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Oxygen reduction reaction (ORR) is the most important reaction that occurs in the cathode surface of fuel
cells. Its sluggish kinetics stimulated the researchers towards the development of inexpensive as well as
efficient alternatives, to the precious and low abundant Pt-based catalysts. Recently, transition metal-
oxide (TMO) based electrocatalysts have attracted tremendous attention as suitable electrocatalyst
towards ORR due to its high activity and better stability. Other factors that promote the utilization of
TMOs include low cost, high availability and the presence of variable oxidation states. Mixed transition

Keywords: metal oxides (MTMOs) show even better ORR performance due to their enhanced electrical conductivity
Fuel cells . . . . s . .
PEMFCs as compared to that of single TMOs. This review article highlights the recent progress in the design and
ORR synthesis of TMO based electrocatalysts with various size and morphology for ORR. Special importance
TMOs has been given to cobalt oxides, copper oxides, manganese oxides and iron oxides throughout the study.
Moreover, the effects of using conductive materials like carbon nanotubes, carbon nanofibres, meso-
porous carbon, graphene etc. have also been reviewed.
© 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).
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1. Introduction

A safe and sustainable future can be ensured by making new
innovations and modifications to the existing energy generation
and storage technologies. The best way to do this is to utilize the
renewable energy sources like hydroelectric power, wind, solar
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etc. to produce liquid fuels (via reduction reactions and electrocat-
alytic water splitting) and “clean” hydrogen which can be used in
transportation infrastructures [1]. Usually, fuel cells are considered
to be an ideal source of energy due to their high efficiency, mild
operation process, zero emission and most importantly, unlimited
renewable source of reactants. The main areas of fuel cell technol-
ogy include transportation, stationary and portable power [2]. Fuel
cells convert the chemical energy of fuels into electrical energy
similar to that of batteries. However, fuel cells do not stop working
till the fuels and oxidants are continuously fed [3]. Fig. 1 shows a
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Fig. 1. A typical fuel cell. Adapted with permission from the American Chemical
Society [4].

typical fuel cell in which a fuel e.g.; H; is oxidized at the anode and
0, is reduced at the cathode [4].

Among different forms of fuel cells, proton exchange membrane
fuel cells (PEMFCs) with the advantages of less ecological impact,
low operating temperature and high energy density has gained a
worldwide attention [5]. One of the most important reactions that
take place in the cathode of the fuel cell is the oxygen reduction
reaction (ORR) - a challenge in the field of catalysis and electro-
chemistry [6]. ORR is a multielectron transfer process that follows
an electrocatalytic inner sphere mechanism. The reaction is highly
dependent on the nature of the electrode surface. It takes place
both in acidic and alkaline media that involves the formation of
oxygen-containing intermediates like OH, O3, O, H,0, and HO5.
In aqueous medium, the reaction is highly reversible. However,
the appropriate mechanisms associated with ORR have not been
well understood in spite of extensive experimentation over the
decades. From the point of view of electrochemistry, ORR is
regarded as the kinetically limiting element of the electrochemical
devices due to its sluggish kinetics [7,8]. This inspired the research-
ers toward the development of desirable electrocatalysts which
can compensate the loss of cell efficiency by overcoming the slow
kinetics of ORR [9,10]. So far, Pt and Pt-based materials have been
used as the ORR electrocatalysts owing to its high electrocatalytic
activity and stability, excellent work function as well as high
exchange current density. However, the high price, scarcity and
low durability limit its extensive commercialization [11]. In addi-
tion, the stability of Pt is low as it suffers from dissolution, agglom-
eration and sintering which finally results in an unusual rise in the
overpotential for ORR. Thus, exploring highly abundant, low cost
and durable electrocatalysts with comparable or even higher cat-
alytic performance than that of Pt-based electrocatalysts has
become a keen interest for the researchers [12-14]. One way to
make PEMFCs inexpensive and durable is to incorporate Pt more
in the catalyst layers. It can be done by using effective support
materials (e.g.; carbon materials) along with Pt nanoparticles or
alloying Pt with inexpensive metals like Co, Ni, Fe etc. However,
this approach didn’'t work well on a long term basis due to ever-
growing price of Pt [15,16]. So, there was a need to search for
another viable solution that can persist over a long time. Thus, var-
ious efforts have been made over the past few decades to design
non-precious metal based catalysts as cost effective alternatives
to Pt-based catalysts for ORR [17]. Another class of material that
finds wide application as electrocatalysts as well as supports is

