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Recent advances in metal-based electrocatalysts:
from fundamentals and structural regulations to
applications in anion-exchange membrane
fuel cells

Ali Hana and Gang Liu *ab

Alkaline exchange membrane fuel cells (AEMFCs) have broad application prospects due to the use of

low-cost, non-precious catalysts. Furthermore, a wide range of fuels, for example, carbon-neutral

hydrogen (H2) and ammonia (NH3), can be directly used in H2-fueled AEMFCs and NH3-fueled AEM

direct ammonia fuel cells (AEM-DAFCs). However, the development of the above-mentioned AEMFCs is

hindered by the sluggish dynamics of the alkaline hydrogen oxidation reaction (HOR), ammonium

oxidation reaction (AOR), and oxygen reduction reaction (ORR) and low efficiency catalysts for these

electrode reactions. Thus, it is expected that the rational design and controlled synthesis of highly

efficient, durable catalysts will enable AEMFCs to achieve comparable performance to or even a higher

performance than that of proton exchange membrane fuel cells (PEMFCs), which usually require high-

cost platinum group metals (PGMs). In particular, the proposed catalytic mechanism of these reactions

in alkaline media is still under debate, especially of the HOR and AOR. Herein, we present an in-depth,

comprehensive understanding of the alkaline HOR, AOR, and ORR based on metal catalysts, especially

employing PGM-free catalysts, including the proposed mechanisms and the current development of

catalysts and AEMFCs. Finally, we highlight the prevailing challenge of the mechanisms and catalysts for

each reaction and outline the possible development directions for AEMFCs. We anticipate that this

review will offer global scientific insights and a roadmap for the design of catalysts for alkaline electrode

reactions to accelerate the further development of AEMFC technology.

1. Introduction

Hydrogen (H2) is a very promising, sustainable clean fuel as it
only generates water when consumed in a fuel cell. However, to
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realize its commercial utilization, technical barriers pertaining
to its transportation, storage, and distribution need to be
urgently resolved. Thus, to address these complications and
achieve a hydrogen economy, the utilization of hydrogen car-
riers has been proposed. Among the candidates for energy
carriers, ammonia (NH3) is promising because it is a popular
commodity chemical and is stored, transported, and used
worldwide.1,2 In contrast, the H2 network is underdeveloped.
Additionally, the NH3 economy has also attracted attention due
to the following advantages: (1) easy storage and transporta-
tion, (2) a high volumetric energy density, (3) low-cost H2

carriers and a zero-carbon fuel; and (4) non-flammability.
However, the main concern associated with NH3 is its high
toxicity compared to other types of energy sources; however, it
can be detected by the human nose at concentrations as low as
1 ppm, allowing precautions to be taken in the event of a leak or
spill. Hence, H2/NH3-powered fuel cells are considered extre-
mely promising energy conversion devices for mobile and
stationary applications due to their great potential to be afford-
able, energy dense, and carbon neutral.

Generally, NH3 can be directly utilized in direct ammonia
fuel cells (DAFCs) or by supplying H2 to H2-realated fuel cells
via thermal decomposition for low temperature alkaline
exchange membrane fuel cells (AEMFCs).3,4 The major distinc-
tion between H2- and NH3-powered FCs is that H2 can be used
as anode fuels in an alkaline environment for AEMFCs and in
acidic conditions for proton-exchange membrane fuel cells
(PEMFCs), while NH3 can only power AEM-DAFCs in alkaline
media because only molecular NH3 can be oxidized at the
anode side besides the ammonium cation (NH4+). Fortunately,
non-precious catalysts can be used at both the anode and
cathode sides in less harsh alkaline operating conditions,
which is superior to PEMFCs, where almost only platinum
group metals (PGMs) can efficiently work on both electrode
sides in harsh acid media. Moreover, PEMFCs require

perfluorinated membranes and high acid-tolerance stack hard-
ware, resulting in extremely high cost. Thereby, AEMFCs are
potentially low-cost alternatives to PEMFCs due to the use of
less costly non-precious catalysts, alkaline membranes and
stack hardware.

However, despite their great promise, AEMFCs are severely
restrained by the lack of efficient electrocatalysts. In a typical
H2-fueled AEMFC and NH3-fueled AEM-DAFC (Fig. 1), the same
oxygen reduction reaction (ORR, O2 + 2H2O + 4e� = 4OH�)
occurs on the cathode side of both cells. Also, the hydrogen
oxidation reaction (HOR, H2 + 2OH� = 2H2O + 2e�) and
ammonia oxidation reaction (AOR, 2NH3 + 6OH� = N2 +
6H2O + 6e�) occur on the former and latter cells, respectively. To
data, PGM-free ORR catalysts have been intensively investigated,
including transition metal oxides,5,6 metal-embedded nitrogen-
doped carbon (M–N–C)7–10 and even metal-free catalysts,11 which
are anticipated to facilitate the fast development of AEMFC
technology. However, there is a lack of efficient non-precious
catalysts for the HOR and AOR. Hence, the prevailing challenge
mainly comes from the anode side of alkaline HOR and AOR, in
which PGMs still deliver the best HOR/AOR performance.12–18

Previous reports have demonstrated that the alkaline HOR
activity is usually 2 orders of magnitude lower compared with
that in the acid media, which requires higher loadings of PGMs
to achieve the desired high performance for commercial appli-
cations and further increases the cost of AEMFCs.19,20 Thus, the
HOR is the limiting reaction requiring more active PGM-free
catalysts than Pt. Recently, Ni-based catalysts have been widely
explored to exhibit the most active HOR performance among
the PGM-free HOR alternatives.21–25 However, Ni metal is easily
oxidized under the operating conditions, leading to the gen-
eration of inescapable oxide species, which lower the activity. In
this regard, research on the HOR mechanisms and activity
descriptors in alkaline media can rationally guide the design
for the development of high-efficient Ni-based HOR catalysts.

Fig. 1 A schematic view of the components and working principles of an H2-fueled AEMFC (a) and NH3-fueled AEM-DAFC (b).
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The development of DAFCs is still in its infancy compared
with H2-fueled fuel cells. This is mainly attributed to the more
complex and sluggish 6e� process of the AOR than the 2e�

process of the HOR. To date, AOR electrocatalysts are mainly
focused on PGMs. Also, the overpotentials of Pt-related electro-
catalysts are universally larger than 0.40 V, which severely lowers
the energy conversion efficiency of DAFCs. Thus, herein, we focus
our discussion on the recent developments in the AOR catalytic
mechanism, AOR catalysts and DAFC technologies. It is worth
noting that only low-temperature DAFCs will be discussed due to
their rapid start-up compared with high-temperature DAFCs, for
example, ammonia-fueled solid oxide fuel cells (SOFCs).

Recently, AEMFCs have aroused increasing interest. Accordingly,
numerous reviews have been reported on this topic, with most
focusing on the specific topic of H2-powered AEMFCs.4,26 In
contrast, NH3-powered AEM-DAFCs have rarely been discussed
to date. Particularly, an overview covering the recent develop-
ments in HOR/AOR/ORR catalysts has not been reported. Thus,
in this review, firstly we introduce the fundaments of H2-fueled
AEMFCs and NH3-fueled AEM-DAFCs. Then, we discuss the
underlying catalytic mechanisms in the three main reactions
(HOR, AOR and ORR) and corresponding recent progress in
catalysts. In the case of HOR catalysts, Ni-related metal catalysts
are mainly discussed because of their excellent intrinsic activity
for the HOR and great promise for practical applications. Also,
AOR catalysts are generally classified into three types, including
molecular catalysts, PGM-related catalysts and PGM-free cata-
lysts. Regarding ORR catalysts, the metal-related catalysts are
based on pyrolyzed carbon-based catalysts, pyrolysis-free cata-
lysts and metal oxide and related hybrid catalysts. Finally, the
future challenges and perspectives for AEMFCs are proposed,
including advanced catalyst screening, exploring mechanisms,
high-performance membrane electrode assembly (MEA) and
technical obstacles. To the best of our knowledge, this is the
first review that attempts to summarize the development of
HOR, AOR and ORR catalysts in alkaline media with a focus on
low-temperature AEMFCs.

2. Fundamentals

Typically, AEMs are susceptible to CO2 in air; however, unlike
alkaline fuel cells (AFCs), precipitates such as K2CO3 and
Na2CO3 are not formed in AEMFC systems. Nevertheless, CO2

reacts with OH� to generate CO3
2� ions. In this case, the

presence of CO3
2� ions is still a challenging problem due to

their much lower conductivity than OH�, further reducing the
whole conductivity of the AEM and increasing the electrolyte
resistance, thereby degrading the fuel cell performance. Thus,
the development of AEMs with excellent chemical stability,
high OH� conductivity and stable mechanical properties is
crucial to realize long-term durability in AEMFCs. Pure O2 or
CO2-free air often serve as an oxidant to bypass the generation
of CO3

2� ions. In this review, the choice of AEM and electrolyte
for AEMFCs will not be discussed given that reviews on the
properties of AEM have been intensively documented.3,4,27–30

2.1. Fundamental principles of H2-fueled AEMFCs

H2 is an ideal renewable energy with a high energy density
(120–140 MJ kg�1), great sustainability and zero emissions.
However, an H2 economy cannot be achieved until the related
technical barriers such as the transportation, storage and
distribution of H2 are addressed. An important component of
a single AEMFC is the membrane electrode assembly (MEA),
involving the catalyst layer (anode HOR/cathode ORR electro-
des), AEM and gas diffusion layer (GDL), as shown in Fig. 1a.
The polymer AEM serves to divide the electrodes and selectively
transport OH� ions from the cathode side to the anode side.
The theoretical cell voltage for the overall reaction of a single
AEMFC is 1.23 V at 25 1C (eqn (2.1)–(2.3)). However, the
practical cell voltage is less than 1.23 V due to the irreversible
fuel crossover, ohmic drop and polarization. The former two
aspects can be advanced by the engineering approach, while
the latter is related to the kinetics of the electrode reaction
processes. Generally, the property and cost of membrane
electrodes determine the cell performance (cell voltage, dur-
ability and total cost) of AEMFCs. Currently, decelerating the
voltage loss from the viewpoint of electrochemical fundamen-
tals is a hot topic. For example, enhancing the intrinsic activity
of catalysts and the mass transfer process of H2/H2O. Generally,
the kinetic parameters are obtained by rotating disk electrode
(RDE) testing systems to avoid the effect of other factors.
Hence, most of the mechanism studies on the half reaction
(e.g., HOR and ORR) are based on the RDE system and the
HOR/ORR mechanism can further rationally guide the explora-
tion of efficient catalysts with high AEMFC performance.

