity to carbon and has been
used as a dopant for carbon materials. An S-doped graphene
was obtained by direct annealing of GO and benzyl disulfide
(BDS)."* Generally, the ORR activity of S-doped carbon is
relatively low and it is more practical to have N- and S-codoped
(NS) carbon, such as NS-doped graphene,'”'®" NS-doped
CNT,'*> and NS-doped carbon black.'®* A type of mesoporous
NS graphene was obtained by using melamine and BDS as the
N and S sources, respectively, and colloidal silica as the
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Figure 14. (a) CV curves of carbonized nanoparticles (CNPs) in N,-saturated and O,-saturated solution with 0.1 M KOH at a scan rate of S mV/s;
(b) LSV curves of MIL-88B-NH3 NPs, CNPs, and Pt/C at a rotation rate of 1600 rpm; (c) LSV curves of CNPs in O,-saturated 0.1 M KOH with
various rotation rates at a scan rate of S mV/s; (d) Koutecky—Levich plots of CNPs derived from LSV curves at different electrode potentials; (e)
chronoamperometric responses at 0.84 V in O,-saturated 0.1 M KOH at CNP or Pt/C electrodes (1600 rpm) for 40000s; (f) chronoamperometric
responses at 0.84 V in O,-saturated 0.1 M KOH at CNP or Pt/C electrodes (1600 rpm) before and after addition of 2 M methanol. Note that the

catalyst loading used in all electrochemical measurements is 0.39 mg/cm? for both CNPs and commercial Pt/C.
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structural template.'* P and F are examples of less popular
dopants of carbon as compared to N, B, and S. Some examples
reported in literature include P-doped carbon hollow
spheres,'® N—P-doped biocarbon,'® N—P—B-doped carbon
black,"”” and F-doped carbon black.'*® The ORR performance
of various nonmetal-doped carbon catalysts is listed in Table 2.

It is worth noting that the good ORR activity of nonmetal-
doped carbons synthesized in the presence of metallic species
should not be overestimated. For the example of heteroatom-
doped graphene, graphene synthesized from graphite flakes by
the Hummer’s method had trace metal impurities, such as Mn,
Fe, Ni, and Co. Pumera et al. argued the high possibility of
metallic impurities in rendering the oxygen electrocatalysis of
those claimed “metal-free” electrocatalysis in literature.'®”
Although a cooperative role of metal impurities cannot be
definitively ruled out in some nonmetal-doped carbons as
mentioned above, it is worthwhile to emphasize that the ORR

activity of nonmetal-doped carbons synthesized without the
involvement of metallic species is essentially ascribable to the
nonmetal doping effect.

3.2.2. Carbon—Transition Metal Hybrid. Carbon materials
integrated with nitrogen and TM represent another group of
ORR catalysts that are both active in aqueous solutions.
Although not ruling out the catalytic role of TM (e.g,, Fe and
Co), Yeager and Wiescener independently thought that TM
mainly served to facilitate the incorporation of N into carbon
framework."””'”" Their argument has been supported by the
fact that the ORR activity was merely affected by the nature of
precursors containing nitrogen, TM and carbon,”z’173 nitrogen
content,'”* and TM content for the example of Fe-doped N-
CNT (9 to 16 wt % Fe).”” The argument is, however,
challenged by the mechanistic study and recent experimental
results. Wiggins-Camacho and Stevenson proposed a dual-site
reaction mechanism of ORR on Fe-doped N-CNT, in which O,
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was reduced to HO,™ (2e” pathway, reaction 2) on N-CNT
surfaces but the generated HO,™ underwent rapid chemical
disproportionation on Fe,O,/Fe surfaces.”” The finding
underlies the nontrivial role of TM species of carbon-transition
metal hybrids. Furthermore, recent works have found the
choice of nitrogen precursors, TM content, carbon support, and
pyrolysis temperature greatly influences the activity of the
carbon-transition metal hybrid catalysts."”*~""’

Composite materials consisting of C, N and Fe (Fe/N/C)
are the most studied carbon-transition metal hybrid catalysts.
Figure 14a—d, e, and f show the ORR activity, durability test
and methanol tolerance test of a Fe/N/C catalyst derived from
the pyrolysis of MIL-88B-NH, [Fe;O(H,N-BDC),, H,N-BDC
2-aminoterephtalic acid]. The salient performance was
ascribed to the maximized sp* carbon, which had better
conductivity than sp® carbon, and the rich of quaternary N,
which possessed higher ORR activity compared with pyridine
N."”® An ADMFC using a carbon back containing N and trace
Fe reached P, of 22.7 mW/cm?, 1.7 times higher than that of
commercial Pt/C."”” Cho and Liu et al. created a tetrapod
structured Fe/N/C composite catalyst derived from a-Fe/
Fe;C-functionalized melamine foam and N-doped Ketjen Black.
Xu et al. investigated Fe—N,/C catalysts from Black Pearls
2000 and FeCl; and reported the following order of ORR
activity: FeN,—C =~ FeN,—C > Fe,—N—C > N-C > Fe,—C ~
C."* 1t is worth noting that Fe/N/C catalysts can be easily
prepared from direct lpyrolys.is of mechanically mixed or
polymeric precursors,"® ~'** so that low-cost and scalable
manufacturing of Fe/N/C catalysts is technically viable. This
shows great potential of Fe/N/C catalysts for large-scale
industrial applications.

