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AbstractThe transition from a carbon-centered economy to an era of renewable energy has led to global attention
on hydrogen energy, ultimately leading to the development of fuel cells using hydrogen as a fuel. In response to global
demand, overall fuel cell technology has grown remarkably over the past few years; yet, commercialization remains
sluggish owing to cost. As the cathode of a proton exchange membrane fuel cell (PEMFC), which is the most commer-
cialized fuel cell, is markedly dependent on platinum (Pt), anion exchange membrane fuel cells (AEMFCs), which can
utilize non-precious materials as cathode catalysts, have emerged as a promising alternative. Earth-abundant metals are
used as cathode catalysts, and metal-free materials are used to achieve comparable performance to Pt. Compared to the
single-cell performance of Pt catalysts, a gap still exists; however, the applicability of non-noble metals has been exten-
sively evaluated. If catalyst development is accompanied by efficient electrode structure design, a significant part of the
cost problem can be overcome. AEMFCs have advantages in the ORR of cathodes compared to PEMFCs; however, the
HOR kinetics are quite sluggish. Therefore, the design of HOR catalysts requires another approach, not only to
enhance their intrinsic activity, but also consider the poisoning induced by the use of ionomers besides PEMFCs.
Therefore, a strategy based on the HOR pathway is required to lower the barrier of the rate-determining step. In this
review, catalysts for AEMFCs were introduced based on their classification, and information on recent trends and issues
related to catalysts was presented.
Keywords: Anion Exchange Membrane Fuel Cells (AEMFCs), Electrocatalyst, Oxygen Reduction Reaction (ORR),

Hydrogen Oxidation Reaction (HOR)

INTRODUCTION

Owing to global decarbonization, the demand for clean and
sustainable energy sources has increased for the next generation.
Of the many potential energy sources, hydrogen has been high-
lighted as an energy carrier as it is not only an abundant and clean
energy source, but is also not regionally dependent, such as fossil
fuels [1,2]. Fuel cells are energy conversion devices that use the
chemical energy of hydrogen and can directly produce electrical
energy without additional mechanical processes [3-6]. Among the
various fuel cells, proton exchange membrane fuel cells (PEMFCs)
have been intensively assessed for decades and are the closest to
commercialization, yet practical issues remain [5-8]. In particular,
the sluggish oxygen reduction reaction (ORR) at the cathode low-
ers the overall performance of PEMFCs, which requires the use of
large amounts of platinum (Pt) electrocatalysts to improve the per-
formance [7-11]. Although non-precious metal-based electrocata-
lysts have been reported for the ORR, they are insufficient to com-

pletely replace Pt-based electrocatalysts, especially in terms of sta-
bility in acidic environments [12-17]. The electrode accounts for a
significant portion (~50%) of the fuel cell stack cost [18-20], and
its cost is generally determined by the amount of catalyst used. The
cost issue caused by the dependence on Pt hinders the wide dissemi-
nation of PEMFCs; therefore, research on catalyst development with
reduced amounts of Pt usage or the replacement of the Pt-group
metal with cheap materials is required to accelerate commercial-
ization. Anion exchange membrane fuel cells (AEMFCs) have gar-
nered attention as an alternative to PEMFCs owing to the availability
of non-precious materials as electrocatalysts at the cathode [21-23].
The alkaline environment is more favorable than an acidic envi-
ronment from the viewpoint of ORR kinetics, enabling the use of
non-precious-material-based electrocatalysts [21]. In contrast to
alkaline ORR kinetics, hydrogen oxidation reaction (HOR) kinet-
ics in alkaline environments is intrinsically two orders of magni-
tude lower than that of acid, causing the anode to be dependent
on Pt-based electrocatalysts [24-27]. Despite the unfavorable HOR
in alkaline electrolytes, research on HOR catalysts is insufficient com-
pared to the progress of ORR catalysts. Alkaline HOR catalysts are
conventionally categorized into Pt-group metal (PGM)-based and
PGM-free catalysts as shown in Fig. 1 [24]. Studies with high HOR
performance using PGM-based catalysts while reducing the amount
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of PGM were performed by controlling the composition and/or
structure of the nanocatalysts [28-32]. Further, Ni-based catalysts
have been reported as PGM-free catalysts [33-38]. In the design of
anode catalysts, not only their HOR activity, but also their resis-
tance to poisoning should be considered, as pure hydrogen may
not be supplied depending on the hydrogen supply [39,40]. When
hydrogen is supplied via alcohol oxidation, CO is produced as an
intermediate [40]. As Pt is particularly susceptible to CO adsorp-
tion, research is required to develop catalysts that can withstand
CO poisoning [41-43]. Unlike the catalysts in PEMFCs, the anode
catalysts in AEMFCs have an alkali cation adsorption issue due to
the use of alkaline exchange ionomers containing bulky and/or
phenyl group-based cations [44-47]. Therefore, a catalyst that can
satisfy the HOR activity and resistance of anode catalysts in alka-
line media is required. On the other hand, alkaline ORR is advan-
tageous relative to acid ORR; however, alkaline ORR exhibits a higher
overpotential and poor kinetics relative to the anode HOR owing
to the higher number of electrons involved. To date, although Pt-
based catalysts dominate the AEMFC cathode, numerous studies
have recently been conducted on non-precious-material-based elec-
trocatalysts, such as transition metal- and carbon-based materials
(Fig. 1) with ORR activity and durability comparable to those of
Pt-based catalysts [21,23,48-52]. The availability of non-noble met-
als as alkaline cathode catalysts is attributed to a different mecha-
nism from that in acid. In alkaline environments, the adsorbed OH
facilitates the electron transfer pathway in the outer sphere, which
induces non-specificity that not only allows Pt, but also non-pre-
cious materials as catalysts [23]. This review elucidates strategies for
designing efficient catalysts beyond comprehensive information on
the trends of the latest developed catalysts based on HOR and ORR
mechanisms in AEMFCs.