H2-fuelded AEMFCs:

Anode: H2 + 2OH� - 2H2O + 2e�, E0 = �0.83 V (2.1)

Cathode: O2 + 2H2O + 4e� - 4OH�, E0 = 0.40 V (2.2)

Overall reaction: O2 + 2H2 - 2H2O, E0 = 1.23 V (2.3)

2.2. Fundamental principles of NH3-fueled-AEM-DAFCs

NH3-powered fuel cells are regarded as either direct or indirect,
largely depending on where NH3 decomposition occurs. The
route of NH3 decomposition for on-site H2 production has been
previously reviewed.31 However, DAFCs have the benefits of
directly using NH3 in the fuel cell and utilizing the chemical
energy stored by NH3. This not only eliminates the need for on-
board H2 storage and evades the decomposition of NH3, but
also reduces the facility and operating costs.

DAFCs can be classified according to their electrolyte, tem-
perature, etc. Typically, according to the electrolyte used, DAFC
technologies can be summarized as the following types:
� Oxygen anion conducting electrolyte-based solid oxide fuel

cells (SOFC-O),32

� Proton-conducting electrolyte-based solid oxide fuel cells
(SOFC-H),33

� Alkaline ammonia fuel cells (AAFCs) (including molten
hydroxide ammonia fuel cells),34

� Microbial ammonia fuel cells (MAFCs)35,36 and
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� Alkaline membrane-based fuel cells (AMFCs).37,38

Typically, NH3-fueled-SOFCs require a high operating tem-
perature to accelerate the decomposition of NH3 at the anode
side, which needs solid oxide electrolytes with PEM, AEM or
molten hydroxides.32,39 When a PEM is used, the anode side
reaction is: 2NH3 - 3H2 + N2; H2 - 2H+ + 2e�, while when an
AEM is used, the anode side reaction is: 2NH3 - 3H2 + N2; H2 +
O2� - 2H2O + 2e�. This type of system has shown great
promise due to its high energy conversion efficiency, environ-
mentally friendly nature, good fuel flexibility and good perfor-
mance when H2 is used as the fuel. However, for its practical
application, several issues must be addressed, including the
simultaneous formation of N2 to dilute H2 at the anode side
and the corresponding formation of NOx

� if N2 reacts with
oxygen species at high temperature.

The earliest type of AAFC was invented by Cairns et al. in
1968, using a KOH electrolyte to power the device at the
operating temperature in the range of 50–200 1C.40 Inspired
by this work, extensive research has been conducted using
molten hydroxide electrolytes for DAFCs.34,41,42 However, the
durable performance of this type of fuel cell remains challen-
ging because the strong reaction between CO2 (from the air)
and hydroxide electrolytes leads to the generation of carbonate
ions such as K2CO3, which precipitate, lower the overall con-
ductivity, and eventually poison the battery.

MAFCs are also alternative technology, which have gained
attention due to their ability to process NH3-contaminated
wastewater, while simultaneously producing electricity.
Generally, MAFC technology utilizes microorganisms to
convert chemical energy from biodegradable materials into
electricity.35,36 The DAFCs presented here are mainly the
AEM-DAFC type, which utilize aqueous alkaline media accord-
ing to a similar principle as AAFCs, give that they also operate
by transferring OH� ions and work at a relatively low tempera-
ture of 50–120 1C.37,38 Unlike NH3-fueled-SOFCs, H2 does not
participate in the anode reaction. Instead, H2O serves as an
intermediate substance with the generated electric current,
following eqn (2.4).

As shown in Fig. 1, in both fuel cells, O2 molecules are
reduced to OH� at the cathode, and then reach the anode side
via the AEM. In the case of the anode area in H2-fueled
AEMFCs, H2 molecules are anodized and combined with OH�

to form H2O, while NH3 molecules are oxidized and combined
with OH� to form N2 in NH3-fueled DAFCs. Ultimately, an
external circuit is formed by the electrons produced from the
redox reactions on both sides of the electrode and powers the
required devices. The thermodynamic voltage of NH3-fueled
DAFCs is 1.17 V (298 K). Similar to H2-fueled AEMFC, the
cell voltage of NH3-fueled DAFCs often needs to overcome the
slow electrode dynamics and the inevitable internal ohmic
resistances.

The device of AEM-DAFCs is assembled by coupling the anodic
AOR via a 6e- reaction process in alkaline aqueous solution:

Anode: 2NH2 + 6OH� - N2 + 6H2O + 6e�, E0 = �0.77 V
(2.4)

Cathode: O2 + 2H2O + 4e� - 4OH�, E0 = �0.40 V (2.2)

Overall reaction: 4NH3 + 3O2 - 2N2 + 6H2O, E0 = 1.17 V
(2.5)

3. Hydrogen oxidation reaction (HOR)
3.1. Mechanism understanding of HOR

HOR is the limiting reaction in H2-fueled AEMFCs. In particu-
lar, Pt shows higher activity in HOR in acid media, whereas
much slower activity in alkaline. Hence, it is a prerequisite to
have deep insight into the HOR mechanism. Unlike HOR in
acidic media, involving only protons, the alkaline HOR involves
the formation of water. HOR in alkaline media follows three
elementary steps, as follows:

Tafel step: H2 + 2* - 2Had (3.1)

Heyrovsky step: H2 + OH� + * - Had + H2O + e�

(3.2)

Volmer step: Had + OH� - H2O + e� + * (3.3)

Total reaction: H2 + 2OH� - 2H2O + 2e�

where * represents the active site and Had refers to the adsorbed
H atoms.

Four mechanisms are involved in HOR according to the rate-
determining step (RDS). The kinetic expressions and Tafel
slopes (TSs) are discussed in the following sections.

Volmer (RDS)–Tafel mechanism. In this mechanism, the
Volmer step is the RDS and HOR exhibits the absolute TS
value of 118 mV dec�1, indicating a symmetric figure in the
following Butler–Volmer (BV) fitting (3.4).

i ¼ 2i0 e

�aF
RT

Z
þ e

bF
RT

Z

2
4

3
5 a ¼ b ¼ 0:5ð Þ (3.4)

where i0 represents the exchange current.
Volmer–Tafel (RDS) mechanism. In the Volmer–Tafel (RDS)

mechanism, the Tafel step is the RDS. However, the kinetics
does not abide by the BV equation because the Tafel step does
not involve charge transfer. Hence, HOR exhibits the absolute TS
value of 30 mV dec�1 according to the B-V fitting (3.5), as follows:

Z ¼ RT

2F
ln 1þ i

iT

� �
(3.5)

Volmer (RDS)–Heyrovsky mechanism. In the Volmer (RDS)–
Heyrovsky mechanism, the Volmer step is the RDS. HOR
exhibits the absolute TS value of 39 mV dec�1 according to
the B–V fitting (3.6), as follows:

i ¼ 2i0 e

�aF
RT

Z
þ e

ð1þ bÞF
RT

Z

2
4

3
5 a ¼ b ¼ 0:5ð Þ (3.6)

Volmer–Heyrovsky (RDS) mechanism. In the Volmer–Heyr-
ovsky (RDS) mechanism, the Heyrovsky step is the RDS. HOR
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exhibits the absolute TS value of 118 mV dec�1 according to the
B-V fitting (3.7), as follows.

i ¼ 2i0 e

�ð1þ aÞF
RT

Z
þ e

bF
RT

Z

2
4

3
5 a ¼ b ¼ 0:5ð Þ (3.7)

Notably, for the Volmer (RDS)–Tafel and Volmer–Heyrovsky
(RDS) mechanisms, the Tafel slope has the same value
(118 mV dec�1), which makes it difficult to distinguish them.
In addition, within the experimental uncertainty, the Tafel slope of
the Volmer–Tafel (RDS) (30 mV dec�1) and Volmer (RDS)–Heyr-
ovsky (39 mV dec�1) mechanisms is very close, which makes it
difficult to draw conclusions of exclusivity to identify the specific
reaction mechanism. Thereby, it is significant to employ other
analytical methods to verify the HOR mechanism. The activity
descriptor of HOR has been widely reviewed elsewhere,4,43–46 and
hence it will not be highlighted here.