the non-noble metal oxides [18,19]. Again, both theoretical and
experimental studies have revealed that transition metal-oxide
(TMO) based catalysts having spinel structure act as proficient
electrode material for fuel cells and other energy conversion and
storage devices [20]. Mixed transition metal oxides (MTMOs),
obtained from the combination of a TMO and a post-TMO or a mix-
ture of two low priced TMOs into different spinel structures show
even better electrocatalytic performance towards ORR. They also
have significantly higher electrical conductivity than the simple
TMOs [21]. The unique property of TMOs that facilitates better
ORR performance is the presence of variable oxidation states and
its ability to mix well into one material. Moreover, TMOs are com-
mercially affordable due to its low price and high abundance which
makes them very likely to be used as electrocatalysts for ORR [22].
In this review, we mainly focus on the electrocatalytic activity of
TMO based catalysts with different structural properties towards
ORR. We have also given a brief summary of the principle and
mechanism involved in ORR. To make it feasible, the scope of this
review focuses mainly on four types of TMOs namely cobalt oxides,
copper oxides, manganese oxides and iron oxides.

2. General principle and mechanism of ORR

In ORR, O, is converted to either OH™ or H,O based on the elec-
trolyte (acidic or alkaline) used. ORR at the cathode surface pro-
ceeds mainly via two pathways. One is the “partial” two electron
reduction pathway that results in the formation of adsorbed
H,0, species. And, the other is the “direct” four electron reduction
or full reduction pathway. “Direct” four electron reduction path-
way is more desirable for ORR than the partial reduction pathway
since the reactivity of H,0, is comparatively higher than that of the
stability of H,O [23,24]. The “direct” conversion of O, into H,O
involves a dissociative mechanism where the first step is the
adsorption of O, on the metal/catalyst surface followed by break-
ing of the oxygen-oxygen bond to give adsorbed oxygen atoms.
Subsequently, transfer of electrons to the adsorbed oxygen atoms
in the form of hydrogen addition, yields surface bound hydroxyl
groups. Further reduction and protonation of the hydroxyl group
produces the H,O molecule leaving behind the metal/catalyst sur-
face. On the other hand, partial reduction of O, follows an associa-
tive mechanism in which the adsorption of O, on the metal surface
doesn’t lead to the cleavage of oxygen-oxygen. This alternative two
electron reduction pathway finally generates H,0, [25]. Table 1
shows the pathways of ORR in alkaline and acidic medium [5,26].

A typical ORR polarization curve is generally divided into three
regions (Fig. 2) viz., kinetically controlled region, diffusion con-
trolled region and mixed kinetic- and diffusion-controlled region.
The kinetically controlled region represents that part where the
rate of O, reduction is slow with a small increase in the current
density with decreasing potential. Substantial rise in the current
density is observed in the mixed kinetic- and diffusion-controlled
area. In this region, acceleration of the reaction takes place with
a marked drop in the potential value. In the diffusion controlled
region, current density is determined by the rate at which diffusion

Table 1
ORR pathways in alkaline and acidic medium [5].
Electrolyte Pathway ORR
Alkaline aqueous solution 4 e 0, +H,0 +4e~ —» 40H™
2e 0, +H,0 +2e” - HO; + OH™
HO; + H,0 +2e™ — 30H™
Acidic aqueous solution 4 e 0, +4H" +4e~ - H,0

2e 0, +2H" +2e~ — H,0,
H,0, +2H" +2e~ - 2 H,0
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Fig. 2. A characteristic ORR curve of an individual catalyst. Adapted with permis-
sion from the Wiley publishing group [27].

of the reactants occur. Quantitative analysis of the catalyst in terms
of its activity can be done from the two parameters i.e.; the onset
potential (Egnser) and the half-wave potential (E;;). The more
positive is the potential, the more active will be the catalyst
towards ORR. J; denotes the diffusion limited current density [27].

3. TMOs as nanoelectrocatalysts for ORR

As elaborated in the previous section, TMOs are prospective
candidates for non-Pt ORR electrocatalysts because of the variable
oxidation states combined with high electrical conductivity. This
review has been focused to the application of cobalt, copper, man-
ganese and iron oxide based electrocatalysts toward ORR.