HOR IN ALKALINE ENVIRONMENTS

Typically, alkaline HOR proceeds through the following elemen-

tary steps:

Total HOR: H2+2OH

2H2O+2e (1)

Tafel: H2+2*2Had (2)

Heyrovsky: H2+OH+*Had+H2O+e (3)

Volmer: Had+OH

H2O+e+* (4)

where * denotes surface sites with a high affinity for H atoms and
Had is the adsorbed hydrogen. In the Tafel step, H2 is adsorbed onto
the metal surface without electron transfer, whereas in the Hey-
rovsky step, H2 dissociative adsorption occurs with the assistance
of neighboring OH with electron transfer from H2 to the catalyti-
cally active site. Subsequently, the absorbed Had reacts with OH -
to form water and release electrons, as indicated by the Volmer
step (Fig. 2(a)). Several theories have been proposed for the evalu-
ation of the HOR, with hydrogen bonding energy (HBE) theory
and bifunctional theory as two widely used theories for predicting
the performance of HOR catalysts (Fig. 2(b)).

HOR occurs at the catalytic active site through several steps, in-
cluding dissociation, adsorption, and desorption of H2 molecules
along the Tafel/Heyrovsky-Volmer pathway [24,25,53-62]. There-
fore, the HOR catalyst should have excellent affinity for H2, which
indicates that the HBE of the catalyst has a significant effect on the
HOR activity [54,63-65]. A markedly high HBE is advantageous
for hydrogen atom adsorption (Tafel/Heyrovsky reaction); however,
a markedly low HBE is suitable for hydrogen atom desorption (Vol-
mer reaction). Yan et al. first proposed a correlation between the
HBE theory and alkaline HOR activity [66-68]. In the cyclic vol-
tammetry (CV) curves of the Pt, Ir, Pd, and Rh catalysts, the HUPD

desorption peak moves toward a high potential as the electrolyte
pH value increases. Assuming that HBE is linearly related to the
desorption peak of HUPD according to HBE=EPeakF, the HBE of
the electrocatalyst increases as the pH value of the electrolyte in-
creases. The HOR activity of the Pt, Ir, Pd, and Rh catalysts was

Fig. 1. Schematic diagram presenting classification of electrocatalysts for AEMFC.
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found to decrease as the pH of the electrolyte increased (Fig. 2(c)).
Zhuang et al. evaluated the HOR performance of PtNi and acid-
treated PtNi nanoparticles with approximately the same HBE but
different OHBEs. As expected, the PtNi catalyst supports the HBE
theory by exhibiting a markedly higher HOR performance due to
electron effects than the bifunctional effect [69].

In addition to the HBE theory, researchers have proposed a bifunc-
tional effect that promotes HOR under alkaline conditions. How-
ever, the adsorbed oxygen species near Had accelerates the oxidative
desorption of Had, which is the main issue of this theory. Previ-
ously, the bifunctional effects of alkaline HOR were evaluated by
the Markovic group [70]. Based on their observations, the adsorp-
tion of more oxygen species in Ni(OH)2 decorated Pt and PtRu
alloys, resulting in improved HOR compared to that with pure Pt.
Such finding demonstrates that the adsorption of OH species, called
the “bifunctional effect” or “oxophilic effect,” promotes alkaline HOR
kinetic (Fig. 2(d)). Alia et al. also reported significantly enhanced
HOR activity in monolayered Cu shells on Pt electrodes [71]. These
researchers grew a Cu shell into a monolayer on Pt, as the oxygen
species adsorption energy of Cu is similar to that of Ir or Ru. Accord-
ingly, Cu acted as an OH adsorption site and the bifunctional effect
was inferred to promote the kinetics of the HOR.

The mechanisms for improving HOR activity remain contro-
versial. However, HBE and/or reactive oxygen species adsorption
can be regulated by atomically adjusting the surface properties of
the catalysts, which will help elucidate the actual HOR mechanism.
1. PGM-based Catalysts

The HOR activity under alkaline conditions is sensitive to struc-
tural parameters, including particle size, shape, and composition.
Thus, various studies have been conducted to manipulate the struc-
tural parameters of PGM-based HOR catalysts.

Ohyama et al. reported the size-dependent HOR activity of Pt/
C [72]. The commercial Pt/C was heat-treated at different tem-
peratures to control the size of the Pt particles. The mass activity
of Pt/C in 0.1 M KOH showed a maximum value at 3 nm, consis-
tent with previous reports on the effect of Pt particle size on HOR
in acidic electrolytes. Alternatively, the specific activity increased as
the particle size increased, which is consistent with previous reports
on the specific activity according to Pt size in acidic electrolytes.
The specific activity of Pt/C converged to a certain value as parti-
cle size increased; this is because the ratio of Pt atoms on the facet
to the total number of atoms on the surface increased as the parti-
cle size increased, almost reaching a plateau (Fig. 3(A)). Zheng et
al. heated commercial Ir/C from 300 to 800 oC to tune the Ir parti-