3.2. Recent electrocatalysts for HOR

PGM-related materials have been demonstrated to show effi-
cient HOR performances in alkaline electrolyte, especially Pt
and Ir.47 However, the anode HOR activity of PGM catalysts is
much slower in alkaline media than that in acid media (2–3
orders of magnitude).20,48 Thus, to obtain the desired AEMFC
performance, the anode requires higher PGM loadings, off-
setting the cost reduction of utilizing a PGM-free cathode.
Hence, we mainly introduce the durable PGM-free HOR cata-
lysts in this part to improve the eventual commercial develop-
ment of H2-fueled AEMFC technology. In the case of PGM-free
HOR catalysts, only Ni-based catalysts have shown comparable
HOR activity to Pt/C in alkaline media. Table 1 presents the
HOR performance of PGM-free catalysts measured in alkaline
electrolyte. Recently, increasing research advances have shown
that in alkaline media, the typical HOR processes follow the
Tafel–Volmer or Heyrovsky–Volmer mechanism.49

3.2.1. Ni–N-related inorganic compounds. Yan et al.
reported that nitrogen-doped carbon nanotube-supported Ni
nanoparticles (NPs) showed HOR activity in alkaline media;
however, their performance was still inferior to Pt catalysts.50

Moreover, due to the relatively strong binding affinity of Ni to

oxygen, they suffered from low stability at potentials above
0.1 V vs. RHE, thereby seriously blocking their active sites.
Thus, to obtain the required power output, HOR catalysts
should work at potentials greater than 0.3 V relative to
RHE.51 Recently, the investigated Ni–N-related catalysts are
typically nickel nitrides or N-doped Ni-based catalysts, which
have been intensively investigated to exhibit superior HOR
activity compared to pure Ni species. The calculated results
have demonstrated that introducing N heteroatoms can signifi-
cantly enhance the HOR activity due to the optimal value of
DGH (B0) and decrease the activation energies of water for-
mation and water dissociation. For example, Hu et al. reported
the development of Ni3N/C as an efficient HOR catalyst with
superior HOR activity and stability compared to Ni.22 It was
revealed that the Ni d band shifted down from Ni to Ni3N and
the interfacial charge shifted from Ni3N to C, thereby weaken-
ing the hydrogen binding energy (HBE) and OH binding energy
(OHBE), and enhancing the activity and stability of HOR.
Recently, Wu et al. fabricated Mo-modified Ni3N, which deliv-
ered much higher activity than pure Ni3N for HOR.52 The MoO2

and MoO4
2� species were detected by operando Raman spectro-

scopy in the potential range of �0.2 V to 0.2 V vs. RHE. Also,
these Mo-related species could significantly enhance the HOR
catalytic performance by the weakened HBE and strengthened
OHBE based on the bi-functional mechanism. Wang et al.
reported that N-inserted Ni nanosheets exhibited enhanced
HOR activity in alkaline media.53 The mechanistic results
demonstrated that N insertion in the Ni lattices could induce
strong d-sp orbital hybridization, which could further facilitate
the optimal adsorption of hydrogen intermediates. In addition,
the surface strain derived from the lack of Ni–Ni coordination
also enhanced the adsorption of OH species. The eventual
modulation of the adsorption behaviors of the H and OH
species significantly promoted the rate-determining Volmer
step and triggered an excellent HOR performance. Later, they
developed Ni-vacancy-rich Ni3N (Ni3N-r) as a platform for
the arrangement of the Ni active center electrons in HOR.54

Compared to the Ni3N-vacancy-poor (Ni3N-p) sample, the Ni
ds-N 2p valence-electron-orbital interaction in the Ni3N-r
sample dramatically increased, thereby broadening the Ni ds
valence-electron orbitals around the Ni vacancies in the Ni3N-r

Table 1 A summary of the reported HOR catalytic performances of various PGM-free-related HOR catalysts measured in alkaline electrolytes

HOR catalysts j0, ECSA (mA cm�2) jk, Disk (mA cm�2) jm0 (A g�1) jmk (A g�1)@50 mV Ref.

Ni/V2O3 38 — — 42.1 Angew. Chem., Int. Ed. 2023, 62, e202217275.21

Ni3N 80.08 11.09 — — Nano Lett. 2023, 23, 107–115159

Ni-H2-NH3 70 4.55 59.2 Nat. Mater. 2022. 21, 804–810.23

Ni5.2WCu2.2 14 — 2.54 2.55 Nat. Commun. 2021, 12, 2686.160

Mo-Ni3N 1.81 7.3 9.05 36.5 ACS Appl. Nano Mater. 2021, 4, 11473–11479.52

Ni4Mo 65 33.8 — — Nat. Commun. 2020, 11, 4789.60

Ni-H2 2.9 5.85 24.41 50.4 Angew. Chem., Int. Ed. 2020, 59, 10797–10801.161

CeO2(r)-Ni/C 38 1.73 — 12.3 Angew. Chem., Int. Ed. 2019, 58, 14179–14183.25

Ni/NiO/C 26 1.59 — 5 Angew. Chem., Int. Ed. 2019, 58, 10644–10649.63

Ni3N/C 14 3.89 12.0 24.4 Angew. Chem., Int. Ed. 2019, 58, 7445–7449.22

Ni/SC 40.2 1.52 7.4 11.0 J. Mater. Chem. A, 2019, 7, 10936–10941.162

Ni/KB 28.6 — 7.0 — J. Electroanal. Chem. 2019, 852, 113551.163

Ni6Cu4 34 — — — ACS Appl. Energy Mater. 2019, 2, 3160–3165.164
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sample. Moreover, the integrated crystal orbital Hamiltonian
population (COHP) of the NiAC ds-O 2p bonds in the Ni3N-r
sample showed an enhanced absolute value, indicating that the
strengthened interactions could strengthen the OH binding at
the Ni active centers. The weakened H binding and increased
OH binding interactions in the Ni3N-r sample were confirmed
by the varying values of HBE and OHBE (Fig. 2a). The well-
regulated H/OH binding interactions in the Ni3N-r sample
could notably lower the energy barrier (B0.73 eV), which was
much lower than that of the Ni3N-p (1.144 eV), as shown in
Fig. 2b. This work shed new light on exploring HOR catalysts by
regulating the electron arrangement of their active sites.

Recently, Hu and co-workers reported that an Ni–H2–NH3

HOR catalyst exhibited a record AEMFC performance. The Ni–
H2–NH3 catalyst and reference catalysts were prepared by
pyrolyzing the Ni-MOF at different mixture atmospheres, as
shown in Fig. 2c. The choice of atmosphere showed a great
influence on the size of the Ni NPs and their HOR performance.

As shown in Fig. 2d, the Ni–H2–NH3 catalyst exhibited the best
HOR activity, which is even comparable with the commercial
Pt/C. However, to date, whether OH� is involved in HOR in
alkaline media is still unclear. Thus, to demonstrate whether
HBE and OHBE are involved in the present Ni-based catalysts,
ultraviolet photoelectron spectroscopy (UPS) was further used
to examine the Ni valence state in these three catalysts. The
metallic nature of all the Ni samples was confirmed due to the
passage of electron bands through the Fermi level (Fig. 2e).
According to the d band theory, the downward movement of the
d-band leads to a weakened adsorption strength. Therefore, the
HBE and OHBE of the catalysts followed the order of Ni 4 Ni–
H2 4 Ni–H2–NH3 4 Ni–H2. The HBE and OHBE experimental
results were further demonstrated by H2/OH chemisorption
and isotope tests in 0.1 M KOD, matching well with the
prediction of d-band theory. The correlation of the HOR
activities with HBE and OHBE was obtained using the chemi-
sorption binding constant as a proxy, as shown in Fig. 2f and g.

Fig. 2 (a) The logarithm of the HOR activity for different catalysts as a function of HBE and OHBE. (b) The combination of *OH and *H on Ni3N-p and
Ni3N-r. Reproduced with permission from ref. 54 Copyright 2022, Wiley-VCH GmbH. (c) The synthesis of Ni-based catalysts. (d) HOR polarization curves
for different catalysts. (e) UPS spectra analysis. The relationships of studied HOR activities with HBEs (f) and OHBEs (g). (h) The H2-fueled AEMFC
performance using Ni-H2-NH3 as the anode and CoMn spinel as the cathode. (i) A comparison of the PGM-free-based peak power density performance.
Reproduced with permission from ref. 23 Copyright 2022, Nature Publications.
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Based on the predicted HBE theory, it is assumed that the
benchmark Pt/C, located at the top of the volcano plot, has the
best activity (Fig. 2f), but its performance was inferior to Ni–H2–
NH3. Hence, the HOR activity was poorly correlated with HBE,
indicating that the HOR activity of Ni-based catalysts cannot be
explained by a single HBE descriptor. Alternatively, OHBE was
represented in OH potential, and the volcano plot is shown in
Fig. 2g. Similarly, the HOR activity indicated from the figure
was contrary to that predicted by the OHBE theory. However,
the experimental results matched well with the combination of
HBE and OHBE theory, given that both Habs and OHabs played
significant roles in the Volmer step. According to both volcano
plots, it could be deduced that the HBE was dominant and the
HOR activity followed the order of Ni o Ni–H2 o Ni–H2–NH3.
The activity of Ni–NH3 was much lower than that of Ni–H2–NH3

when OHBE was dominant. Hence, the optimal HOR activity for
the catalyst was the result of t optimized balance between low
HBE and low OHBE. These results further suggested that Ni-
based catalysts can be regulated by both the HBE and OHBE
theories. Furthermore, Ni–H2–NH3 was used as the anodic
catalyst in an MEA for the H2–O2 AEMFC test, as shown in
Fig. 2h. The CoMn2O4 spinel was employed as the cathode side
to integrate a PGM-free MEA. Encouragingly, the H2–O2 AEMFC
showed a current density of 606 mA cm�2 at 0.65 V and a high
peak power density of 488 mA cm�2, which is much higher than
that of most previously reported PGM-free MEAs (Fig. 2i). A
comparison of H2–O2 or H2–air AEMFC performance of PGM-
free HOR catalysts is presented in Table 2.

3.2.2. Ni-based metal alloys. It is well-known that amor-
phous structures exhibit unique physical/chemical properties
with short-range ordered and long-range disordered atomic
structures, thereby enhancing the catalytic performance of
HOR. For example, amorphous NiMo alloy catalysts with dif-
ferent compositions were investigated via the electrodeposition
technique.55 The amorphous Ni62Mo38 catalysts were found to
exhibit the best activity among the investigated catalysts in
alkaline media. Additionally, Cu has higher stability against
corrosion in alkaline solution and lower cost than Mo/W.
Hence, NiCu alloys were further explored, which showed super-
ior HOR activity compared to Ni metals due to the combination
of Ni with strong HEB and Cu with weak HBE.56–58 Similar to

the NiCu system, NiAg-based alloys for HOR were also investi-
gated by the combination of experimental results and DFT
simulations.59 The results showed that the Ni-rich Ni0.75Ag0.25

possessed the optimal HBE and exhibited much higher stability
and activity than pure Ni.