3.1. Cobalt oxides

Cobalt oxides have been considered as the one of the promising
electrode materials for fuel cell reactions, especially ORR as com-
pared to other TMOs. Its low-price, high surface-to-volume ratio
with stable chemical states and high theoretical capacity (890
mAhg!) are responsible for its application in energy related
devices [28]. Co30,4 having spinel structure, where Co?* and Co>*
occupy tetrahedral and octahedral voids respectively, is advanta-
geous due to the presence of Co?*/Co>" redox couple where elec-
tron transfer can occur [29,30]. However, these oxides are
generally stable in alkaline medium, but not in acidic medium
[31,32]. Various methods like precipitation [33], thermal decompo-
sition [34], electrodeposition [35] electrospinning [36], sol-gel [37],
spray pyrolysis [38,39] etc. are employed for the synthesis of Co
oxide and Co-based spinel oxides. These materials with low speci-
fic surface area and large particle size, however, undergo agglom-
eration as well as suffer from poor conductivity that finally
affects the activity of the catalysts. One way to enhance the effi-
ciency of electron transfer process is to make them nanostructured
and use of conductive materials like graphene, carbon nanotubes,
mesoporous carbon etc. [40,41]. Graphene has been emerged as a
new class of conductive material having 2D aromatic monolayered
C-atoms. It shows excellent thermal, mechanical, electrical and
optical properties. Apart from these, graphene based materials
have very high surface area, superior chemical tolerance, high
structural flexibility, high stability as well as reassembly properties
which may be beneficial for the energy conversion and storage
devices [42-44]. Dai’s group reported that a hybrid Co304 grown

on reduced graphene oxide (RGO), denoted by (Co304/rmGO)
exhibits tremendous electrocatalytic behaviour towards ORR and
oxygen evolution reaction (OER). The unusually high activity of
the catalyst can be attributed to the synergistic effect between
Co304 and graphene. They have also evaluated the effect of nitro-
gen doping in graphene and found that the resultant catalyst i.e.,
Co304/N-doped graphene (Co304/N-rmGO) is superior in activity
as compared to that of state-of-the-art Pt in alkaline solution
(Fig. 3) [45]. The reason behind this is the synergistic effect arising
from the interfacial Co-O-C and Co-N-C bond formation [46].
Moreover, addition of dopants like nitrogen, boron, phophorus
etc. into graphene can modify the charge distribution and spin
density of the nearby C-atoms, thereby creating more active sites
for ORR. Considering this, He and co-workers reported the design
of a hybrid material composed of Cos30, nanocrystals and 3D
nitrogen-doped graphene aerogels, represented as Co304/N-GAs,
to evaluate ORR and OER. The catalyst was synthesized via one-
pot hydrothermal method using low cost precursors. From the lin-
ear sweep voltammetry (LSV) measurements, it is clear that the
reaction proceeds through a 4 electron reaction pathway with a
very high current density and high durability [47].

Tong et al. synthesized a strongly coupled hybrid consisting
CoOy nanoparticles supported on B,N-decorated graphene, denoted
by CoO4NPs/BNG. The hybrid material enriched with oxygen
vacancies and Co-N-C active sites is electrocatalytically very active
towards both ORR and OER. LSV measurements show that the syn-
thesized hybrid material has a positive onset potential of 0.950 V
and a half-wave potential of 0.805V almost comparable to that
of commercial Pt/C. The number of electrons transferred during
the reaction, calculated using Koutecky-Levich (K-L) equation
was found to be nearly 4 in the potential range, 0.2-0.6 V. This sug-
gests that in alkaline medium (0.1 M KOH), CoO4NPs/BNG hybrid
catalyzes the reaction via “direct” four electron pathway. Again,
the cyclic voltammetry (CV) and chronoamperometry tests suggest
that catalyst has very high stability. Besides these, the polarization
curves measured after 6000 cycles exhibited nearly the same onset
and half-wave potentials as shown initially, thereby making CoOx-
NPs/BNG a potential bifunctional electrocatalyst for ORR and OER
[48]. An exceptional carbon nanotube (CNT) supported
nanocactus-like structure of Co304 material (Co304/CNTs) have
been reported as a bifunctional electrocatalysts for ORR and OER.
The strong interaction between Co30, nanoparticles and CNTs,
large surface area, good electron transfer properties and abundant
active sites make Co304/CNTs an effective alternative to noble
metal-based catalysts for fuel cells and water splitting reactions
[49]. Yoon et al. also synthesized a CNT based Cos04 composite
for ORR in lithium-air (Li/air) batteries. During the charge-
discharge process, a low overpotential value and a high discharge
capacity was observed which signifies that the catalyst is very suit-
able to be used as the air electrode material in Li/air batteries [50].
Another important material which has similar structure to graphite
is the graphitic carbon nitride (g-CsN4), which finds wide applica-
tion in various electrochemical reactions including ORR. Jin’s group
designed a highly active and stable electrocatalyst having a core-
shell structure with cobalt oxide and Co-doped g-C3Ny4 as the core
and shell respectively, which is covalently supported on graphene
sheets (GS). The role of g-C3Ny4 shell is to generate active sites by
trapping cobalt ions whereas the GS collects the electron by cova-
lently supporting the core-shell structure. By examining the degra-
dation mechanism of the synthesized catalyst, it was established
that the high stability of the ORR activity may be generated from
the cobalt oxide core that regenerates the inactive sites by slowly
releasing the cobalt ions [51]. In another study, cobalt oxide
nanocrystals coated multigraphene like nanoshell supported on a
3D framework of graphene nanomeshes, abbreviated as GM-
Co-B-N was synthesized by rapid pyrolysis method. The resultant
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Fig. 3. (a) CV curves of Co304/N-rmGO hybrid, Co304/rmGO hybrid and comm. Pt/C on glassy carbon electrodes in Ar-saturated 0.1 M KOH (dash line) and O,-saturated (solid
line). Catalyst loading for all samples = 0.17 mg cm~2. (b) ORR polarization curves of Co304/rmGO hybrid (loading ~ 0.1 mg cm~2) and (c) Co304N-rmGO hybrid (loading ~
0.1 mg cm~2) in O,-saturated 0.1 M KOH with a sweep rate of 5mV s~! at the various rotations. Insets (b) and (c) represent Koutecky-Levich plots (J~! vs. ®~%°) at different
potentials. (d) Tafel plots of Co304/N-rmGO and Co304/rmGO hybrids. Adapted with permission from the Nature publishing group [45].