Fig. 2. (a) Schematic illustration of HOR routes in alkaline condition. Reprinted with permission from ref. 24 Copyright 2021 American
Chemical Society. (b) Schematic representation of HBE mechanism and bifunctional mechanism. Reproduced with permission from
ref. 53 Copyright 2020 Elsevier B. V. All rights reserved. (c) The HUPD desorption peak potential from cyclic voltammograms of Pt/
C as function of pH and correlation between the exchange current density and HUPD desorption peak. Reproduced from ref. Copy-
right 2020 Elsevier B. V. All rights reserved. (d) The HOR activity in alkaline solution and schematic image of bifunctional catalysts
(Ni(OH)2/Pt(111), PtRu and Ir). Reprinted from ref. 70 Copyright 2013 Nature Publishing group.
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cle size from 3 to 12 nm [73]. The HOR activity of Ir/C tended to
increase as the particle size increased, which indicates that as the

size of the Ir particles increases, the population of low-index facets
with the smallest HBE increases, and can be identified by the quanti-

Fig. 3. (a) The effect of Ru nanoparticle size on HOR activity from alkaline electrolyte. Reprinted with permission from ref. 72 Copyright
2013 American Chemical Society. (b) Correlation between HOR activity and weak hydrogen binding site according to Ir/C catalyst
particle size. Reprinted with permission from ref. 73 Copyright 2015 American Chemical Society. (c) Observation of differences in
alkaline HOR activity of Ru@Pt catalyst according to Pt shell thickness. Reproduced with permission from ref. 32 Copyright 2018
Electrochemical Society (ECS). (d) Ultra-thin 1D Pt-based binary nanowires with controllable composition and their HOR activity in
alkaline electrolytes. Reprinted with permission from ref. 74 Copyright 2016 American Chemical Society. (e) Variation of electro-
chemical properties according to the presence of CeO2 in Ir/C. Reproduced with permission from ref. 75 Copyright 2017 Royal Soci-
ety of Chemistry. (f) Preparation step, morphologies, and HOR activity of Ru-TiO2 based catalysts. Reproduced with permission from
ref. 76 Copyright 2020 Royal Society of Chemistry.
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fied surface site distribution through deconvolution analysis of the
HUPD peak (Fig. 3(B)).

Various precious metal-based alloy catalysts for HOR in alkaline
electrolytes have been evaluated. Schwämmlein applied a Ru@Pt
core-shell catalyst with various Pt shell thicknesses to the alkaline
HOR [32]. The HOR activity of a Ru catalyst completely surrounded
by Pt has been experimentally demonstrated to be superior to that
of a partially covered Pt@Ru catalyst, suggesting that the HBE effect
in the HOR mechanism is relatively more important than the bifunc-
tional effect (Fig. 3(C)). Wong et al. synthesized several Pt-M alloy
nanowires (M=Fe, Co, Ru, Cu, and Au) to understand the correla-
tion between chemicals, composition, and alkaline HOR activity
[74]. The HOR activity of Pt7Ru3 NWs in various sample groups
had the highest performance relative to single Pt NWs due to the
electronic interactions between Pt and the second metal. In con-
trast, Pt7Cu3 and Pt7Au3 exhibited relatively low HOR activity, which
was determined by the formation of Cu oxide on the Pt surface
and the increase in HBE, respectively (Fig. 3(D)).

To date, most HOR catalysts have been used as catalysts in which
metal nanoparticles are dispersed on carbon, which has good con-
ductivity. However, these catalysts have low stability and activity
owing to the weak interactions between the metal particles and the
support. Therefore, to improve the HOR activity in alkaline low elec-

trolytes, various studies related to M-Had support that can promote
the weakening of M-Had binding and facilitate the supply of OHad

to metal oxides have been recently conducted.
Shao et al. synthesized Ir/C and Ir/CeO2/C catalysts and com-

pared their HOR activity [75]. The Ir/CeO2/C catalyst showed 2.8-
and 1.8-fold higher mass activity and specific activity than Ir/C owing
to the synergy between the electronic effect and bifunctional effect.
The durability test results revealed a 0.47% decrease in initial mass
activity, which is significantly lower than that of Ir/C (6.06%) and
is considered to be improved by strong metal support interaction
(SMSI) between Ir and CeO2 (Fig. 3(E)).

Wei et al. synthesized IO-Ru-TiO2/C and reported an uncom-
mon finding that Ru clusters can efficiently catalyze the HOR at a
high potential range without being oxidized [76]. XAFS and XPS
analyses confirmed that the Ru clusters in IO-Ru-TiO2/C were preox-
idized close to the level of RuIV and maintained a metallic surface
with abundant metallic Ru-Ru bonds. This phenomenon can mark-
edly improve HOR activity by preventing the adsorption of oxy-
gen species during HOR. The mass activity of IO-Ru-TiO2/C was
907 A gRu

1 @ 0.05 V, which was 17.5- and 1.5-fold higher than that
of Ru/C and PtRu/C (Fig. 3(F)).
2. PGM-free Catalysts

To date, Raney Ni-based materials have mainly been used as HOR

Fig. 4. (a) Schematic presentation of preparation step, HOR polarization curves, and chronoamperometric response of Ni4Mo nanoparticles.
Reproduced with permission from ref. 77. Copyright 2021 Wiley-VCH Verlag GmbH. (b) Morphologies, lattice fringes, hydrogen
adsorption energy, HOR polarization curves of Ni3N/Ni/NF. Reproduced with permission from ref. 78. (c) Schematic illustration of
CeO2-Ni during HOR process, HOR polarization curves, and HOR activity of CeO2-Ni/C series. Reproduced with permission from
ref. 79 Copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Morphologies, HOR polarization curves, and HOR
activity of NiWCu series. Reproduced with permission from ref. 35.
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catalysts in AEMFCs; however, the replacement of PGM-based cata-
lysts has yet to be achieved. Therefore, various efforts have been
made to enhance the alkaline HOR activity of Ni-based materials.