Co is another popular transition metal for a carbon—
transition metal hybrid catalyst for ORR, after the discovery of
cobalt phthalocyanine and pyrolysis of transition-metal macro-
cycles in the 1960s.'® The same as Fe/N/C, Co is mostly used
together with N as dopant for carbon. Recent development of
carbon catalysts doped with Co and N (Co/N/C) includes
mesoporous Co/N/C hybrid,190 Co/N/C hollow spheres,191
and Co/N/rGO'*? Generally, the ORR activity of Co/N/C is
inferior to Fe/N/C. Table 3 lists the ORR performance of
various carbon-transition metal hybrid catalysts.

3.3. Transition Metal Oxides. 3.3.1. Spinel. Spinel, in
general formulation of AB,O,, has the oxide anions arranged in
a cubic close-packed lattice, where 1/8 of the tetrahedral sites
are occupied by A atoms, and 1/2 of the octahedral sites are
occupied by B atoms. Pure transition metal spinel oxides are
relatively inert toward ORR, albeit a good OER catalyst in basic
solutions.'” In 2011, the Dai group revealed that Co;O,
nanoparticles grown on N-doped reduced mildly oxidized
graphene oxide (N-rmGO) exhibited superb activity for ORR,
besides OER, in alkaline media.'”* After that seminal work,
extensive studies for spinel/nanocarbon hybrid were carried
out, where the transition metal spinel oxides at least include
C030,,'%""7 MnCo,0,,"°*2°° NiCo,0,,2°! ~2%*
FeCo0,0,,2°52% CuCo,0,,2°7 CoFe,0,,200:208209
Fe,0,,2 07212 CoMn,0,, *2137215 "71Mn,0,,2"3
Mn304,216_219 and various heterogeneous nanostructures
based on these spinel oxides.”*"~***

Co;0, is of normal spinel structure and is a p-type
seminconductor with the fundamental band gap of 0.74 eV.
The small band gap of Co;0, is due to a direct dipole-
forbidden d—d transition between tetrahedral-site Co®*
cations.””® In Dai’s seminal work, E, ., and E, s, of Coz0,/
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Table 3. ORR Performance of Transition Metal—Carbon
Hybrid Catalysts Obtained from RDE”

Eqnee vs RHE”
catalysts E,;, vs RHE durability/remarks ref
iron-based
Fe/Fe;C/N/C 098" 62% retention of j under 182
0.87° 0.81 V for 5.6 h
Fe/N,/C 1.05 180
0.87
Fe/N/C 1.03 79% retention of j under 178
0.82 0.84 V for 11 h
Fe/N/C 0.92 183
0.81
Fe/Fe, C/N/C 0.90 42 mV penalty of E, ), after 185
0.72 5000 cycles from 1.0 to
0.6 V
Fe;C/N/CNT 0.96 negligible degradation of E., 184
0.83 and j;, after 3000 cycles
from 0.96 to 0.36 V
Fe,C/NGR 098" " 30 mV penalty of Ej, after 186
0.8 2000 cycles from 0.94 to
0.68 V
FeN/Fe,N/NGR 092" 91% retention of j under 187
0.78™" 0.71 V for 5.6 h
FeS/Fe;C/Fe,C/N/C 0.92 97% retention of j under 181
0.78 0.57 VforSh
FeP/Fe,P/Fe,P,0,/C 0.86 87% retention of j under 188
undefined 0.63 V for 12 h
cobalt-based
Co/N/C 0.90 9 mV penalty of E, , after 190
0.77 10 000 cycles from 1.0 to
0.6 V
Co/N/C 0.84"" 90% retention of j for 2.8 h 191
065"
(1900 rpm)
Co/N/rGO 0.83 80% retention of j under 192
undefined 0.66 V for 6 h

“The rotating rate of RDE is 1600 rpm, and the electrolyte is O,-
saturated 0.1 M KOH/NaOH, unless otherwise stated. “: 7, is
readily calculated from E ¢ by opeer = 1.227 V — Eeere " converted
from*ég/AgCI in 3 M KCl, E, pug = Eqq ag/agar + 0209 V + 0.059 X
pH. : converted from Ag/Aggg in saturated KCl, Ey, pyp = E ag/agci
+ 0197 V + 0.059 X pH. : converted from saturated camel
electrode, E, gy = Ey scg + 0241 V + 0.059 X pH. T converted
from Hg/HgO electrode, Ey gug = Ey mmo + 0.098 V + 0.059 X pH.