catalyst demonstrated improved ORR and OER electrocatalytic
activity, together with larger current density, similar onset/
half-wave potential with commercial Pt/C, enhanced stability and
strong methanol-tolerant ability, making it a promising electrocat-
alyst for zinc-air batteries [52]. Odedairo et al. evaluated ORR by
synthesizing Co304 nanosheets as well as a novel 3D heterostruc-
tured sheet-on-sheet Co-S/G by microwave argon plasma method.
This synthetic approach effectively reduces graphene oxide along
with homogeneous dispersion of the Cos304 nanosheets among
the graphene sheets. In alkaline medium, Co-S/G exhibits the best
ORR performance among all the non-precious metal electrocatalyst
along with excellent durability. DFT studies shows that the charge
transfer from graphene to Cos0,4 nanosheets is the primary reason
of the unusual electrocatalytic properties [53]. Ning et al. designed
a highly active spinel CuCo,04 nano-electrocatalyst supported on
N-doped reduced graphene oxide (CuCo,04/N-rGO) for ORR in
alkaline medium. The good catalytic activity of CuCo,04/N-rGO
can be attributed to the strong coupling between CuCo,04
nanoparticles and N-rGO [54]. Wu and group investigated ORR
using a high loading cobalt oxide catalyst coupled to N-doped
reduced graphene oxide (GO) catalyst. The resultant catalyst is
abbreviated as CoO/rGO(N). The synthetic method involves the ini-
tial doping of nitrogen into reduced GO followed by incorporation
of CoO. This method is better in terms of efficiency of N-doping
compared to that of other methods of synthesizing N-doped
reduced GO [45], in which the nitrogen source, metal precursor
and GO are mixed together. Fig. 4 shows the TEM images of GO
and the CoO/rGO(N) catalyst.

Fig. 4a represents the GO image where a single graphene layer is
observed. The selected area electron diffraction (SAED) in the inset
shows the representative hexagonal pattern of graphene. In the

CoO/rGO(N) image (Fig. 4b), an area of a graphene sheet enclosed
by well-dispersed nanoparticles is observed with a narrow size
distribution of approximately 1-3 nm. This specifies the homoge-
neous loading of cobalt oxide on the rGO [55].

3.2. Copper oxides

Like cobalt oxides, copper oxides (CuOy) also behave as a suit-
able non precious metal electrocatalyst for ORR due to its large sur-
face area, variable oxidation states and chemical stability.
However, the relatively poor conductivity as well as its low
catalytic activity limits its widespread applications [56]. Mixing
CuOy4 with carbonaceous material is a highly acceptable solution
to enhance its electrocatalytic properties [57]. Again, Cu?* ions
have a great affinity to form stable complex with N-based ligands.
Thus, the combination of CuO and N-rGO gives a nanocomposite
i.e.,, CuO/N-rGO with tremendous ORR activity. This particular
nanocomposite can reduce HOO™ intermediate very rapidly result-
ing in high current density and more positive onset potential with
a transfer of 4 electrons during the reaction. The synergic effect
arising from Cu-N interaction is responsible for the improved
ORR performance of the nanocomposite [58].