Li et al. reported that NiMo alloys with appropriate composi-
tions can significantly improve the HOR activity [77]. The Ni4Mo
nanocatalyst was synthesized using a two-step precautionary reduc-
tion approach. According to the DFT calculations, Ni and Mo alloys
significantly weakened M-Had and improved OH adsorption. Elec-
trochemical measurements revealed that the Ni4Mo alloy catalyst
exhibited significant apparent HOR activity with J=2.2 mAcm2 at
=50 mV, which was close to that of PtRu/C. In addition, mass
activity and exchange current density were 78.7 A g1 and 26.1 A
g1, respectively (Fig. 4(a)).

Sun et al. demonstrated that interfacing Ni3N and Ni on metal-
lic Ni foam is an effective approach for synthesizing highly active
electrocatalysts for the HOR in alkaline media [78]. The DFT cal-
culations show that the free energy change in hydrogen adsorption
at the interface site of Ni3N/Ni/NF is very close to zero, which is
advantageous for hydrogen electrochemistry. The current density
of Ni3N/Ni/NF was 6.95 mA cm2 at 0.09 V, which was higher than
that of Pt/NF (5.25 mA cm2). The exchange current density of

Ni3N/Ni/NF was 3.08 mA cm2, which was 1.4-fold higher than
that of Pt/NF. In addition, Ni3N/Ni/NF exhibited superior durabil-
ity and great resistance to CO poisoning (Fig. 4(b)).

Luo et al. reported CeO2/Ni heterostructured catalysts designed
to accelerate HOR dynamics in alkali electrolytes [79]. The syner-
gistic electron effect between CeO2 and Ni and the abundant oxy-
gen vacancies of CeO2 contribute to the CeO2(r)Ni/C-1 hybrid
catalyst with excellent HOR performance in an alkaline medium. The
exchange current density and mass activity were 0.038 mA cm2

and 12.28 mA mg1, which were confirmed to be excellent com-
pared to those of previously reported non-PGM catalysts (Fig. 4(c)).

Gao et al. reported that ternary nickel-tungsten-copper alloys
(Ni5.2WCu2.2 nanotubes) can enhance the HOR activity and stabil-
ity in alkaline electrolytes [35]. The exchange current density and
specific activity of the Ni5.2WCu2.2 nanotubes were 11.36 mA cm2

and 0.014 mA cm2, respectively, which are 2.3- and 4.4-fold higher
than those of commercial Pt/C, respectively. Such high HOR activity
can be attributed to both the high intrinsic synergistic active sites,
as revealed by the DFT and the advanced catalyst architecture for
a highly exposed surface area for catalyzing the HOR. In addition,
Ni5.2WCu2.2 nanotubes not only have superior HOR activity, but also

Fig. 5. (a) CO stripping voltammograms (left) and CO tolerance test (right) of PtRu based catalysts. Reproduced with permission from ref.
29 Copyright 2021 Wiley-VCH Verlag GmbH. (b) Schematic illustration and TEM images (left) and CO poisoning test compared to
Pt/C (right) of Ni based metal-organic framework catalysts (Ni-H2-NH3). Reproduced with permission from ref. 40. (c) CVs (left)
and HOR voltammograms (right) of Pt in 0.1 M HClO4 and TMAOH electrolytes. They were obtained before and after applying 0.1 V
vs RHE to Pt electrode for 15 min. Reprinted with permission from ref. 46 Copyright 2018 American Chemical Society. (d) HOR vol-
tammograms before and after the chronoamperometry experiment at 0.1 V vs RHE for 120 min of Pt/C in 0.1 M TMAOH (left).
HOR voltammograms of Pt alloy/C catalysts in 0.1 M BTMAOH (right). Reprinted with permission from ref. 47 Copyright 2017
American Chemical Society.
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considerable long-term stability and anti-CO resistance (Fig. 4(d)).
3. Poisoning Issues in HOR Catalysts

CO poisoning of the catalyst surface is unavoidable unless com-
pletely pure hydrogen is not supplied. In practice, as hydrogen is
supplied in its reformed form in the industrial field, a small amount
of CO is introduced to the electrode. Even a very small amount of
CO binds strongly to the surface of the catalyst (especially Pt), which
is associated with performance degradation [39,40]. Therefore, the
HOR catalyst must not only have activity but also resistance to CO.
Sun et al. sought to improve the CO tolerance by utilizing the oxo-
philic behavior of Ru and inducing an electronic effect with Pt based
on a PtRu catalyst as shown in Fig. 5(a) [29]. In particular, the Ru-
increased catalysts showed a high HOR current density even in
the presence of 1,000 ppm CO. On the other hand, Ni-based metal-
organic framework catalysts were introduced by Yan and Hu as
non-PGM catalysts (Fig. 5(b)) [38]. The proposed catalyst had a
higher CO resistance than commercial Pt catalysts, suggesting that
non-noble metal catalysts can also be applied in actual fuel cells.