N-rmGO was 0.93 and 0.82 V, respectively. The measured
HO,™ of C0;0,/N-rmGO was below 6%, and a gas-diffusion
layer loaded with Co;0,/N-rmGO exhibited negligible
degradation in 0.1 M KOH solution."”* Slightly inferior
performance was evident when the N-rmGO was replaced by
CNT,**® rGO,**’ mesoporous carbon,””® and N-doped
carbon.'”® The good ORR activity of Co;0,/N-rmGO was
attributed to the synergetic covalent coupling between Co;0,
and N-rmGO, as well as the unique property of N-rmGO.
Wang and Zhou et al. investigated the chemical, electronic, and
structural nature of Co;0,/N-rmGO by scanning transmission
X-ray microscopy (STXM) through spatially resolved X-ray
absorption near ed§e structure (XANES) spectroscopy and
chemical imaging.”*” Besides the carbon and oxygen sites on
graphene, N-sites on graphene were the major anchoring sites
for Co;0, Co03;0, nanocrystals were partially reduced via
Co’*(0y) to Co**(0y) and the reduction varied spatially on
and among individual Co;0, nanocrystals. Xiao and Yang et al.
studied the influence of surface structures of Co;0, on ORR.
Three types of Co;O, nanocrystals were synthesized (i.e.
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Figure 15. (a) CV curves of MnCo,0,/N-rmGO hybrid, MnCo,0, + N-rmGO mixture, Co;0,/N-rmGO hybrid, and N-rmGO on glassy carbon
electrodes in O,-saturated (solid line) or N,-saturated (dash line) 1 M KOH. The peak position of Pt/C was shown as a dashed line for comparison.
(b) Rotating-disk electrode voltammograms of MnCo,0,/N-rmGO hybrid, MnCo,0, + N-rmGO mixture, Co;0,/ N-rmGO hybrid, N-rmGO, and
Pt/C in O,-saturated 1 M KOH at a sweep rate of S mV/s at 1600 rpm. (c) Rotating ring—disk electrode voltammogram of MnCo,0,/N-rmGO
hybrid and MnCo,0, + NrmGO physical mixture in O,-saturated 1 M KOH at 1600 rpm. The disk potential was scanned at S mV/s, and the ring
potential was constant at 1.3 V vs RHE. (d) Percentage of peroxide (bottom) with respect to the total oxygen reduction products and the electron
transfer number (n) (top) of MnCo,0,/N-rmGO hybrid (red lines) and MnCo,0, + N-rmGO mixture (black lines) at various potentials based on

the corresponding RRDE data in panel c. Catalyst loading was 0.10 mg/cm? for all samples.
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(110)-terminated nanorods, (100)-terminated nanocubes, and
(111)-terminated nano-octahedrons). The ORR activity of the
faces of Co;0, was known as (111) > (100) > (110). This
ranking of ORR activity correlated very well with the surface
Co®" density of the facets of Co;0, A high surface Co**
density resulted in good ORR activity of Co;0, nanocrystals.**’
Besides Co;0,4/nanocarbon hybrids, metallic Co was incorpo-
rated together with Co;0, and nanocarbon in order to mitigate
the low conductivity problem of Co;0,, such as Co/Co;0,/N/
C composite,””* and core—shell Co@Co;0,/bamboo-like N-
doped CNTs (BNCNTs).”*’

Hausmannite Mn;O, is of spinel structure. A hybrid catalyst
consisting of 37 nm Mn;O, particles and NrGO showed almost
equivalent catalytic activity to commercial Pt/Vulcan and the
ORR favored the 4e” pathway on Mn;0,/NrGO surfaces.”*’
Gao et al. reported a dicyandiamide-mediated growth of
MnCOj; and the followin7g reduction of MnCOj; by N-doped
carbon during pyrolysis.”'” The resulted Mn;O, nanorods were
uniformly coated by a layer of N-doped carbon with thickness
of S nm. Sun et al. reported a composite of Ag—Mn;0,—C for
ORR and zinc-air battery using the composite catalyst.'*’ Wang
et al. synthesized Ag—Mn;0, nanoparticles on Vulcan carbon
black.”'® The initial growth of Mn;O, on Vulcan catalyzed the
anchoring of Ag adjacent to Mn;O,. In comparison with Ag/C,
Mn;0,/C, and Ag/Mn;0,/C blend, Ag—Mn;0,/C hybrid
exhibited improved ORR activity because of the covalent
coupling between Ag and Mn;O, and the oxygen spillover
effect from Ag,0/Ag to Mn;0,, as systematically investigated
by XANES, X-ray photoelectron spectroscopy (XPS), and
cyclic voltammetry (CV).216 Oxygen spillover is a concept in
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heterogeneous catalysis and electrocatalysis. Oxygen atoms
could adsorb and dissociate on the surfaces of Ag,O/Ag. The
migration of these adsorbed oxygen atoms from Ag,O/Ag to
Mn;O, comprises the oxygen spillover phenomenon. The
oxygen spillover concatenates the reaction paths of ORR on
two or more catalyst surfaces, which would be otherwise not
possible on a single catalyst surfaces. Therefore, oxygen
spillover plays a constructive role for ORR.