Nitrogen doped carbon (CN) is also used to enhance the electri-
cal conductivity of copper oxides. A series of NdCuO,@CN catalysts
were synthesized by encapsulating NdCuOy bimetallic nanoparti-
cles into CN. This piece of work amalgamates the benefits of
rare-earth TMOs and CN. By optimizing the carbonization temper-
ature and NdCuOy: Aniline ratio in the precursor, the resultant cat-
alyst NdCuO,@CN-1000 was obtained. NdCuO,@CN-1000 shows
satisfactory ORR performance in terms of stability, activity as well
as methanol tolerance. This improved ORR performance is strongly
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Fig. 4. TEM images (a) GO and (b) CoO/rGO(N) catalysts. Adapted with permission from the American Chemical Society [55].

associated with the synergistic effect among components, high
graphitization and their encapsulated structures [59]. It is
generally CuO rather than Cu,0 that is prevalent as electrocatalysts
in most cases. Cu,0 easily oxidizes in wet air to give CuO, suggest-
ing that it has the ability to donate oxygen. But, continuous supply
of electrons from other materials is difficult to due to its poor con-
ductivity. So, Cu,0 alone has no successful application as ORR cat-
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alyst. However, if Cu,0 nanoparticles with size in the nanometer
scale can be homogeneously dispersed on graphene sheets, they
can easily get electrons from graphene sheets after donating elec-
trons to oxygen. Guo’s group reported the synthesis of Cu,O/rGO
nanoparticles to study ORR along with its methanol and CO toler-
ance ability (Fig. 5). The catalyst was found to show remarkable
ORR activity and stability making it a novel cathode material for
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Fig. 5. ORR polarization curves of RGO and Cu,0/RGO electrodes in O,-saturated 0.1 M KOH solution at a scan rate of 0.01 Vs~'. (B) Chronoamperometric response of
Cu,0/RGO electrode and Pt/C electrode in O,-saturated 0.1 M KOH solution at 0.4 V. (C) Chronoamperometric response of Cu,O/RGO electrode in O,-saturated 0.1 M KOH
solution at 0.4 V. Addition of 2% (w/w) methanol is shown by the arrow. (D) Chronoamperometric response of Cu,0/RGO electrode at —0.4 V in O,-saturated 0.1 M KOH
solution. The arrow denotes addition of 10% (v/v) CO in O,-saturated 0.1 M KOH at —0.4 V; Jo is the initial current. Adapted with permission from the Royal Society of

Chemistry [60].
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fuel cells [60]. Kim et al. synthesized Cu@Cu,O core-shell nanocat-
alysts for ORR and cycloaddition reaction by sodium borohydride
reduction method. The reaction follows 4-electron transfer path-
way along with improved onset potential as well as current density
[61]. Kim et al. designed a porous hybrid nanocomposite of CuO
and graphene (p-CuO/G hybrids) for Lithium-Oxygen (Li-O,)
batteries. Electrochemical Impedence Spectroscopy (EIS) measure-
ment shows that resultant catalyst enhances the ORR and OER
activity and the cycle reversibility of Li-O, batteries [62]. Another
study focused on the dispersion of CuO on LaggSrg4C0g2Fegs03_s
(LSCF) as a synergistic catalyst for ORR. LSCF is a representative
solid oxide fuel cell (SOFC) electrocatalyst. The resultant catalyst
greatly accelerates ORR by a factor up to 4 as obtained by the elec-
trical conductivity relaxation measurements [63].

3.3. Manganese oxide

Transition-metal-based catalysts such as Mn oxides have
attracted enormous interest due to their high stability, availability,
low cost, variable oxidation states and effective catalytic properties
capable of catalyzing the ORR reaction. However, due to their high
electrical resistance, carbon based materials have been used to
accelerate the ORR pathway [64,65]. Till now, the perovskite
(AMnOs3) or spinel (AMn,0,4) structure adopted by Mn-based
oxides displays efficient ORR activities. Where generally A repre-
sented a divalent alkaline-earth metal ion or trivalent rare-earth
metal ion, and A’ denoted a divalent metal ion. To improve the
activity of Mn- based oxides oxygen defects have been introduced
by thermal reduction which reduce Mn** to more active Mn3*, and
improve the electrical conductivity. However, the overall ORR
activity of Mn-based oxides has been still higher than that of Pt/C

C. Goswami et al./ Materials Science for Energy Technologies 1 (2018) 117-128

[66]. Shao-Horn and co-workers elucidated that a mix Mn3*/4*

valence with Mn>*/#*>1 was vital for the four electron ORR
pathway and kinetics [67]. To design an active ORR catalyst the
oxidation state of manganese centres is critical. The intermediate
species for this reaction is Mn>*, which plays a significant role in
the success of catalytic activity in ORR. To boost the catalytic activ-
ity numerous approaches have been made to generate the active
Mn>* species. The high catalytic activity of the Mn3* species is
attributed to the presence of one electron resulting in Jahn-Teller
(J-T) distortion [68]. To achieve high specific ORR activities, pres-
ence of Mn>* with some Mn*" is the key in perovskites [67].