Recently, Yu and co-workers reported the synthesis of MoNi4

and WNi4 alloys for efficient HOR activity, as shown in Fig. 3a.60

The polarization curves of MoNi4 and WNi4 alloys for HOR are
shown in Fig. 3b, approaching a zero onset potential for HOR,
indicating their remarkable energetics in alkaline media. How-
ever, the Ni catalysts showed a negligible HOR performance.
Importantly, both catalysts could achieve a diffusion-limiting
current in the potential region of 40.05 V and react in the hybrid
kinetic-diffusion control region of 0–0.05 V. Moreover, the MoNi4

alloy showed a much lower geometric J0 of 3.41 mA cm�2

(Fig. 3c) than the other catalysts. The i–t curves in Fig. 3d further
demonstrated the robust stability of both catalysts at the over-
potential of 60 mV. DFT calculations were performed on the
optimized catalyst modes of MoNi4 (211), WNi4 (211), Ni (111),
and Pt (111). It was found that the HBE of Ni (111) was too
strong, while that of MoNi4 (211) was similar to Pt (111), and OH
adsorption on MoNi4 (211) was stronger than that of Pt (111)
(Fig. 3e–g). The results can shed light on the design of other Ni-
based metal alloys for the development of higher performance
AEMFCs using PGM-free HOR catalysts.

3.2.3. Ni-based Heterostructures. Ideal alkaline HOR elec-
trocatalysts are required to have delicate a balance between Had

and OHad and the active sites and interaction between the
components in the heterostructures.17,61,62 Recently, many
heterostructures with active interfaces have been designed with
specific components for excellent HOR activity in alkaline
media, such as Ni/metal oxides,21,25,63,64 Ni/nickel carbides,65

Ni/nickel nitrides66,67 and Ni/nickel borides.68 Sun et al.
reported that the Ni/NiO active interface derived from an Ni-
based MOF exhibited HOR activity with high stability and CO
tolerance in alkaline media.63 The DFT calculations demon-
strated that the optimal HBE and OHBE were achieved due to
the optimized equilibrium electronic and oxophilic effects at
the Ni/NiO interface. Recently, Luo et al. reported that an
oxygen vacancy-rich CeO2/Ni hybrid exhibited efficient HOR
activity in alkaline media.25 The CeO2-(r)/Ni sample was

Table 2 A comparison of the H2–O2 or H2–air AEMFC performance of PGM-free HOR catalysts

HOR
Catalysts Pmax (mW cm�2)

Current density
(mA cm�2/0.8 V) Membrane Test conditions Ref.

Ni3N 256 (O2); B150 (air) 304/0.6 V (O2); B140/0.6 V (air) AlkymersW-25 90 1C, 100% RH, 200 kPa Nano Lett. 2023, 23, 107–115.159

Ni–H2–NH3 488 (O2); B310 (air) 606/0.65 V (O2); B400/0.6 V (air) PAP-TP-85 95 1C, 100% RH, 250 kPa Nat. Mater. 2022. 21, 804–810.23

Ni@C 160 (O2) B270/0.6 V (O2) QAPPT 80 1C, 200 kPa ACS Appl. Mater. Interfaces, 2020,
12, 31575–31581.165

NiCo/C 22 (O2) Not given AT-1 60 1C, 100% RH, 130 kPa Energies 2020, 13, 582.166

NiCu/KB 350 (O2) B450/0.6 V (O2) Tokuyama, A201 80 1C, 100% RH, 137 kPa Sustain. Energy Fuels, 2018, 2,
2268–2275.58

NiMo/KB 120 (O2) B40/0.6 V (O2) Tokuyama, A201 70 1C, 70% RH, 137 kPa J. Mater. Chem. A, 2017, 5, 24433-
24443.167

Ni–C 76 (O2) B120/0.6 V (O2) TPQPOH152 70 1C, 100% RH, 250 kPa Chem. Commun. 2013, 49, 131–133.168

Ni–W 40 (O2); 27.5 (air) B40/0.6 V (O2); B30/0.6 V (air) xQAPS 60 1C, 100% RH, 0 kPa Int. J. Hydrogen Energy, 2013, 38,
16264–16268.169
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prepared via the reduction of Ni precursors in the presence of
CeO2 and XC-72. It was found that the amount of CeO2 and
oxygen vacancies in CeO2 had a great influence on the
enhanced HOR activity of Ni/C. The optimized HOR catalyst
was labeled as CeO2-(r)/Ni-1 in this work. The presence of
oxygen vacancies in CeO2 were confirmed by the of Raman
spectra, as shown in Fig. 4a. The D band at 500–600 cm�1 was
attributed to the oxygen vacancies when partial CeIV changed
into CeIII, while the F2g band at 458 cm�1 represented the
vibrational pattern of bulk CeO2. The much higher intensity
ratio value of the ID/IF2g bands for CeO2-(r)/Ni-1 than that for
CeO2-/Ni-1 indicated the presence of rich oxygen vacancies in
CeO2-(r)/Ni-1. The oxygen vacancies were also confirmed from
the XPS spectra, as shown in Fig. 4b. The polarization curves in
Fig. 4c show the superior performance of CeO2-(r)/Ni-1 to CeO2/
Ni-1. The exchange current density of CeO2-(r)/Ni-1 calculated
using the BV equation is depicted in Fig. 4d and its j0 value is
much higher than that of CeO2/Ni-1. These results demon-
strated the critical role of oxygen vacancies in CeO2 in deter-
mining the high activity of CeO2-(r)/Ni-1 for HOR. The DFT
results demonstrated that the adsorption free energies of H*
(DGH*) on pure Ni (111) was much higher than that on CeO2-(r)/
Ni (111), implying a much weaker HBE on Ni (111) after
decoration with CeO2-(r). The simulations also demonstrated
the much stronger DGOH* than pure Ni (111), indicating that
the clear active interface could significantly promote the

adsorption of OH* on the surface of CeO2-(r). The mechanism
result is described in Fig. 4e, which showed that CeO2-(r) could
efficiently improve the OH* adsorption and optimize H*, well
matching with the experimental enhanced HOR performance
of CeO2-(r)/Ni.

Recently, Yu and coworkers also fabricated high-activity
HOR catalysts of Ni/V2O3 heterostructures.21 The Ni/V2O3

catalyst prepared by annealing the Ni–V hydroxide nanosheet
arrays on nickel foam had abundant Ni and porous V2O3

interfaces after the thermal treatment process. The HOR polar-
ization curves in Fig. 4f showed that Ni/V2O3 catalyst delivered
the lowest onset potential (B0 V), accompanying the fastest
increase in anodic current compared with pure Ni and V2O3,
demonstrating the excellent activity for HOR in alkaline media.
Importantly, the HOR performance was also comparable to
commercial Pt/C catalyst. Besides, the Ni/V2O3 heterostructures
also showed great durability and higher CO tolerance than Pt/C,
indicating their potential for application for AEMFCs. The DFT
calculations in Fig. 4g further demonstrated that the Ni/V2O3

heterostructures possessed the optimal HBE and OHBE, which
could greatly promote the HOR activity in alkaline media.
Particularly, compared with pure Ni HOR catalysts, the Ni
oxidation around the Ni/V2O3 interface was dramatically sup-
pressed after long-term stability test. The O adsorption energy
was further obtained, as shown in Fig. 4h, indicating that the O
species were inclined to adsorb on the pure Ni catalyst with a

Fig. 3 (a) The synthesis of MoNi4 and WNi4 alloys. (b) The HOR polarization curves of different catalysts measured in H2-saturated alkaline media. (c) The
HOR/HER Tafel plots of the kinetic current density on MoNi4, WNi4, and reference catalysts in H2-saturated alkaline media. (d) i-t responses recorded on
MoNi4, WNi4, and Pt/C catalysts. (e)–(g) A schematic illustration of H and OH adsorption on different catalysts. Reproduced with permission from ref. 60
Copyright 2020, Nature Publications.
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low O adsorption energy of 0.15 eV, while the O adsorption energy
on the Ni/V2O3 heterostructures was 0.34 eV. These results imply
that the Ni/V2O3 heterostructure was much more difficult to be
oxidized than pure Ni under the alkaline HOR condition.

4. Ammonia oxidation reaction (AOR)

Compared to water electrolysis, NH3 decomposition (NH3 -

N2 + H2) is a more efficient way to generate H2. For example,
electrochemical water splitting requires a high voltage of 1.23 V
to electrolyze the extremely stable H2O molecules and convert
them into the energy of 180 MJ to produce 1 kg H2. However,
NH3 decomposition only requires 33 MJ of energy to produce
1 kg H2. Thus, when NH3 can be ideally attained in renewable
ways (e.g., electrosynthesis and photosynthesis), NH3 decom-
position is expected to address the future energy shortage and
make the utilization of H2 more viable.

In previous studies, the focus of NH3 has been on hydrogen
production.69–71 However, the direct use of NH3 as fuel is
possible with the development of NH3-fueld fuel cells (e.g.,
DAFCs). The direct integration of AOR in fuel cells not only
alleviates the demand for on-board H2 storage, but also effec-
tively improves the whole processes.37,38,72 The simultaneous
production of H2 also favors the reduction of the electricity

demand by incorporating fuel cells. For example, Ezzat et al.
proposed a route that used internal combustion engines to
power vehicles fueled by NH3 and H2 (from NH3 decomposition).
The overall energy was found to be as high as 61.89%.73 All these
possible applications can further inspire studies in AOR beyond
its use for H2 generation.