Magnetite Fe;O, has a cubic inverse spinel structure where
Fe®" cations occupy half of the octahedral sites and Fe** cations
occupy the other half of octahedral sites and all the tetrahedral
sites. A number of Fe;O,-based catalysts have been reported for
the ORR, such as 3D Fe;0,/NGR,”"> Fe;0,/N-doped
carbon,”'" Fe;0,~Co0;0, yolk—shell nanostructure,”** and
Co/Fe;0,.”!

Mn—Co spinel oxides, with the formulation Mn,Co;_,O,,
were explored for ORR applications, noting that Mn cations are
completely miscible with Co cations in spinel structure.
Mn,Co;_,0,4 could be synthesized by various methods (e.g.
organic precipitation,232 inorganic coprecipitation,213 solvother-
mal,*** hydrothermal,200 sol—gel,z‘M’235 microwave heating,z‘?'6
combustion,”” and polyol-based precursor route*"). Recently,
Chen et al. reported a rapid reduction-recrystallization method
to form nanocrystalline Mn—Co spinel from amorphous MnO,
at room temperature.”’” Dai et al. synthesized Mn,Co,_,O,/N-
rmGO with varied Mn/Co ratio. The Mn,Co;_,O, (x = 1,
MnCo,0,)/N-rmGO showed higher ORR current density than
Mn,Co;_,0, (x = 0.6)/N-rmGO, Mn,Co,_,0, (x = 1.5)/N-
rmGO, Mn,Co;_,0, (x = 2)/N-rmGO, and Mn,Co;_,0, (x =
3)/N-rmGO. MnCo0,0,/N-rmGO exhibited the same E .,
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Table 4. ORR Performance of Spinel Catalysts Obtained from RDE“

catalysts E,,. vs RHE" E, /» vs RHE

simple spinel

Tafel slope (mV/decade)

C0;0,/N-rmGO 0.93 —42
0.82
C0,0,/rGO 0.90*
0.79%
C0,0,/rGO 0.89" —101
0.68""
Co,0,/N/C 0.92
0.79
Co@Co;0,/NCNT 092" """ -83
0.76
Co/Co0;0,/N/C 0.81"
undefined
Mn,0,/NrGO 1057
071"
Mn;0,/N/C 091"
undefined
Mn;0,/Ag/C 096" —60 (low j);
085" —120 (high j)
(1 M NaOH)
Mn,;0,/Ag/C 087 """
0.69"
Fe,0,/NrGO 086"
undefined "
Fe;,0,/N/C 0.92%
0.76*
Fe;0,/Co,0, 0.84""
0.65""
Fe;0, /Co/C 0.90
undefined
complex spinels
MnCo,0,/N-rmGO 0.93
0.85
Mn,,,Co,40,/C 0.88
0.75
MnCo,0,/CNT 1.03"
0.70""
CoMn,0,/C 090"
0.67""
NiCo,0, 0.79
undefined
NiCo,0, 0.89*
0.75%
NiCo,0,/rtGO 0.87
undefined
NiCo,0,/NrGO 088"
0.64"
CuCo,0,/NrGO 0.89"""
078"

durability/remarks ref

194

96% retention of j under 0.41 V for 1.7 h 227
98% retention of j under 0.47 V for 2.8 h 230
92% retention of j for 10 h 196
78% retention of j under 0.47 V for 5.6 h 220
223

10 mV penalty of E, ), after 3000 cycles from 1.21 to 0.21 V 231
94% retention of j under 0.57 V for 42 h 217
216

35 mV penalty of E,, after 2000 cycles from 0.97 to 0.37 V 120
212

90% retention of j under 0.56 V for 2.8 h 211
44% retention of j for 1 h 224
97% retention of j under 0.76 V for 2.8 h 221
96% retention of j under 0.70 V for 5.6 h 233
86% retention of j under 0.47 V for 2.8 h 198
87% retention of j under 0.66 V for 90 h 199
96% retention of j under 0.46 V for 3.3 h 213
S0 mV penalty of E, after 1000 cycles 243
70% retention of j under 0.67 V for 100 h 204
202

87% retention of j under 0.71 V for 2 h 201
85% retention of j under 0.71 V for 5.6 h 207