The interaction between the ionomer and catalyst is another
critical issue in AEMFC, and actually anion exchange ionomers
(AEI) are known to influence HOR activity. Cation-hydroxide-water
can be co-adsorbed on catalyst surfaces, such as Pt, which adversely
affects the HOR activity as shown in Fig. 5(c) [44]. Co-adsorption
blocks the active sites of the catalyst and generates barriers that
prohibit the access to hydrogen [45]. Kim et al. observed that tetrame-
thylammonium hydroxide (TMAOH), which contains the main
polymers used in AEM, can decrease the HOR activity of Pt cata-
lysts [47]. As illustrated in Fig. 5(d), the Pt/C catalyst in TMAOH
organic solution had a significantly lower HOR current density after
chronoamperometry at 0.1 V vs. reversible hydrogen electrode
(RHE). The Pd based electrocatalysts show the potential alterna-
tives for Pt based electrocatalysts due to the less adsorption energy
to the AEIs. However, low HOR activity compared to Pt and high
affinity to phenyl groups hinder its proper choice as an alkaline
HOR electrocatalysts. The phenyl groups in benzyltrimethylammo-
nium hydroxide (BTMAOH) organic solution had a more severe
effect than TMAOH owing to its phenyl groups adsorption Fig. 5(d)
[47]. The Ru species in the Pt-Ru/C catalyst can prevent the adsorp-
tion of phenyl groups. These adsorption issues must be considered
to obtain the complete performance of AEMFC, and to solve this
problem, it is necessary to change the adsorption energy through
catalyst surface modifications.

ORR IN ALKALINE ENVIRONMENTS

The oxygen reduction reaction (ORR) is crucial in AEMFC.
Compared to HOR, ORR is a sluggish reaction that consists of multi-
ple adsorption/desorption and reaction steps involving oxygen-con-
taining species, such as O, OH, O2

, HO2
, and H2O2 [80,81]. This

complex reaction step in an alkaline environment can be written as:

O2+2H2O+4eOOH*+H2O+OH+3e

OOH*+H2O+OH+3eO*+H2O+2OH+2e

O*+H2O+2OH+2eOH*+3OH+e

OH*+3OH+e4OH

The ORR proceeds via different pathways in alkaline media rel-

ative to acidic media. The Markovic group reported a modified
form of the Pourbaix diagram of the ORR [82]. The initial electron
transfer step is pH-independent, and the reversible potential for
the ORR should be independent. However, if the electrode potential
is revised by the reversible hydrogen electrode (RHE) scale (con-
sidering the pH dependence of the overall process), the overpo-
tential for the ORR will be pH-dependent, and the polarization
curves will shift according to the pH difference. As shown in Fig.
6(a), the overpotential of ORR at pH=1 is markedly higher than
that at pH=14 and the 2-electron ORR overpotential is lower at
pH=14, which is a highly alkaline medium. This pH-dependent
behavior implies that ORR kinetics is markedly faster in alkaline
media than acidic media.

The double-layer structure during the ORR under acidic and alka-
line conditions is quite different [83] (Fig. 6(b)). In acidic media, the
primary constituents are hydronium ions (H3O+), supporting anions,
solvated molecular oxygen, and water molecules. Under these condi-
tions in an acidic medium, chemisorbed molecular O2, hydroxyl
species (OH), and solvent water dipoles form the inner Helmholtz
plane (IHP). Solvated molecular O2 and anions fill the outer Helm-
holtz plane (OHP). Therefore, the ORR proceeds by only chem-
isorbed molecular O2 until 4e and 4H+ are transferred, followed
by desorption of stable H2O molecules as the final product. How-
ever, in alkaline media, although the double-layer structure is not
significantly different, some important aspects must be considered.
When the pH is high, the water molecules not only act as a sol-
vent, but also as a source of protons. In the IHP, the OH molecules,
solvent water dipoles, and chemisorbed O2 are adsorbed. In this
system, the surface contains more OH, and the solvated oxygen
species can be stabilized in the outer Helmholtz plane, resulting in
competition between the outer and inner sphere electron transport
mechanisms, indicating that the ORR can proceed by either inner-
sphere or outer-sphere electron transfer.

Due to kinetic advantages in the alkaline electrolyte, catalyst
options may vary widely. Fig. 6(c) shows the polarization curves of
three typical ORR catalysts, which show the changes in behavior
in acid and alkaline electrolytes [84]. First, Pt/C, a typical platinum
catalyst, shows almost similar ORR activity despite its kinetic advan-
tages in the alkaline electrolyte, which is due to OH species adsorbed
on the platinum surface in the alkaline electrolyte. In the alkaline
electrolyte of OH having a higher concentration than the acid elec-
trolyte, the density of the active site of platinum is reduced due to
the adsorption of OH in the surface of platinum, thereby exhibit-
ing relatively low ORR activity. This can be seen from the compar-
ison of Ring current, it can be seen that H2O2, which is a result of
2 electron ORR reaction, is hardly generated in the acid electro-
lyte, whereas a relatively large amount of H2O2 is generated in the
alkaline electrolyte. On the other hand, it may be seen that Ru/C
and FeTPP/C having a relatively low ORR activity compared to
platinum show higher activity in the alkaline electrolyte, which is
due to the kinetic advantages in the alkaline electrolyte and the ORR
reaction through outer-sphere electron transfer. Therefore, in the
alkaline electrolyte, it is possible to use various catalysts other than
platinum, and through this, many studies have been conducted to
develop catalysts that can replace platinum. Therefore, PGM based
ORR electrocatalysts have less attention due to the various cata-
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lysts choices in alkaline ORR. Several studies are still being con-
ducted to reduce PGM loadings such as low-content Pt catalysts
with core-shell or alloy structures; PtNi, PtCo, PtFe etc. However, due
to its high cost and scarcity of platinum, great alternatives such as
Non-PGM based ORR catalysts have excellent attention to replace
the platinum-based electrocatalysts in AEMFCs.
1. Transition Metal-based Catalysts