Cao et al. showed that the electrochemical activity depends on
the crystalline structure of manganese oxides. They show that ORR
current of different MnO, catalysts increase in the following order:
B-MnO; < 2-MnO; < y-MnO; < -MnO; < 5-MnO, [69]. Among
manganese oxides targeted for ORR, Mn30Qy is rich in electrochem-
ical properties due to the mixed valence of Mn. But because of its
poor electrochemically structural stability and low electrical con-
ductivity its use as ORR catalyst is diminished. Li et al. designed
and constructed carbon-coated tubular monolayer superlattices
(TMSLs) of hollow Mns04 NCs (h-Mns04- TMSLs) by exploiting
structural evolution of MnO NCs. They have characterized the cat-
alyst by various techniques. From Fig. 6a it can be seen that the
average diameter of the particles are 18 nm. Fig. 6b, c shows the
effectiveness of this in achieving high-quality nanocrystal mono-
layers within anodized aluminium-oxide channels. The XRD pat-
tern of MnO@Mn;0,@ AAO mainly ascribed to the cubic MnO
phase shown in Fig. 6d and from the XPS the presence of Mn?*
and Mn>3* can be verified shown in Fig. 6e [70].

Hazarika et al. have synthesized mesoporous cubic Mn,03
nanoparticles supported on carbon (Vulcan XC 72-R) for both
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Fig. 6. (a) TEM image of octahedral MnO NCs used for constructing h-Mn3;04-TMSLs. Cross section SEM images of MnO NC monolayers self-assembled within the AAO
template having (b) circular and (c) hexagonal channels, respectively. (d) XRD patterns of MnO@Mn3;04@ AAO and h-Mn304-TMSLs, respectively. The blue asterisks denote
the reflections of Mn30,4. (e) High-resolution Mn 2p XPS spectra of MnO@Mn3;04 NCs and h-Mn30,4-TMSLs, respectively. Adapted with permission from the American
Chemical Society [70].
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ORR and OER. They have shown that the ORR activity of Mn,05/C
material is much better compared to the commercially available
Pt/C and Pd/C in alkaline media. However, Mn,05 without the car-
bon support shows less ORR activity compared to Mn,05/C, Pt/C
and Pd/C.

From the Fig. 7 it is seen that Mn,05 is less positive and shows
smaller ORR limiting current density compared to Mn,03/C and
both Pt/C and Pd/C catalysts and from the parallel fitting lines of
the K-L plots the average electron transfer number was found to
be ~1.2 and ~4.1 for Mn,03 and Mn,03/C, respectively. The high
catalytic activity is due to the synergistic influence of Mn,05 and
carbon interface. They have also proved that Mn,03/C is quite
stable up to 1000 cycles and the reaction follows a 4-electron path-
way for ORR [71]. Cheng et al. have reported the electrochemical
properties of MnO,-based nanostructures for ORR in alkaline
media. The results show that the catalytic activity of MnO, follows
the order o-> B->7y-MnO,. They have also prepared a new
nanocomposite catalyst MnO,-NWs@Ni-NPs. The as-prepared
MnO,-NWs@Ni-NPs nanocomposite exhibits an overall quasi 4-
electron transfer in ORR. They have proposed the ORR mechanism
for manganese oxides which are catalytically active towards perox-
ide decomposition. The mechanism is based on the following
equations

MnO, + H,0 + e~ «-MnOOH + OH" (1)
2MnOOH + 0, <> 2(MnOOH - - - 0) 2)
MnOOH + O, <> MnOOH - - - O, (3)
(MnOOH - --0) + e~ < MnO, + OH" (4)
MnOOH - -0, + e~ « MnO, + HO, (5)