“The rotating rate of RDE is 1600 rpm, and the electrolyte is O,-saturated 0.1 M KOH/NaOH, unless otherwise stated. b, Hgnget 1 readily calculated
from Eqpe by foneet = 1227 V — E . : converted from Ag/AgClin 3 M KCl, Ey; gyg = Ey agragar + 0209 V + 0.059 X pH. ~: converted from Ag/
AgClin saturated KCl, E  pug = Ey pg/agc1 + 0.197 V + 0.059 X pH. " converted from saturated camel electrode, E, gup = Eys scp + 0.241 V +

0.059 x pH. "

*: converted from Hg/HgO electrode, E pige = Eys avio + 0.098 V + 0.059 X pH.

with Co0;0,/N-rmGO and 30 mV more positive E;;, than
C0;0,/N-rmGO (Figure 15). Particle sizes less than S nm and
optimized range of MnCo,0, between 65 and 80 wt % were
crucial for the good ORR performance of MnCo,0,/N-
rmGO.”* In contrast to a stoichiometric Co*"/Co™>" ratio of
1:2 of Co;0,/N-rmGO, the Co**/Co® ratio of MnCo,0,/N-
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rmGO is above 1:2, and XANES results suggested Mn cations
were mainly Mn®" in coexistence with a small amount of Mn**.
The formula of MnCo,0, was, therefore, described to be
Co**(Co**Mn**)0,. Liu et al. reported a dual-phase MnCo,0,
comprising 77 wt % of cubic (Mn,/;Co,,3)[Mn,,3Co,,3],0,
and 23 wt % of tetragonal (Co,Mn) [Mn,Co],0,.”° The Mn**/
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Mn* redox couples located at the octahedral sites (i.e., B-site of
AB,0,) were generally considered as the active sites for ORR
and were more active than the Co species.”””>*' Kwon et al.
investigated the composition effects of a composite of
Mn,Co;_,O, (x = 0, 04, 0.8, 1.4, 1.9, and 3) and Ketjen
Black. The substituted Mn in Mn,Co;_,O, was found to be
mainly as Mn** and in the octahedral site. The highest ORR
activity was observed with Mn, ,Co,¢0,.""* Qiao et al. reported
a room temperature synthesis of MnCo,0, based on a
solvent—nonsolvent route using metal chlorides and KOH.'"”
A composite catalyst consisting of 80 wt % CNT and 20 wt %
the highly defective and poorly crystalline MnCo,0, showed a
relatively positive E_, of 0.07 V vs Ag/AgCl. Chen et al
synthesized CoMn,0O, from a coprecipitation method using
NaOH as the precipitating agent. The CoMn,0,(30 wt
%)/Vulcan composite catalyst showed modest ORR activity.”"”

NiCo,0, is a semiconductor with electronic transport based
on the variable-range hopping and nearest-neighbor hopping
mechanisms.”** Su and Chen et al. reported a hydrothermal
synthesis of urchin-like NiCo,0, spheres.”* Cao et al
prepared a 3D macroporous cubic spinel NiCo,0,, consisting
of numerous NiCo,0, nanoparticles in size of 20—40 nm that
further aggregated into slabs with thickness of 150 nm. The
macroporous structure, with pore volumes of 0.23 cm?® g_l,
enabled facile mass transport of reactants to the active surface
sites. The macroporous NiCo,0, catalysts exhibited good ORR
activity with E, .. of 0.89 and E,,, of 0.75 V.>** Lou et al.
developed a polyol synthesis of NiCo,0,—rGO hybrid by
refluxing metal acetates with ethylene glycol and subsequent
annealing at a temperature as low as 300 °C.*** NiCo,0,/
NrGO and CuCo,0,/NrGO synthesized by hydrothermal
methods using NH,OH as the precipitating and N-doping
agent were also reported.””””” The ORR performance of
various simple spinel and complex spinel catalysts is listed in
Table 4.

3.3.2. Perovskite. Perovskite (ABO;) consists of corner-
shared BOg octahedra together with A-site cations at the corner
of the unit cell. The perovskite structure is flexible and robust
and can withstand considerable lattice mismatch between the
(A—0) and (B—O) bond lengths and accommodate versatile
dopants on A-site and/or B-site lattices. This unique structure
confers some perovskite with good ORR, OER,**™>* and
bifunctional ORR/OER activity.”*"~>*® Section 3.3.2 only
reviews those perovskite oxides solely for ORR.