Traditionally, Pt-based catalysts have been used as reference mate-
rials in AEMFC. However, several problems regarding Pt catalysts
and the development of non-precious-metal-based catalysts have
led to the expansion of catalyst selection for AEMFC. Among the
various non-precious metal-based catalysts, transition metal-based
catalysts can be applied as ORR catalysts [21,85,86]. The ORR mech-
anism of transition metal-based catalysts involves the interaction of
O2 with metallic oxide catalysts, which can be explained by the inor-
ganic chemistry principles of molecular orbitals and crystal field
theory. Several transition metal oxide catalysts have been intensively
evaluated and among them, spinel oxides have attracted consider-
able attention owing to their good activity and stability. The spinel,
in the general formulation of AB2O4, has oxide anions arranged in
a cubic close-packed lattice, where 1/8th of the tetrahedral sites are

occupied by A atoms, and half of the octahedral sites are occu-
pied by B atoms. The ORR activity of spinel oxides can be tuned
by changing the composition of the A and B atoms.

Zhuang et al. reported Mn-Co spinel oxide catalysts with high
activity and stability. These researchers first applied a Mn-Co spi-
nel catalyst to an AEMFC and outperformed the conventional Pt-
based AEMFC [87]. The power density of the cell employing the
Mn-Co cathode reached 1.1 W cm2 at 2.5 A cm2 at 60 oC. Their
in-depth characterization showed that the remarkable performance
is due to the synergistic effect of Mn sites binding O2 and Co sites,
activating H2O to promote the proton-coupled electron transport
process. This electrocatalytic synergistic effect is pivotal for high-
rate oxygen reduction, especially under water depletion/low-humid-
ity conditions.

Hyeon et al. reported (001) facet-enclosed and strain-free Co-
Mn spinel oxide surfaces, which were synthesized via template-
based epitaxial growth on Co3O4 nanocubes [88]. These research-
ers changed the ratio of Co to Mn and explored the effects of Co
and Mn composition. In this system, the ORR activity showed a
volcano-like trend with Mn/Co ratios due to adequate charge trans-
fer from the octahedral Mn to neighboring Co. Among various

Fig. 6. (a) Modified form of the Pourbaix diagram of the ORR. Reproduced with permission from ref. 82. Copyright 2007 Elsevier. (b) Sche-
matic presentation of double-layer structure during the ORR under acidic and alkaline conditions. Reprinted with permission from
ref. 83. Copyright 2011 American Chemical Society. (c) The ORR polarization curves of three representative catalyst for ORR. Repro-
duced with permission from ref. 84. Copyright 2011 Hindawi Publishing Corporation.
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compositions, the Co0.5Mn0.5, which is the optimized ratio, showed
high ORR activity (0.894V vs. RHE in 1M KOH) and stability (2%
activity loss against chronoamperometry). By controlling the fac-
ets and strain, a well-defined platform was established for investi-
gating the composition-structure-activity relationships in electro-
catalytic processes.

Sung et al. synthesized well-controlled Mn-, Fe-, and Co-based
ternary oxide model catalysts using the heat-up method, and ex-
plored the contribution of each transition metal species to the mea-
sured ORR activity [89]. As shown in Fig. 7(b), Co was incorporated
into manganese ferrite. This incorporated Co increased the Mn oxi-
dation state and moved Fe from the Oh site to the Td site, indicat-
ing that Mn is preferentially occupied at the Oh site. The addition of
an optimal amount of Co optimized the electronic structure of Mn,
resulting in high intrinsic ORR activity. As a result, the rationally
designed Co0.25Mn0.75Fe2.0-oxide nano-catalyst exhibited a high half-
wave potential of 0.904 V (relative to RHE) and a mass activity of
46.9 A g oxide-1 in addition to promising electrocatalytic stability.
Ultimately, these researchers provided a potentially new avenue for
the design and understanding of the catalytically active origins of spi-
nel oxides with respect to their structural and constitutive properties.

Yoo et al. revealed a new class of catalysts, which is a work func-
tion tailored to graphene via the adoption of 3D graphene shell

encapsulated cobalt nanoparticles (Co@G/C_600) to efficiently acti-
vate the graphene shell as an ORR active site [90]. In this assess-
ment, the cobalt core functions as a fully sealed donor, facilitating
graphitization and charge transfer to the outer graphene shell, result-
ing in n-type nanographene. Owing to their favorable 3D struc-
ture, these n-type graphene catalysts induced high utilization of active
sites in the outer graphene shell. Additionally, the outer graphene
shell acted as a protective layer against the dissolution/agglomera-
tion of metal nanoparticles. As a result, this catalyst had ORR cata-
lytic activity comparable to that of the commercial Pt/C catalyst
with higher durability than the commercial Pt/C catalyst in alka-
line media. The MEA using the 40 wt% Co@G/C_600 catalyst at
the cathode had a high power density of 412 mW cm2, which is
one of the best values for non-precious metal-based AEMFC re-
ported to date. Consequently, tailoring the work function through
graphene shell encapsulation of transition metals serves as a pow-
erful approach for the fabrication of highly durable non-precious
metal nanostructures and provides new insights into advanced
AEMFC cathode catalyst design.
2. Carbon-based Catalysts