4.1. Mechanism understanding for AOR

AOR mainly follows two recognized pathways, where the first is
the O–S mechanism proposed by Oswin and Salomon.74 Speci-
fically, NH3 is gradually dehydrogenated to *N, and then N–N
bonds bind to N2. The second is the G–M mechanism proposed by
Gerischer and Mauerer.75 In this case, NH3 partial dehydrogena-
tion generates dehydrogenation intermediates *NHx (x = 1, 2),
then dimerization generates hydrazine *N2Hx (x = 2, 3, 4), and
finally dehydrogenation produces N2. In both mechanisms, the
reaction begins with the adsorption of ammonia and ends with
the desorption of N2. In the intermediate steps, OH� continuously
oxidizes the dehydrogenation intermediates, while the formation
of *N2 intermediates is the main cause of electrocatalyst poison-
ing. Compared with the O–S mechanism, the G–M mechanism is
more widely accepted due to its lower onset potential, which has
been demonstrated in many theoretical and experimental
studies.76–79 For example, Gootzen et al. experimentally validated

Fig. 4 (a) and (b) The Raman and XPS spectra of CeO2 (r)-Ni/C-1 and CeO2-Ni/C-1, respectively. (c) HOR polarization curves for CeO2 (r)-Ni/C-1 and
CeO2-Ni/C-1. (d) The Tafel plots of CeO2 (r)-Ni/C-1 and CeO2-Ni/C-1. (e) A schematic illustration of the role of O-vacancy-containing CeO2 for the
HOR. Reproduced with permission from ref. 25 Copyright 2019, Wiley-VCH GmbH. (f) The HOR polarization curves for different catalysts. (g) The
simulated HBE and OHBE for different catalysts. (h) The simulated O adsorption energy of Ni/V2O3 and Ni. Reproduced with permission from ref. 21
Copyright 2023, Wiley-VCH GmbH.
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the G–M mechanism for the first time to detect the reactive *NHx

intermediates and poisoning *N adsorbents by differential elec-
trochemical mass spectrometry (DEMS).80 Later, Vooys et al.
found that the adsorption strength of the metal to *N (M–N)
follows the order of Ru 4 Rh 4 Pd 4 Ir 4 Pt 4 Au, Ag, Cu.81

Among the single metals, Pt showed the best activity for AOR,
while Au, Ag, and Cu could not combine with *NHx or *N. The
N2H4 intermediate was further detected by Matsui et al. by in situ
attenuated total reflection infrared spectroscopy (ATR-IR) under
polarization.82 Additionally, Iglesias et al. recognized N3

� by sur-
face enhanced infrared spectroscopy (SERS) in the AOR process,
which is a new reaction path involved in the G–M mechanism.78

Additionally, Skachkov et al. found that two mechanisms can
compete depending on the reaction potential.76 The O–S mecha-
nism was dominant at a moderate reaction potential (+0.5 V vs.
RHE), while the G–M mechanism governed at a lower surface
potential (o0.5 V vs. RHE).

Later, Herron et al. studied the catalytic AOR on different
metals with close-packed surfaces by first-principles study.83

They estimated the onset potentials of different metals, follow-
ing the order of Co o Pd o Pt o Ir o Ni o Cu based on the
G–M mechanism, as shown in Fig. 5a. Although Co showed the
lowest onset potential, the simulated high N–N bond formation
barriers severely limit the activity of Co for AOR. Based on the
Sabatier analysis, the surface activity at 0 V against N–N binding
formation barriers followed the order of Pt 4 Ir 4 Cu 4 Pd 4
Rh 4 Co, implying that Pt has the highest activity, followed by
Ir (Fig. 5b). Based on the volcano plot found in this study,
precious metals such as Pt, Pd and Ir are limited by their strong
M-N bonds. In contrast, metals such as Au, Ag and Cu binds to
N weakly; however, they are inactive for N2 formation. Among
the studied metals, Cu shows theoretically high AOR activity;
however, a high overpotential of 1.22 V is required to lower the
barrier of the electrochemical step due to the too weak Cu–N
bond. Thus, it was concluded that Pt shows the best AOR
activity followed by Ir and Cu and the optimal catalyst should
process an M–N bond energy that is between Pt–N and Cu–N.
Notably, the presence of the N–N coupling step and the strong
*N adsorbent can result in the severe poisoning of the active
surface. Besides the strong adsorbent of *N that can poison the

active surface, Matsui et al. found that the generation of
oxygenated nitrides could also determine the whole AOR, as
well as the tight interaction between *NOx species and Pt
surface could significant hinder the formation of N2.82 Com-
pared with direct H2/methanol fuel cells, DAFCs remain at a
low technical level due to the more complicated and sluggish
kinetic of AOR than the competing *H adsorption.2 Conse-
quently, in the design of catalysts for AOR with high efficiency,
it is necessary to simultaneously suppress the H adsorption at
the anode side of DAFCs.

4.2. Recent electrocatalysts for AOR

4.2.1. Molecular electrocatalysts. Currently, there are three
main types of electrocatalysts for AOR, including molecular
catalysts, Pt-based precious metals and non-precious metal-
related catalysts. The development of AOR by molecular electro-
catalysts is rapid but still in its infancy.84–86 A recent review
discussed the promising opportunities and gave new perspectives
on the design of molecular catalysts with efficient activity for
AOR.87 Particularly, three critical parameters have been illustrated
to design efficient molecular catalysts, namely, low N–H bond
energy, favorable N2 production dissociation and exergonic N–N
coupling. In general, group IV–VI materials endowed with
electron-rich characteristics show relatively low N–H bond ener-
gies, probably due to their strong ability to produce multiple
metal–ligand bonds and tendency to form high oxidation states.
Unlike the previously known Ru-based noble molecular electro-
catalysts, Zott et al. reported the preparation of first-row
iron(II) tris(2-pyridylmethyl)amine (TPA) bis-ammine triflate AOR
electrocatalysts,84 as shown in Fig. 6a. Cyclic voltammetry experi-
ments indicated that in the presence of NH3, the onset potential
was obvious under the condition of 0.7 V vs. Fc/Fc+, and the
attenuation of catalytic current was negligible after 50 continuous
cyclic voltammetry (CV) cycles, indicating the robust stability
of TPA-connected Fe to AOR (Fig. 6b). In contrast, there was
a continuous decrease in the peak current using FeOTf2 as
the anode catalyst, which was attributed to the instability of
[Fe(NH3)6]OTf2 (formed by FeOTf2 existing in the presence of
NH3) under the catalytic conditions. The formation of the
FeIII–NH2 intermediate (at 0.4 V) in the electrochemical studies

Fig. 5 (a) Onset potential investigation for different transition metals. (b) The AOR activity predicted by both mechanisms. Reproduced with permission
from ref. 83 Copyright 2015, ACS publications.
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indicated that N–N bond formation facilitates the reaction pro-
cess. Based on the above-mentioned strategies, molecular electro-
catalysts for AOR show great prospects.

4.2.2. PGM-related electrocatalysts. In heterogeneous elec-
trocatalysts, Pt is the most active metal electrocatalyst for AOR
to N2, accompanied by an overpotential of 40.4 V on the
surface of polycrystalline Pt.34,88 It was demonstrated that a
single-crystal Pt electrode, the (100)-type surface was the domi-
nant active site.89 Additionally, the Pt surface is deactivated by
the strong adsorbing reaction intermediate, such as Nad and
NOad at above 0.6 V, indicating that a higher overpotential can
drive a higher AOR rate. Alloying Pt with Ir can effectively lower
the onset potential towards N2 with an increase in temperature
(480 1C),2 in which the formation of *N intermediates can
occur at a relatively low overpotential with a high reaction rate
for a kinetically favorable AOR.90 However, Ir is more expensive
and scarce than other Pt group metals, and hence exploring Pt-
based alloys with earth-abundant elements can be a viable way
to minimize the utilization of Ir and enhance the AOR activity
and durability. For instance, Wu et al. reported the preparation
of ternary PtIrZn alloys (B2 nm in particle size) that were
highly dispersed on binary CeO2 and ZIF-8-derived N-doped
carbon substrates (PtIrZn/CeO2-ZIF-8),38 as shown in Fig. 6c.
The as-fabricated catalysts showed high AOR activity with an
onset potential of 0.35 V, which is lower than that of PtIr/C
(0.43 V) in alkaline media. The DFT calculations suggested that
doping of Zn in PtIr alloys can facilitate the stronger *NH3

adsorption than *H adsorption, thereby kinetically triggering
AOR with high performance. When PtIrZn/CeO2-ZIF-8 was used

as the anodic catalyst in an AEM-DAFC (Fig. 6d and e), the peak
power density was 91 mW cm�2. Additionally, when PtIrZn
alloys were fabricated on binary substrates composed of SiO2

with a large surface and conductive CNT-COOH (PtIrZn/SiO2-
CNT-COOH), the anode catalyst reached a remarkable peak
power density of 314 mW cm�2 as a result of the decreased
charge transfer resistance and increased mass transport. Thus,
the successful alloying strategies show great promise for the
exploration of more Pt-based ternary, quaternary alloys with
enhanced catalytic activity for AOR.