The works on perovskite for ORR dated back to 1970s,
where Matsumoto et al. reported LaNiO; for oxygen
electrocatalysis.”>”**" Investigating 18 substituted perovskites
La,_,Sr,TMO; (TM = Ni, Co, Mn, Fe, Cr, and V), Bockris and
Otagawa found an increase of the catalytic activity of
perovskites occurred in parallel with a high occupancy of
antibonding ¢* orbitals of TM—OH, and they proposed a
volcano plot of catalytic activity versus TM—OH bond
strength.”” La-based perovskite was found to be of best
ORR activity among LnMnOj; (Ln = rare earth metals), in the
series of La > Pr > Nd > Sm > Gd > Y > Dy > Yb.**° For the
alkaline earth doping effect on the A-site, half-cell testing on
catalyst-loaded gas-diffusion electrodes showed the series of
PrygSrg,MnO; > PrysCay,MnO; > PrygBag,MnO; > PrMnO;,
and all the catalysts were free of impurity phases after 200 h of
testing in 8 M KOH solution.”®" ORR on perovskite surfaces is
complicated and depends on its intrinsic activity, electronic
conductivity, surface absorption behavior, and the incorpo-
ration of conducting additives. Sunarso et al. reported the
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intrinsic ORR activity of LaTMO; (TM = Nj, Co, Fe, Mn, and
Cr) ranked in the order of LaCoQ;, LaMnO3, LaNiO;, LaFeOs,
and LaCrO,;, without the addition of carbon blacks. The
formation of HO,™ was as low as 1.5%, indicating a pseudo 4e~
pathway.”*” In contrast, it was stated that Co-based perovskite
oxides were less active than Mn-based ones.”” Huang et al.
reported the n value of ORR of LaMnOj; was 2.95, indicating a
slightly more prevalent 2e~ pathway.”®® For LaNig M50, the
ORR kinetics was enhanced in the order of LaNijjFe,;O;,
LaNi, sCo, 03, LaNi, ;Cr, O5, LaNiy sMn sO;, with 2% of the
yield of HO,~.”” It is worth noting that the exact reaction
pathways of bare LaMO; without conducting additives are still
under debate. While most studies focus on powdered catalysts,
Shao-Horn et al. investigated epitaxially oriented La,_,Sr,MnO;
surfaces on Nb-doped SrTiOj; substrates for ORR. They found
the activity was greatest for La ¢,Sr)33MnO5, but the (110) and
(111) orientations displayed comparable activity to that of the
(001).2%*

For those perovskite with low electronic conductivity, the
addition of conducting agents, such as carbon blacks, helps to
supply electrons from the electrode to the perovskite surface
during ORR. After coupling the addition of LaNiO; with 17 wt
% acetylene black (AB), Shao-Horn et al. found the area-
specific and mass-specific activity of LaNiO; were better than
Lay;5Cag,sFeO; and LaCugsMnys05.°% The group later
reported a volcano plot for the ORR activity of perovskite
oxides mixed with acetylene black, in the series: LaMnOj,5 >
LaNiO; > Lay3CapsMnO; > LaMnO; > LaMnyNiy;O; >
LaysCaysCoO35 > La,_,CaFeO; > La;_,Ca,CrO; (Figure
16).%° Good activity for ORR was observed in LaMnO,/carbon
composites, such as LaMnO;/CNF and LaMnO;/Vul-

an.”***” The underlying principle for enhancing the ORR
activity of perovskite oxides is that an eg-electron ~1 as well as
the increased covalency between transition metal 3d and O 2p
orbitals.”> As an example of LaCoQs3, the yield of HO,™ was as
high as 50% for bare LaCoOj, and a pseudo 4e™ pathway was
only attained by the mixing of carbon blacks with LaCo0O;.*** A
similar 2e” + 2e” pathway was observed for Laj4Cay,C00;/C
composite in 1 M KOH, with ca. 3% of HO,™ production
during ORR.**” For barium strontium cobalt iron perovskite
oxides (BSCF), the HO,™ formation during ORR was in the
range from S0 to 60%.””° The argument was further confirmed
by the substantial reduction current emerged from Ar-saturated
0.1 M KOH + 2 mM HO,  electrolyte. The BSCF/AB
composite showed improved E,,., and reduced HO,~
formation as compared to bare BSCF. The optimized BSCF/
AB composite, BSCF(78 wt %)/AB, exhibited 28% HO,~
formation and n value of 3.43 during ORR.”"' Despite the
fact that carbon blacks were not efficient for ORR, mixing it
with perovskite oxides led to a strong drop of the HO,™
formation. A study of channel flow cell indicated that most of
the O, was reduced via the 2e” pathway on Laj4Cay,CoOj;
(LCC)—Vulcan carbon composite. The generated HO,~
appeared to be stable at Vulcan carbon and was further
reduced and/or chemically decomposed on LCC surfaces.”””
On the basis of the above results, the ORR on poorly
conducting perovskite/carbon composites was known to
proceed through a 2e™ + 2e” pathway, where OH™ was
reduced to HO,™ by carbon blacks and HO,™ was further
reduced to H,O by perovskite oxides. In contrast, much less
HO,™ was observed on relatively conductive perovskite, such as
Lag4Sr,MnO;."**%® The performance of perovskite/carbon
catalysts can be further improved by establishing perovskite/
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Figure 16. Role of e, electron on ORR activity of perovskite oxides.
(a) Potentials at 25 pA cm > as a function of e, orbital in perovskite-
based oxides. Data symbols vary with type of B ions (Cr, red; Mn,
orange; Fe, gray; Co, green; Ni, blue; mixed compounds, purple),
where x = 0 and 0.5 for Cr, and 0, 0.25, and 0.5 for Fe. Error bars
represent standard deviations. (b) The shape of the e, electron points
directly toward the surface O atom and plays an important role during
0,”7/OH" exchange. O, B, and H atoms are colored blue, red, and
green, respectively. Reprinted with permission from ref 65. Copyright
2011 Nature Publishing Group.