Carbon materials doped with transition metals and nitrogen
(M-N-C, M=Fe, Co, and Mn) have received remarkable attention
owing to their high activity and relatively high stability [91-93]. In

Fig. 7. (a) Schematic presentation of structure, TEM EDX mapping, ORR polarization curves and AEMFC performance of Mn-Co spinel
oxide. Reproduced with permission from ref. 87. Copyright 2019 Springer Nature. (b) Schematic illustration of preparation of Mn-Co
samples, ORR polarization curves and performances. Reprinted with permission from ref. 88. Copyright 2022 American Chemical
Society. (c) Schematic illustration of preparation of Co-Mn-Fe oxide, ORR polarization curves and it performances Reproduced with
permission from ref. 89. Copyright 2022 Wiley-VCH Verlag GmbH. (d) Schematic presentation of structure of Co@C/C catalyst,
ORR polarization curves and its activity. Reproduced with permission from ref. 90. Copyright 2019 Royal Society of Chemistry.
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particular, among them, as the Fe-based Fe-N-C catalyst displayed
the highest activity, it is expected to be a material that can replace
the platinum catalyst in AEMFC. As the active site of the Fe-N-C
catalyst is considered to be an Fe-Nx structure in which Fe is bonded
with nitrogen, increasing the density of the active site is a very
important issue to increase the ORR activity [94,95]. In general, the
best-known synthesis method for M-N-C catalysts is the simulta-
neous high-temperature heat treatment of a nitrogen-containing
material, a metal precursor, and a carbon support. Catalysts pro-
duced through heat treatment exhibit high ORR activity [96].
However, for catalysts made by mixing simple precursor materials
and heat treatment, controlling the catalyst active sites is difficult.
In addition, it is difficult to control the pyrolysis processes used to
create useful random porous structures for catalyst supports to
achieve the desired pore size and surface composition.

To investigate the influence of the porous structure on the cata-
lyst function, Hyeon et al. designed three types of N-doped carbon
model catalysts with different ratios of micro-, meso-, and macro-
pores, as shown in Fig. 8(a) [97]. The pore structure was precisely
controlled, and model catalysts were prepared to demonstrate the
effect of the porous structure of the carbon-based catalysts. Based
on physicochemical characterization and electrochemical analysis,
the researchers concluded that the pore size of the carbon catalyst,

which contributes to the electrolyte wetting of the surface area, is
in the mesopore range, whereas macropores promote the kinetic
accessibility of the active sites. Based on their findings, these research-
ers prepared an optimized Fe-N-C catalyst that exhibited the best
ORR performance in alkaline media with excellent long-term sta-
bility in anion exchange membrane fuel cells. Overall, their work
established the basis for the theoretical design of porous carbon
structures for electrocatalytic applications.

The porous structure of carbon-based materials is crucial for
achieving a high ORR activity in alkaline media [98,99]. Therefore,
the design of porous structures is one of the main issues in carbon-
based ORR catalysts. A representative method to design porous car-
bon involves the use of a sacrificial template to generate a porous
structure. Yoo et al. reported unprecedented single-atom ORR activ-
ity of Fe, Si, and N co-doped carbon (FeSiNC) supported on 3D
interconnected mesoporous carbons (25 and 50 nm) derived from
silica hard templates [100]. The Si moiety connected to the car-
bon surface was involved in the formation of atomically distrib-
uted FeSixN4x sites through Si substitution at the N position of the
Fe-N4 site, which is the ORR active site of Fe-N-C. Fe-Si-N-C with
larger mesopores (50 nm) exhibited improved single-cell perfor-
mance owing to superior ORR activity and improved mass trans-
port properties. Lee et al. synthesized ordered mesoporous Fe-N-C

Fig. 8. (a) Schematic illustration of porous structure of carbon based catalysts. Reprinted with permission from ref. 97. Copyright 2019
American Chemical Society. (b) Schematic presentation of template based synthesis of carbon based catalysts. Reproduced with per-
mission from ref. 100. Copyright 2019 Royal Society of Chemistry. Reproduced with permission from ref. 14. Copyright 2018 Else-
vier (c) Schematic illustration of synthesis of ZIF-8 based porous carbon catalysts Reproduced with permission from ref. 103.
Copyright 2022 Wiley-VCH Verlag GmbH. Reproduced with permission from ref. 104. Copyright 2021 Elsevier (d) Schematic pre-
sentation of synthetic procedure of porous nano-horn carbon. Reproduced with permission from ref. 105. Copyright 2022 Elsevier.
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with highly active Fe-Nx/C sites, denoted as m-FePhen-C, as a cath-
ode catalyst for the oxygen reduction reaction in AEMFC [14].
Using a simple block co-polymer-assisted soft-template method,
these researchers directly prepared mesoporous Fe-N-C with high
catalytic performance and demonstrated that the generation of the
Fe-Nx/C active sites and the formation of an ordered mesoporous
structure were achieved simultaneously in a simple soft-template-
assisted process.