4.2.3. Non-precious metal-related electrocatalysts. The
possibility of using noble-metal free electrocatalysts in an
alkaline operating environment is one of their most important
advantages. PGM-related AOR catalysts are the most widely
studied and intensively reviewed.91,92 However, the utilization
of PGM-related catalysts is limited due to their high-cost,
scarcity and instability. Recently, Ni-related PGM-free catalysts
have been demonstrated as promising alternatives to PGMs
given that they are more affordable and have higher intrinsic
AOR activity. For example, Ni is predicted to exhibit a low onset
potential of 0.33 V vs. RHE for AOR. However, the strong Ni-N
bonding leads to a high energy barrier of 1.39 eV for the
formation of hydrazine species.83 Generally, pure Ni metal
delivers poor activity for AOR; however, the activated species
such as Ni(OH)2 layer and NiOOH were demonstrated to be
responsible for AOR.93,94 Presently, Ni-based catalysts are often
restrained by their easy corrosion, which can severely degrade
the overall efficiency. Thus, to overcome this limitation, alloy-
ing Ni with metals possessing high AOR activity but low affinity

Fig. 6 (a) Representative molecular complexes that catalyze the AOR. (b) The cycling of 2.5 mM [(TPA)Fe(MeCN)2]OTf2 (left) or 2.5 mM FeOTf2 (right) in
CH3CN+ 50 mM NH3 or CH3CN + 50 mM NH4OTf solution. Reproduced with permission from ref. 84 Copyright 2019, ACS publications. (c) CV curves of
the AOR activity of PtIrZn2/CeO2-ZIF-8 in the presence and absence of NH3. (d) A schematic view of the DAFC single cell. (e) The polarization curves and
power density curves of DAFCs with different anode catalysts. Reproduced with permission from ref. 38 Copyright 2020, The Royal Society of Chemistry.
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for N is a promising pathway. In this case, Cu is a typical metal
with a low Cu–N binding strength, which can effectively
enhance the AOR activity due to the increment in active
sites.95,96 For instance, Xu et al. reported the synthesis of NiCu
layered hydroxide (LH) nanowires grown directly on carbon
cloth via the hydrothermal method.96 As shown in Fig. 7a, both
Ni(OH)2 and Ni0.8Cu0.2 LHs showed approximate onset poten-
tials, which were mainly caused by the generation of NiOOH
and Ni0.8Cu0.2OOH, respectively. Interestingly, the current den-
sity of the Ni0.8Cu0.2 LHs increased sharply in potential regions
above the onset potential, manifesting their higher AOR activity
than Ni(OH)2. Moreover, the chronoamperometry tests, as
shown in Fig. 7b, demonstrated that the current density of
Ni0.8Cu0.2 LHs increased to B35 mA cm�2 by a factor of 6 times,
further confirming the significant enhancement in AOR activity
by Cu doping. It was also demonstrated that the concentration
of NH3 had a great effect on the AOR activity of Ni0.8Cu0.2 LHs,
as shown in Fig. 7c. The AOR current was found to gradually
increase upon the step-wise injection of NH3, demonstrating
that the Ni0.8Cu0.2 LHs still showed activity at high NH3 con-
centrations. Intriguingly, the increase in current was slowed
down when the NH3 concentration was higher than 130 mM,
which was probably caused by the saturation of the active sites
on the surface of Ni0.8Cu0.2 LHs. In this work, the choice of
doping elements was further studied. The AOR activity of five
bimetal NiM LHs (M = Co, Fe, Zn, Mn, Cr) was compared but
negligible AOR activity was detected for all five catalysts.

MAFCs have been widely studied to remove NH3 in wastewater,
as noted above. However, the main performance parameters of an

MAFC, such as maximum power density and NH3 removal
efficiency, are random in practical applications because of the
deterioration of the catalyst and biofouling. Hence, Tao et al.
reported the fabrication of an AEM-DAFC, integrating an
a-MnO2/C cathode and NiCu/C anode for the treatment of
NH3-rich wastewater.97 The schematic process is shown in
Fig. 7d. Additionally, the leachate was collected to evaluate
the application of the AEM-DAFC. It was expected that NH3 can
be effectively removed from the leachate as well as electricity is
produced from the fuel cell as a bonus. As expected, the open
circuit voltage (OCV) increased with an increase in the NH3

concentration (Fig. 7e). The maximum power density was as
high as 0.35 mW cm�2 when the NH3 concentration was 3 M
(Fig. 7f). Moreover, a power density of 0.11 mW cm�2 was
obtained for real wastewater containing B0.12 M NH3, indicat-
ing its very promising application.

5. Oxygen reduction reaction (ORR)
5.1. Mechanism understanding for ORR

ORR involves two reaction pathways in alkaline media, i.e., 2e�

(HO2
�) and 4e� (OH�) reduction, and their adsorption mode,

activation and cleavage barrier on the surface of the catalyst
comprehensively determine the activity.98,99 Between them, 2e�

reduction is not thermodynamically favorable for fuel cells, and
some reviews have made insightful summaries for this important
reaction,100–102 and thus it will not be introduced in this review.
Generally, the 4e� ORR process in the alkaline media is as follows:

Fig. 7 (a) CV of Ni0.8Cu0.2 LHs and bare Ni(OH)2 in NH3-containing electrolyte. (b) The chronoamperometry curves of Ni0.8Cu0.2 LHs and bare Ni(OH)2
with and without NH3. (c) The current response of Ni0.8Cu0.2 LHs to injection of NH4Cl solution. Reproduced with permission from ref. 96 Copyright
2017, Elsevier. (d) A schematic process of the AEM-DAFC device. (e) The I–V curves and (f) power density of an AEM-DAFC at different ammonia
concentrations using the MnO2/C cathode and NiCu/C anode at room temperature. Reproduced with permission from ref. 97 Copyright 2020, ACS
Publications.
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O2 + 2H2O + 4e� = 4OH�; E0 = 1.23 V vs. RHE

O2 (g) + * - O*2 (5.1)

O2 + * + H2O + e� - OOH* + OH� (5.2)

OOH* + e� - O* + OH� (5.3)

O* + H2O + e� - OH* + OH� (5.4)

OH* + e� - OH� + * (5.5)

In the ORR process, O2 initially fills the electrolyte, and then
adsorbed on the surface of the electrocatalyst. Subsequently,
the O–O bond is dissociated from the hydrogenation of the O2

intermediate, which can determine the 4e� or 2e� ORR path-
way. Finally, the OH� ions on the surface of the catalyst are
further released into the alkaline medium. During the 4e� ORR
process, multiple oxygen intermediates including O*, OH* and
OOH* are involved in the adsorption and desorption processes.
In contrast, only OOH* occurs as the intermediate in the 2e�

ORR process. Activation of the O–O bonds can be achieved by
binding to the catalytic sites. The electronic environment
around the active site also varies the electron distribution of
O–O, and thus influences the activation. O–O can be adsorbed
sideways on the active site or end-adsorbed on a single active
site, thereby weakening the O–O bond, facilitating the dissocia-
tion process.98,103 However, the strong interaction between the
active site and O2 for many catalysts impedes the removal of
H2O2 formed during dissociation and binding, thus preventing the
further reduction of *OOH to H2O.103 In end-on adsorption, 2e�

reduction is advantageous if the binding strength is not sufficient
to dissociate O2 and leads to the final generation of H2O2, which
has been detected in many carbon-related materials.99

In ideal catalysts, the binding of different oxygen intermedi-
ates is required. In less surface-active catalysts, the O2 adsorp-
tion step is generally regarded as the rate-limiting step (RLS) in
comparison with the adsorption of the ORR intermediates
(OOH*, O*, and *OH). However, Nørskov et al. considered that
the adsorption of O2 is a chemical step rather than the RLS,
assuming a simple electron–proton transfer process involved
for simplification.98 The free energy of the intermediate

products can be used as a basis for understanding the ORR
mechanism and the potential barrier is mainly determined by
the free energy of the intermediates according to the simulation
results. The DG of the reaction intermediate can be expressed
according to the computational hydrogen electrode (CHE)
model as follows:

DG = DEelc + DEw + DEfield + DZPE � TDS � neU (5.6)

where DEelc represents the simulated binding (adsorption)
energy, DEW and DEfield represent the effects of adsorbate
solvation and electric field, DZPE and TDS represent the zero-
point energy and entropic corrections, respectively, and eU is
the free energy of a single H+/e� pair.

The equilibrium potential in a 4e� ORR process is 1.23 V
(Fig. 8a), and O2 -*OOH and *OH -H2O must conquer a free
energy barrier. On Pt (111), when both reactions are exergonic
(such as a high ORR current occurs), the calculated maximum
potential (thermodynamic limit potential, UL) is about 0.8 V for
Pt (111). One benchmark for ORR performance is the theoretical
potential (Ztheo) calculated by subtracting the UL from the equili-
brium potential, where Ztheo = 1.23 V–0.8 V = 0.43 V for Pt (111).
Additionally, the CHE-based theory was also intensively used to
demonstrate the trends in ORR performance for various types of
materials, for example, transition metals,104 oxides,105–107

sulfides108 and carbon-related materials.109,110 For more details
about the ORR mechanism on different types of catalysts, the
previous reviews can be referenced.111

As shown in Fig. 8b, the binding energies of intermediates
for different metals are closely related and monotonically vary.
The linear relationships arise from the sorbents binding to the
surface through an O atom. Particularly, the slope of the
*OOH - *OH line is B1, implying that the two adsorbents
possess similar metal–oxygen single bonds. Differently, the
slope of the scale lines of *O - *OH is B2, and the adsorbed
O forms a double bond with the surface, while *OH is com-
bined by a single bond.112 The *OOH-related scaling relation-
ship to *OH or *O means that one independent variable can
describe the binding free energy of the intermediates under
preliminary approximation. Recently, the *O associative free
energy (DGO) and the *OH associative free energy (DGOH) have

Fig. 8 (a) The free energy diagram for the 4e� associative ORR on Pt (111); (b) scaling relationships for the chemisorption energies of *OOH and *O
against *OH for the (111) surface of different metals [DG(*OOH) = DG(*OH) + 3.2; DG(*O) = 2DG(*OH)]; and (c) limiting potentials for individual steps in
Equations 5.7–5.10, exhibiting the strongly bound *OH region (solid blue line) and weakly bound *OOH region (solid green line) for the 4e� process.
Reproduced with permission from ref. 98 Copyright 2018, ACS Publications.
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been widely reported due to the good scaling between *OOH
and *OH, as shown in Fig. 8b.113 The UL as a function of the
adsorption of OH free energy can be defined as follows:

UL1 = �DGOH + 1.72 (5.7)

UL2 = �DGOH + 3.3 (5.8)

UL3 = �DGOH (5.9)

UL4 = �DGOH (5.10)

According to the above-mentioned equations, the UL1–L4 lines
of the four basic steps in Fig. 8c are obtained. The lowest limit
potential of the catalytic reaction determines the limit potential of
the entire reaction, as represented by solid blue and green lines.
For metals with strong binding *OH, *OH - H2O is the potential
limit, while the activation of O2 - *OOH is the potential limit for
weak binding metals. Undoubtedly, Pt is located at the top of the
limit potential volcano.114 Moreover, the analysis has been used to
explain the structural sensitivity of ORR. Given that other dense

transition metal sections are roughly arranged along the (111)
*OOH vs. *OH scale lines, they are described by the one-
dimensional volcanoes in Fig. 8c. The *OH bond on the (211)
face on the terrace is stronger (more negative DGOH) than on the
(111) terrace. For example, although Pt (111) exhibits an excellent
ORR performance, strong binding at (211) leads to surface
adsorbed *OH poisoning (Fig. 8c). This explains the reduced
performance of Pt particles with a smaller size, given that smaller
particle sizes can result in more devitalized step sites.115 Alter-
natively, the step can increase activity and may require smaller
particle sizes for catalysts on the weakly bound side.116

5.2. Electrocatalysts for ORR

AEMFCs show many advantages compared to PEMFCs, for
example, wider choices for bipolar plates and more enhanced
ORR kinetics in alkaline media than in acid media. Particularly,
due to their enhanced kinetics, it is expected that PGM-free
catalysts can be utilized. Hence, in this part, PGM-based
catalysts will not be introduced. Table 3 presents a comparison

Table 3 A comparison of H2–O2 or H2–air AEMFC performance of PGM-free ORR catalysts

ORR catalysts
Pmax
(mW cm�2)

Current density
(mA cm�2) Membrane Test conditions Ref.