carbon hybrids with certain interactions between the perovskite
and carbons. For example, both the E,,, and E,, are
significantly improved by establishing a La-
(Cog.5sMng 45)0.9903/graphene hybrid than using La-
Co,_,Mn, O;/graphene mixture.*”””*> More works on perov-
skite/carbon hybrids should be carried out to fully leverage the
good ORR activity of perovskite catalysts. The ORR perform-
ance of various perovskite catalysts is listed in Table S.

3.3.3. Other Oxides. CoO is a metastable and thermody-
namically less stable than Co;0, at room temperatures. CoO is
oxidized if stored in air for more than 1 year or immersed in
O,-saturated alkaline solution over 12 h.”’* It was reported that
surface Co®" was highly active for ORR.** Dai et al. reported
CoO/NCNT hybrid with CoO loading between 50 and 67 wt
% by a facile wet chemistry synthesis and low temperature
annealing.226 The CoO/NCNT hybrid exhibited E ., of 0.93
V and E,/, of 0.86 V, and afforded higher oxygen reduction
current density than Co;0,/N-rmGO. The salient activity of
CoO/NCNT hybrid could be partly due to the higher electrical
conductivity than that of Co;0,/N-rmGO. For the case of
CoO/Vulcan carbon black catalysts, Jiang and Sun et al. found
the turnover frequency (TOF) of the ORR per active CoO site
is largely independent of the particle size in the range of 3 to 7
nm. The enhanced ORR activity for the smaller CoO particles
was attributed to the enlarged interface between CoO and
Vulcan.””* P, of zinc-air fuel cells followed the sequence of
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Pt/Vulcan (136 mW/cm?) > CoO,/oxidized-Vulcan (123
mW/cm?) > CoO,/amide-functionalized Vulcan (110 mW/
cm?) > CoO,/Vulcan (100 mW/cm?) > MnO,/Vulcan (90
mW/cmZ).275 Sophisticated Co-Co0O-Co;0,/N/C hybrid
derived from zeolitic imidazolate framework-9 (ZIF-9)
exhibited similar catalytic activity to commercial Pt/Vulcan.””®

Manganese oxides (MnO,) have a long history as being ORR
catalysts and have been widely used in primary batteries such as
alkaline-MnO, cells, zinc-air battery, zinc—carbon cells, etc.”””
Ohsaka et al. reported that the ORR activity of different MnO,,
followed the order: MnsOg < Mn;0, < Mn,0; < MnOOH.>”
MnO, has versatile polymorphs such as one-dimensional a-, -
and y-MnO, and two-dimensional 6-MnO,. The catalytic
performance of MnO, was reported to follow the sequences: a-
MnO,> f-MnO,> y-MnO,,””” or @-MnO, ~ §-MnO, > A-
MnO, > [)’-Mn02.280 a-MnQO, possesses a large tunnel structure
which makes fast ion transport such as OH™ and related
intermediates. Due to the relatively low electric conductivity of
MnO,, a lot of efforts have been committed to create MnO,/
carbon hybrid or composite materials. The a-MnO,(50 wt %)—
Vulcan composite was most active for ORR and zinc-air
batteries among a-MnO,—Vulcan composites.”®’ A MnO,
nanoflake with thickness of 1.5 nm was synthesized by a hot
injection reaction between KMnO, and cetrimonium bromide
(CTAB). The specific activity at 0.75 V could attain 21 mA
mg'.*** Li et al. reported the direct growth of §-MnO,
nanoflowers on rGO. The 6-MnO,/rGO hybrid catalyst
showed a dominant pseudo 4e” pathway for ORR and
comparable performance with Pt/Vulcan.”® MnO,/graphene
hybrids with good electrocatalytic behavior were also reported,
ascribed to the synergistic coupling of NrGO and MnO,.”*****