Recently, the use of metal organic frameworks (MOFs) as tem-
plates for heat-treatment precursors has been actively reported.
Among various MOFs, the zeolitic imidazolate framework (ZIF) is
one of the most suitable MOFs, and a nitrogen-doped porous car-
bon catalyst with a high surface area can be synthesized by simple
carbonization owing to the sublimation characteristic of zinc [101,
102]. In the process of synthesizing ZIF, the M-N-C catalyst can
be easily synthesized by simply adding a metal precursor. Li et al.
reported a highly reactive and stable isolated single-atom Fe-N-
doped porous carbon (ISA Fe/CN) catalyst with an Fe loading of
up to 2.16 wt% [103]. This catalyst displayed excellent ORR per-
formance with a half-wave potential (E1/2) of 0.900 V, outperform-
ing commercial Pt/C. Owing to the cage-encapsulated-precursor
pyrolysis strategy, they showed a high loading of single-atomic Fe-
Nx sites with high ORR activity. As the M-N-C catalyst may be
easily prepared with only the addition of such a simple metal, many
research groups have revealed various M-N-C catalysts using a
combination of ZIF and transition metals. Yoo et al. devised a strat-
egy to increase the number of Fe-Nx sites using the electrostatic
interaction between electronegative pyrrolic-N and electronegative
Fe ions [104]. This pyrrolic N wrapping strategy can maximize the
number of single-atomic Fe-Nx sites that show a high current den-
sity of 437 mA cm2 at 0.6 V and a power density of 343 mW cm2

in AEMFC.
A hierarchical pore structure is crucial for effective mass trans-

fer and the utilization of a number of active sites in single-metal
atom-embedded porous carbon catalysts. Yoo et al. presented a
new strategy for developing a hierarchical porous structure in sin-
gle-wall carbon nanohorns with Co-Nx sites (Co/CNH) and maxi-
mizing their oxygen reduction activity [105]. The optimized com-
bination of air and ammonia annealing led to the successful con-
struction of a hierarchical pore structure by removing amorphous
carbon and opening both the inter- and intra-nanohorn channels.
The Co/CNH Air NH3 catalyst had a highly superior ORR kinetic
density of 60.16 mAcm2 at 0.8 V in half-cell experiments, 7.3-fold
higher than that of commercial Pt/C. DFT calculations revealed
that the enhanced intrinsic ORR catalytic activity was due to the
axial coordination of water molecules to Co-N4, which resulted in
increased overall oxophilicity and ORR activity. The AEMFC test
showed a maximum power density of 742 mWcm2, which is a
remarkably high performance of the M-N-C catalysts based on
AEMFC. This approach can be applied to generate hierarchical
porosity in bottom-up synthesized SACs and provide guidance for
the design of efficient M-N-C electrocatalysts for AEMFCs.

CONCLUSIONS AND PERSPECTIVE

In summary, electrocatalysts play a pivotal role in determining

the performance and cost of AEMFCs. As a large proportion of
catalysts is used in commercialization, research on catalysts for the
HOR and ORR in AEMFCs has been ongoing for decades. Fun-
damental studies on the factors that determine activity based on
the mechanism have been extensively conducted. As HOR is a
process in which hydrogen is adsorbed and desorbed by the cata-
lyst surface, the intrinsic H adsorption energy of the catalyst can
be a dominant descriptor in determining the HOR activity, which
is explained by the HBE theory. Another theory for determining
the HOR activity is the bifunctional mechanism. In the first mech-
anism, oxophilic materials participate in hydroxyl adsorption and
affect the HOR activity. The debate on the actual determinants
based on this mechanism contributes to the development of better
HOR catalysts. Although electrode materials rely on PGM, related
research has been carried out to reduce the amount of noble met-
als through structural optimization by controlling the size, mor-
phology, and composition of the catalysts. The performance of Ni-
based PGM-free catalysts is insufficient compared to that of PGM,
and catalysts with improved performance have been continuously
reported. In addition to HOR activity, CO poisoning and bulky cat-
ion adsorption accompanied by the use of AEI are still considered
challenges to be overcome. Thus, catalysts that can achieve both high
activity and durability while reducing costs are essential. However,
the issue associated with ORR is the replacement of conventional
Pt catalysts with non-precious metal or metal-free catalysts based
on earth-abundant materials. The advantageous ORR pathway at
higher pH has enabled the use of metal oxide or carbon-based cat-
alysts, which have shown comparable performance to conventional
Pt catalysts at the half-cell level. For transition metal oxide-based
catalysts, the interaction between the orbitals of the metal oxide and
adsorbed oxygen is considered to be a determinant of the intrin-
sic ORR activity in addition to the conductivity of the metal oxide.
The case with carbon-based catalysts (M-N-C) is mainly deter-
mined by the dopant/co-dopant, porosity, and conductivity. Despite
remarkable efforts to develop non-precious-material-based catalysts,
replacing PEMFC with AEMFC remains difficult. For AEMFC, a
relative latecomer, to replace PEMFC, securing price competitive-
ness should be the top priority. At the half-cell level, it exhibits
activity comparable to that of conventional Pt/C, while at the sin-
gle-cell level, it exhibits lower performance. This is because com-
pared to Pt/C, when non-precious-material-based catalysts were
applied to MEA, the electrode thickness increased, which was
related to the mass transport resistance. Consequently, the devel-
opment of catalysts for AEMFCs should be accompanied by im-
provements in electrode structures. As electrodes account for a
significant portion of the cost of a fuel cell stack, developing an
efficient catalyst can markedly contribute to accelerating the com-
mercialization of AEMFCs. AEMFCs with price merits will be a
leading energy conversion device for upcoming eco-friendly gen-
eration with PEMFCs.
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