The total reaction of eqs 1, 2 and 4 results in an apparent 4e
reduction process [13]. The combination of Mn oxide with other
TMOs (such as Co, Fe, Cu oxides etc.) provides excellent ORR activ-
ity useful for a range of applications. The high catalytic activity is
due to the synergistic effect of the mixed TMOs [72,73]. Li et al.
have prepared ultra-small cobalt manganese spinels using simple
solution-based oxidation-precipitation and insertion-crystalliza
tion process at mild condition. They have studied the catalyzation
of nanocrystalline spinels for ORR. Furthermore, the strongly cou-
pled spinel/carbon nanocomposites exhibit similar activity but
superior durability to Pt/C [33]. Menezes et al. have prepared
CoMn;04 and MnCo,04 spinel microspheres as highly efficient cat-
alyst for OER as well as the ORR. The as-prepared cubic MnCo,04
display better OER activity compared to the tetragonal CoMn,0,
material in an alkaline medium. However, the tetragonal CoMn,04
material display better ORR activity and stability compared to
cubic MnCo,0,4 and also Pt catalysts. The structural features of
the spinels and their unique porous and microspherical morphol-
ogy results in the higher catalytic activity and stability of the mate-
rial [74]. Liang et al. have developed a manganese-cobalt spinel
MnCo,04/graphene hybrid as a highly efficient electrocatalyst for
oxygen reduction reaction (ORR) in alkaline conditions. They have
suggested from the XANES of Co L-edge and Mn L-edge that substi-
tution of Co>* sites by Mn>* occur resulting in higher catalytic sites
in the hybrid materials enhancing the ORR activity compared to
the pure cobalt oxide hybrid. They have shown that the hybrid
material possess greater activity and durability than the physical
mixture of nanoparticles and N-rmGO and the MnCo;04/N-
graphene hybrid displays higher ORR current density and stability
compared to Pt/C in alkaline solutions at the same mass loading
[32].

3.4. Iron oxide

An emerging class of TMOs like Co,Oy, Mn,Oy, Fe 0y, etc. are of
considerable interest as ORR catalysts [75]. There are many advan-
tages and disadvantages of using iron as ORR catalyst is reviewed
by Osgood et al. Iron is relatively of low cost, highly abundant
and has high selectivity towards ORR which makes it an alternative
catalyst against the precious metals in fact iron is considered to be
highly active towards ORR [76]. However, iron oxides due to their
lower activity for ORR their use in fuel cells are limited [77]. Usu-
ally the unique structure and properties of the catalyst are mainly
related to ORR activity [78]. But in case of iron oxides during their
synthesis uncontrollable growth and agglomeration occurs which
results in the decrease in their performance. To overcome these
hurdles an effective approach is to use a conductive support and
for that carbonized materials are very convenient. Zhao et al. have
adopted a facile and solid-state low-cost method to synthesize
nano-Fe;04/ graphene and FeO(OH) nanoflake/graphene compos-
ites from commercially available Fe powders and graphite oxides.
The prepared nano-Fes304/graphene composite displays efficient
catalytic activity for both ORR and OER. They have found that the
positive synergistic coupling effects between iron oxide and gra-
phene are responsible for the observed superior properties. They
have found that the ORR activity of nano-Fe304/ graphene is much
higher than FeO(OH) nanoflake/graphene [79]. Zhou et al. prepared
a 5-nm-thick amorphous iron oxide thin film with high electrocat-
alytic activity and stability. They have suggested that amorphous
iron oxide can be used as the catalyst to improve oxygen reduction
reaction (ORR) [77]. Also, Guo et al. from a Ilayered
tetraphenylporphyrin-based (TPP-based) covalent organic polymer
(COP) as precursor and iron ion incorporation and by pyrolysis pro-
cess prepared a highly active Fe304/Fe-N-C catalyst for the ORR
[80]. Duchesne et al. have prepared a series of platinum-iron oxide
nanoparticles by CO-reduction method. The particles formed are in
the range of 3.5-4.4 nm. They have found higher activity for all
three platinum-iron oxide samples nanoparticles in the ORR in
comparison to a commercial Pt catalyst [81]. Zhu et al. have syn-
thesized M(II)-substituted magnetite MyFe;_404 (MyFe;_x0-Fe,03)
(M = Mn, Fe, Co, Cu) nanoparticles and studied their activity for
ORR in alkaline solution [82]. They have found that M,Fes; ,O4
NPs is the most active for the ORR followed by CoyFes_404, Cuy-
Fe3_404, and Fe304. The ORR activity of the MnyFe3_,0,4 was better
than the commercially available Pt catalyst. To study the electro-
catalytic activity towards ORR, CV and LSV were performed.
Fig. 8a shows the CVs of the C-Fe304 and C-MnFe,0,4 in O3 satu-
rated 0.1 M KOH aqueous solution. From the CVs it can be seen that
0, is easily reduced on Mn,Fe;_,0,4. Fig. 8b, c shows the ORR polar-
ization curves of C-Fe;04 and C-MnFe,04 at different rotation
rates. The K-L plots (inset of Fig. 8b, c) suggest a first order kinetics
towards O,. The number of electrons transferred was found to be
~3.83 and ~4.18 for Fe304 and MnFe,0,4 respectively.