4. CONCLUDING REMARKS AND FUTURE
CHALLENGES

Oxygen reduction reaction (ORR) is one of the most important
and classic electrode reactions in electrocatalysis. It has been
attracting great interests in recent years due to the large
demand of green energy devices. Specifically, this review paper
focused on ORR in alkaline media, which had fundamental
influences on metal-air batteries, alkaline hydrogen fuel cells,
alkaline direct alcohol fuel cells, microbial fuel cells, etc. Section
2.1 introduced the ORR thermodynamics and reaction kinetics,
including the equilibrium potential of OH™/H,O redox couple,
polarization curves, Tafel plots, RDE and RRDE. Sections 2.2
and 2.3 reviewed the reaction pathways of precious metal
catalysts and transition metal oxide catalysts, respectively.
Different reaction pathways in literature were categorized into
three types, i.e. the 2 e” pathway, 4e” pathway and 2 e™ + 2 e~
pathway. Section 3 was devoted to the recent advances of
catalysts for ORR, especially in the last three years. Section 3.1
reviewed Pt, Au, Pd and Ag-based catalysts. Section 3.2
reviewed carbon-based catalysts, including nonmetal-doped
carbons and carbon- transition metal hybrid/composites.
Section 3.3 reviewed transition metal oxide catalysts, namely
spinel, perovskite, CoO and MnO,. We did not cover other
categories of ORR catalysts, such as transition metal macro-
cycles,' 7?5972 polymers,”"*** metal nitrides,””*™>** chalco-
genide,””” and various composite/hybrids.”*”*"" Some other
ORR-related topics, such as the ORR catalysts in acidic, neutral
and organic media, as well as bifunctional catalysts for both
ORR and OER, were beyond the scope of this review paper.
Reaction mechanisms and pathways of precious metal-based
ORR catalysts, in the forms of single crystals and carbon-
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Table S. ORR Performance of Perovskite Catalysts Obtained from RDE“

catalysts
LaCoO;

LaNiO;

LaNig sMng O,

Lay ¢,S1933MnO; film

Bay SrysCogsFe),05-5

Bay sSrosCog sFeg20;5_5 (56 wt %)/acetylene black
LaNiO,/C

Lay4Cay4Co00;/C

Lag sS1g,MnO;/C

LaMn,,yCo,,05/GR

“The rotating rate of RDE is 1600 rpm, and the electrolyte is O,-saturated 0.1 M KOH/NaOH, unless otherwise stated. ©

from Eonset bY Monset = 1227V — Eonset
AgCl in saturated KCI E rup = Eys ag/agal + 0.197 V + 0.059 X pH.
0.059 X pH.

Eqpeee vs RHEY E, /, vs RHE

0.88

ref

262

Tafel slope (mV/decade)

undefined

0.72

undefined

0.81

undefined
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undefined

0.73

271

undefined

0.84

undefined
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265

undefined

st st sfe ke

0.92

undefined
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269

(1 M KOH)
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undefined
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0.73

273
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 Mgnget 18 readily calculated

: converted from Ag/AgCl in 3M KCl, By riag = Eos ag/ager + 0209 V + 0.059 X pH. ™ converted from Ag/
: converted from saturated camel electrode,
: converted from Hg/HgO electrode, E, pyg = E\s pyio + 0.098 V + 0.059 X pH.

Eysrue = Evsscp + 0241V +

supported nanocrystals, have been studied in an extensive
manner for decades. Reaction mechanisms of more complicated
ORR catalysts, however, have not been well-known yet. These
complicated systems at least include the recent hot topics of
efficient, durable and low-cost catalysts, such as “metal-free”
heteroatom-doped carbons, carbon-transition metal hybrid,
spinel/carbon hybrid and perovskite/carbon hybrid, etc.
Another challenge comes from the further understanding of
fundamental principles of the origin of ORR and identifying
“hot spots” that are catalytically active for ORR. Some progress
has been made on establishing the relationship between the
electrocatalytic performance and the physical/chemical proper-
ties of catalysts, as stated in Section 2 and 3. Hitherto, more and
more efficient ORR catalysts are developed by empirical fast-
screening electrochemical techniques such as RDE and RRDE.
It is highly desirable to find some universal performance
descriptors that can be linked to the electrocatalytic activity
measured experimentally. Some encouraging pioneer works had
been reported for the precious metal-based and perovskite
oxide-based catalysts.

The state-of-the-art catalysts have some shortcomings.
Precious-metals are costly and scare, so that the large scale
deployment for industrial applications seems luxury and not
sustainable. The nonmetal-doped carbons and carbon-tran-
sition metal hybrids are not durable because of the carbon
corrosion problem. Besides the insufficient ORR activity on par
with the precious metal and nanocarbon catalysts, transition
metal oxides are generally of poor electric conductivity and the
incorporation of carbon additives suffer the same carbon
corrosion problem. The pursuit of more efficient, more durable
and less costly ORR catalysts will continue to be future
challenges. Finally, more works should be carried out on
applying those fast-screened ORR catalysts to practical devices
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based on oxygen electrocatalysis, such as metal-air batteries, fuel
cells, microbial fuel cells, etc.
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