ZnNC 503 (air) 140 (air) PAP-TP-85 80 1C, 100% RH,
150 kPa

Angew. Chem., Int. Ed. 2023, 62,
e202216041.125

FeCo-NCH 569 (O2); 299.3
(air)

B85/0.9 V (O2); o 150/
0.8 V (air)

PAP-TP-85 80 1C, 200 kPa,
100% RH

Nat. Commun. 2023, 14, 1822.170

NDPC-1000 913 (O2); 597
(air)

261/0.8 V (O2); B125/
0.8 V (air)

PAP-TP-85 80 1C, 2.5 kPa Adv. Energy Mater. 2023, 13, 2204390.171

FeCu–NC 1090 (O2); 660
(air)

574/0.8 V (O2); 282 (air) Alkymer W-25 80 1C, 150 kPa,
100% RH

Adv. Energy Mater. 2023, 2302719.172

Ni3N||ZrN 151 (air) B50 (air) AlkymersW-25 90 1C, 200 kPa Nano Lett. 2023, 23, 107.159

HT-FeCu
porphyrrole

510 (O2); B85/0.8 V (O2) Versogen, PiperION-A-
20HCO3

80 1C ACS Catal. 2023, 13, 11012.173

CoNP/CNH8.1%
NH3

619 (O2) 880/0.6 V (O2) FAA-3-50 60 1C Appl. Catal. B Environ. 2023, 323,
122172.174

MnCo2O4 310 (air) B120 (air) PAP-TP-85 95 1C, 250 kPa Nat. Mater. 2022, 21, 804.23

o-MQFe10 : 20:5 407.5 (O2) 290/0.6 V (O2) Tokuyama A201 80 1C, 150 kPa,
100% RH

Angew. Chem., Int. Ed. 2022, 61,
e202117617.175

Cu–N–C/GC 324 (O2) B75/0.8 V (O2) aQAPS-S 8 60 1C, 200kPa,
100% RH

Angew. Chem., Int. Ed. 2022, 61,
e202211098.176

Co3N/C 700 (O2) B125/0.8 V (O2) QAPPT 80 1C, 200kPa,
100% R

Sci. Adv. 2022, 8, 1584.177

FPD-Co 654 (O2); 323
(air)

760/0.6 V (O2); B40/0.8 V
(air)

PTFE 80 1C, 100% RH,
200 kPa

Proc. Natl. Acad. Sci. U. S. A.2022, 119,
e2214089119.178

FeCoNCMgOAc 920 (O2) 200/0.8 V (O2) Radiation-grafted
LDPE

55 1C ACS Catal. 2022, 12, 14050.179

Fe–Mn–N–C 1320 (O2); 605
(air)

1200/0.65 V (O2); PAP-TP-85 80 1C, 100% RH,
250 kPa

Appl. Catal. B Environ. 2022, 317,
121770.180

AgNPs@Fe–N–C 848 (O2); 404
(air)

B250/0.8 V (O2); o 125/
0.8 V (air)

PAP-TP-85 80 1C, 100% RH,
200 kPa

Nano Energy 2022, 100, 107466.124

CoTPyP@ImRGO 528 (O2) 461/0.6 V (O2) alkaline polymer
membrane

80 1C, 200 kPa Nano Energy 2022, 101, 107565.181

O-FeN4C-O 540 (air) B125 (air) PAP-TP-85 80 1C, 100% RH,
200 kPa

Chem Catal. 2022, 2, 2750.182

Fe–N–C 2050 (O2); 1010
(air)

920/0.8 V (O2); 130/0.8 V
(air)

HDPE 80 1C, 100% RH,
200 kPa

Nat. Energy 2021, 6, 834.123

PF-TMPPCo 226 (O2) 250/0.6 V (O2) HDPE-25 mm 60 1C, 0 kPa, 75%
RH

Angew. Chem., Int. Ed. 2021, 60, 4049.134

Fe2+@NCS-A B108 (O2) B12.5/0.8 V (O2) Radiation-grafted
LDPE

60 1C, 0 kPa, 100%
RH

Adv. Funct. Mater. 2021, 31, 2102974.183

HT800-FeP 580 (O2) 125/0.8 V (O2) ETFE-BTMA 80 1C, 100 kPa Adv. Funct. Mater. 2021, 31, 2100963.184

Fe–N–C 1440 (O2) B250/0.8 V (O2) Not given 65 1C ACS Catal. 2020, 10, 225–234.185

N–C–CoOx 1050 (O2); 660
(air)

290/0.8 V (O2);80/0.8 V
(air)

LDPE-BTMA 65 1C, 100% RH,
80 kPa

Angew. Chem., Int. Ed. 2019, 58, 1046-
1051.186
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of the performance of H2–O2 or H2–air AEMFCs consisting of
PGM-free ORR catalysts.

5.2.1. Pyrolyzed carbon-based ORR catalysts. Since
Jasinsky et al. found that the macrocyclic compound phthalo-
cyanine cobalt had good ORR activity in 1964,117 intense studies
on the replacement of PGM catalysts by transition metal (TM)
materials as ORR catalysts have been carried out. Nevertheless,
the high cost of macrocyclic compounds hinders their extensive
utilization. In 1989, Yeager et al. proposed a model in which
electronically conductive surfaces with N-groups can couple with
TM metals to form TM–Nx structures by finely selecting appro-
priate TM, N, and carbon precursors.118 This model offers an
effective and economical way to fabricate catalysts by thermal
treatment of iron salts and N- and C-containing precursors. At
present, the ORR activity of M–N–C catalysts is close to or even
outperforms PGMs in alkaline media.

M–N–C catalysts, as the most viable alternatives to PGMs,
have attracted significant attention because of their low cost
and high intrinsic ORR activity. In particular, many researchers
are committed to exploring low-cost and efficient ORR catalysts
with the fast development of atomically dispersed catalysts
(ADCs). Generally, the state-of-the-art Fe–N–C catalysts have
delivered E1/2 potentials as high as 0.85 V in alkaline media,
which are comparable to commercial Pt/C.7,119,120 Various
strategies of synthesizing M–N–C-based ADCs and their appli-
cation in PEMFCs or zinc–air batteries have been
reviewed.11,121,122 However, when Fe–N–C ORR catalysts are
integrated in the AEMFCs, they show a poor performance
compared with Pt/C cathodes because of the inefficient mass
transport and low catalyst loading. Thus, to address this
problem, Mustain et al. developed the utilization of a commer-
cial Fe–N–C catalyst with single-atom Fe–Nx sites in the AEMFC

cathode.123 The Fe–N–C catalysts were further modified by
increasing their average pore size to facilitate the efficient
transport of generated H2O on the anode side in the CLs, as well
as increasing the graphitization of the catalyst to decrease the
hydrophilicity (Fig. 9a). The average pore size was increased by
mixing amorphous fumed SiO2 with Fe metal salt and NC
precursors, followed by high-temperature pyrolysis. Upon remov-
ing the SiO2 template, the final desired Fe–N–C catalyst was
obtained by a second pyrolysis to increase the degree of graphi-
tization. The as-prepared Fe–N–C catalyst showed a high E1/2 of
0.846 V, which is comparable to Pt/C at different rotating rates in
the rate of 400–2500 r.p.m (Fig. 9b). Additionally, it was found that
water management played important roles to guarantee the high-
performance and durability, as shown in Fig. 9c. When the cell
was operated under high water accumulation at the anode (anode/
cathode/cell temperature: 60/60/60 1C) with full humidity, the cell
performance was low. Once the cell temperature was evaluated at
70 1C, the peak powder density correspondingly increased. Addi-
tionally, applying backpressure to the cathode could also signifi-
cantly increase the cell performance, while it shows the opposite
effect for the anode side, as shown in Fig. 9c (blue curve).