They have also checked the stability of the catalyst by
chronoamperometric test and found better stability than the com-
mercially available Pt catalyst [82]. Gong et al. have prepared Co
[Co,Fe]O4/ nitrogen-doped graphene (NG) composite for recharge-
able Li-O, batteries and found better ORR activity due to the
inverse spinel structure of Co[Co,Fe]O4 and better conductivity of
N-doped graphene [83]. Indra et al. have prepared amorphous
and crystalline cobalt iron oxides by solvothermal method and
studied their catalytic activity for photochemical and electrochem-
ical water oxidation as well as for ORR. The prepared mixed oxides
show better catalytic activities than NiFe,04, CoO and Fe,03 [84].
Carbon-supported Co-Fe304 nanoparticles are prepared by Wang
et al. via a two-step reduction method and studied their catalytic
activity for ORR in alkaline media and in the anion exchange mem-
brane fuel cell (AEMFC). From the ORR activity of Co-Fes04/C the
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Fig. 7. (a, d) CV curves of Mn,03/C and Mn,03 on glassy carbon electrode in N, and O,-saturated 0.1 M KOH solution; (b, e) ORR polarization curves of Mn,03/C and Mn,05 in

0,-saturated 0.1 M KOH solution at various rotations; (c, f) the K-L plots (j~' vs. ®~"/2) for Mn,03/C and Mn,05 at different potentials; (g) Number of electron transferred at
different potentials. Adapted with permission from the Elsevier [71].
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average electron transfer number was found to be 3.99 indicating
four-electron transfer mechanism. They have compared the dura-
bility of Co-Fe304/C with Pt/C in alkaline media and found that
the catalyst is more durable than Pt/C [85].

Bhandary et al. have prepared a layered binary Mn-Fe oxide on
porous carbon paper via one-step electrodeposition process. They
have studied the electrocatalytic activity in alkaline medium for
both ORR and OER. Fig. 9a shows that the surface of the carbon
paper is made of carbon rods. After electro deposition it can be
seen from the Fig. 9b that Mn-Fe oxide is homogeneously grown
on the surface of carbon and in Fig. 9c a nano-petal and flower like
structure is seen. From the elemental analysis presented in Fig. 9d
the existence of Mn, Fe and O can be evidenced. They have studied
the ORR kinetics and found that the ORR process follows four-
electron pathway in alkaline medium [75].
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4. Summary and outlook

Research nowadays follows a trend of developing catalysts for
oxygen reduction reaction which are of low cost so that it can be
easily commercialized. Generally, Pt is used mainly as catalysts
for ORR but due to its high cost a healthy research is going on to
reduce the use of Pt in ORR. To reduce the cost and enhance the
ORR performance much work has been focused on using transition
metal oxides as catalysts due to their structure, exceptional electri-
cal and redox properties which are helpful to understand their
behaviour. However, despite their higher stability they suffer from
poor conductivity and inferior performance compared to other cur-
rent metal catalysts. So far, to increase the ORR performance vari-
ous strategies are employed by mixing the transition metal oxides
with other metal oxides, use of various conductive materials such
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Fig. 9. SEM images of (a) carbon paper; (b) Mn-Fe oxide electro-deposited on carbon paper; (¢) magnified SEM image of Mn- Fe oxide flakes shown in (b) and (d) elemental

analysis of MnFe oxide. Adapted with permission from the Elsevier [75].
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as carbon, metal-organic framework as supports and also by dop-
ing, the performance of ORR can be improved. The composition
and the synergistic effects results in the better electro catalytic
performance.

In this review, the use of transition metal oxides as an alterna-
tive ORR catalyst has been the common theme. But the mechanism
of ORR at the active sites of transition metals is not fully under-
stood yet. For cobalt oxides, the +2 oxidation state of cobalt is
mainly responsible for higher ORR activity. Also, much research
has been focused on cobalt and manganese mixed oxides as ORR
catalyst. However, the use of ternary or complex mixed oxide as
ORR catalyst is very less. Till now, many catalysts have been made
that exhibits higher ORR activity but designing a catalyst with
superior ORR activity and of low cost and high stability is very dif-
ficult. Various researches are going on to understand the mecha-
nism of these oxides. By combining metal oxides with precious
metals can lower the cost of the catalyst and may also provide
some extra stability. It appears a bright future for electrocatalysts
in ORR and noble metal free catalysts are the key to go into that
future.
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