Although Fe–N–C shows higher ORR activity than commer-
cial Pt/C in alkaline media, Fe–N–C catalysts often suffer from
the unsatisfactory stability because the Fe2+ intermediates tend
to generate the Fenton effect, which impairs the active sites and
the polymer membrane. To enhance the stability of Fe–N–C for
ORR, Cao et al. developed an AgNP@Fe–N–C composite catalyst,
showing an efficient ORR performance and robust stability.124

After assembling an AFMFC, the catalyst showed extremely
high peak power density (0.848 W cm�2) and long-term device
durability of 200 h in an H2/air (CO2-free) system. Later, they
reported the synthesis of a ZnNC catalyst, which showed

Fig. 9 (a) The synthesis of the desired structure of the Fe–N–C catalyst. (b) The ORR LSV curves of Fe–N–C at different rotating rates compared to Pt/C.
(c) The H2–O2 AEM performance of the Fe–N–C cathode. The curves were obtained with 1 mg cm�2 Fe–N–C as the cathode and 0.6 mg cm�2 PtRu as
the anode. Reproduced with permission from ref. 123 Copyright 2021, Nature Publications. (d) The synthesis of ZnNC. (e) The LSV curves of ZnNC with
different reference catalysts. (f) The polarization and power density curves of H2–air (CO2-free) AEMFC with ZnNC in the cathode and PtRu/C in the
anode. Reproduced with permission from ref. 125 Copyright 2022, Wiley-VCH GmbH Publications.
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efficient ORR activity with long-time stability and Fenton
reaction-inactivity.125 The ZnNC catalyst was prepared by cal-
cining a mixture of Zn-doped polyaniline and NH4Cl at 900 1C
in an Ar atmosphere, as shown in Fig. 9d. The final ZnNC was
obtained with special Zn-pyrrolic structures and showed super-
ior ORR performance to commercial Pt/C (Fig. 9e). Also, the
assembled H2–O2 AEMFC under the Department of Energy
(DOE) testing protocol showed a peak power density of
1.17 W cm�2. Importantly, the current density was as high
as 1.17 A cm�2 at 0.65 V, surpassing the DOE 2022 target of
1.0 A cm�2 at 0.65 V (Fig. 9f). The peak power density perfor-
mance for ZnNC could also reach 0.83 and 0.50 W cm�2 when
varying the anode loading to 0.6 mgPtRu cm�2 and 0.2 mgPtRu cm�2,
respectively, in the H2–air (CO2-free) system (Fig. 9g). The break-
through of the highly durable ZnNC ORR catalyst paves the way for
the preparation of cheap and durable AEMFCs.

5.2.2. Pyrolysis-free ORR catalysts. Transition-metal com-
plexes of N-containing ligand- and macrocycle-based molecular
catalysts, including metallo-porphyrins (Py), corroles, and
phthalocyanines (Pc), have been attracting intensive attention
as promising alternatives to Pt-related ORR catalysts since the
discovery of CoPc for catalysis of ORR in 1964.99,117,126–131

Nevertheless, most molecular catalysts for homogeneous cata-
lysis are not as active as their pyrolyzed analogues for hetero-
geneous catalysis, particularly in acid media. Recently, the
advances in AEMFC have increased the interest in molecular
catalysts, which have been demonstrated to have high activity
and stability in alkaline media.132,133 Importantly, molecular
catalysts can exist in the same electrolyte as the reaction
substance during the homogeneous catalysis process. There-
fore, a very high utilization rate of the molecular catalyst can be
obtained; moreover, the slow mass transfer problem occurring
in heterogeneous catalysts can be avoided. In general, molecu-
lar catalysts are mixed with carbon supports or directly depos-
ited on the surface of diffusion electrodes; however, there are
still challenges that need to be addressed. For example, the low
electronic conductivity, random distribution and stability of
molecular catalysts upon the simultaneous reactions of O2, ions
and electrons in homogenous catalysis.

Thus, to solve these problems, He et al. designed a homo-
geneous composite catalyst by combining 5,10,15,20-[tetrakis-
(4methoxyphenyl)porphyrin]cobalt(II) (TMPPCo) with a high-
performance anion exchange ionomer of polyfluorene (PF).134

In the PF-TMPPCo composite catalyst layer, as shown in Fig. 10a,
the TMPPCo molecular catalyst was evenly immobilized on the
size chain of the ionic conductive polymer, which could favor the
microphase separation process and high density distribution of
active sites. Benefiting from the covalent immobilization strat-
egy, PF-TMPPCo showed a superior ORR performance to the
reference catalysts, as shown in Fig. 10b. The E1/2 of PF-TMPPCo
was as high as 0.81 V, showing a 40 mV higher value than that of
PFI-TMPPCo (physical mixture of PF ionomer and TMPPCo),
confirming that the homogeneous composite catalyst could
enable the molecular catalysis process in the three-phase inter-
face. Additionally, PF-TMPPCo showed a superior AEMFC
performance with the peak power density of 226 mW cm�2

(Fig. 10c), which was much better than that of PFI-TMPPCo
(58 mW cm�2). The reshaped catalyst layer design could signifi-
cantly improve the mass transfer of O2, H2O and H2O2, as well
as the utilization of the Co active sites in the homogeneous
catalytic process.

It is well known that metal–organic frameworks (MOFs) are
one of the most important porous inorganic–organic hybrid
materials, which have attracted much scientific interest in the
field of energy conversion.135,136 Benefiting from their high
specific surface area, tunable porous sizes and high accessi-
bility of the active sites, MOFs can act as catalytic centers or
porous supports during heterogeneous catalysis. One of the
important advantages of MOFs is their flexible design and
tunable porous size and functionality at the molecular level.
It has been demonstrated that metalloporphyrin molecules
show strong interactions with O2 and provide a great opportu-
nity as channels for fast electron transfer via the hopping
mechanism.137,138 Based on this, Huang et al. designed PCN-
226 linked by redox-active metalloporphyrins and Zr cations.136

The Zr cations showed strong affinity with carboxyl-
functionalized metalloporphyrins due to the hard soft acid
base theory, confirming the stability of PCN-226. Importantly,
the as-fabricated Zr-chains could significantly enhance the high
chemical and redox stability and significantly modulate the
packing of the redox active-sites to improve the reaction
kinetics, thereby showing obvious ORR activity. Recently, Cao
et al. developed MOF-supported CoPy through covalent bonds
as a composite pyrolysis-free catalyst for ORR, which solves the
aggregation and inefficient utilization problems associated
with molecular catalysts. The strategy is shown in Fig. 10d, in
which Co tetra(imidazolyl)porphyrin 1 was grafted on a Zn-
based zeolitic imidazolate framework (ZIF-8) (named 1@ZIF-
8).139 After grafting CoPy 1 on the ZIF-8 MOF, the 4e� ORR
performance was significantly enhanced. As shown in Fig. 10e,
1@ZIF-8 showed a high E1/2 of 0.79 V, which was much higher
than that of CoPy 1 (0.72 V), Co-free hybrid ZIF-8 (0.6 V) and
untreated ZIF-8 (0.60 V). Also, the large difference in the ORR
activity between 1@ZIF-8 and the Co-free hybrid confirmed that
CoPy 1 was the real active site for ORR. Moreover, the grafted
CoPy 1 on ZIF-67, which was previously demonstrated as an
active MOF for H2O2 reduction, also showed enhanced 4e�

selectivity. Similarly, to improve the utilization of molecular
catalysts, Wu et al. reported the covalent linking of Co(III)
corrole to a F-graphdiyne (F-GDY) film via a facile nucleophilic
substitution,140 in which F-GDY was well-defined and provided
a much higher loading of active sites, even compared to
graphene and carbon nanotubes. The as-prepared COF-Co-Cor
catalyst exhibited 4e� ORR activity with E1/2 = 0.875 V, which
was much higher than that of Pt/C. The immobilization of
Co-corrole on the crystalline semiconducting F-GDY had the
advantages of both materials to largely enhance the ORR
activity compared with other related systems.

Moreover, covalent organic polymers (COPs) are types
of porous pyrolysis-free solid polymers consisting of molecular
secondary structural units linked by strong covalent
interactions,141 thereby endowing them with large specific
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surface areas (up to 4200 m2 g�1), flexible pore size (B5.0 nm),
robust thermal stability (B600 1C) and high charge mobility
(B8.1 cm2 V�1 s�1).142 Hence, COPs have also attracted intense
interest due to their promising potential applications for oxy-
gen reduction. COPs can not only strongly tailor the incorpora-
tion of heteroatoms and locations of active sites, but also
supply C/N atoms in the ligands with sufficient flexibility to
implant efficient metals into the structure. Additionally, the
well-designed COFs with ideal pore size and good stability favor
of the electrocatalytic processes in a direct way. However,
COPs show mediocre activity compared with the conventional
metal-based ORR catalysts due to the constrained electrical
conductivity.143 Combining conductive materials (carbon nano-
tubes, graphene, etc.) or mixing conductive carbon (acetylene
black, etc.) with COFs is a promising method to improve the
conductivity of COP-related ORR catalysts. For instance, Xiang
et al. reported the preparation of a pyrolysis-free Fe-COF hybrid
catalyst self-assembled with graphene via van der Waals
interaction.144 The pfSAC-Fe hybrids exhibited impressive
ORR activity due to the synergistic effect between the active

COPs and conductive graphene. Moreover, Echegoyen et al.
reported the synthesis of two types of Co(II)-porphyrin/[2,1,3]-
benzothiadiazole (BTD)-based covalent organic frameworks
(Fig. 10f, COFs; Co@rhm-PorBTD and Co@sql-PorBTD), which
showed excellent ORR activity.145 Moreover, the ORR LSV
curves demonstrated that these two COFs showed comparable
ORR activity and outperformed the mass activity of Pt/C (20%)
by 5.8 times for Co@rhm-PorBTD and 1.3 times for Co@sql-
PorBTD (Fig. 10g).

5.2.3. Metal oxide and related hybrid ORR catalysts. In
recent years, transition metal mixed oxides including mono-
metallic oxides, perovskite oxides and spinel oxides have been
widely used as ORR catalysts.5,6,146,147 In particular, perovskite
metal oxides have shown great promise for high ORR perfor-
mance because of their robust crystal structure, high conduc-
tivity and rich defects. Recently, versatile perovskite oxides have
exhibited high ORR activity.5,148–151 For instance, Weidner et al.
reported the preparation of LaCoO3 fibers for ORR by the
electrospinning strategy. The as-obtained LaCoO3 fibers exhib-
ited a much higher ORR performance due to the abundant

Fig. 10 (a) The advantage of catalyst layer based on homogeneous catalysis using the TMPPCo catalyst. (b) The LSV curves of PF-TMPPCo and the
compared catalysts in 0.1 M KOH solution. (c) H2–O2 AEMFC performance comparison. Reproduced with permission from ref. 134 Copyright 2020,
Wiley-VCH GmbH Publications. (d) The strategies for molecular catalysts to heterogeneous catalysts. (e) The LSV curves of 1-ZIF-67 and the compared
catalysts in 0.1 M KOH solution. Reproduced with permission from ref. 139 Copyright 2021, Wiley-VCH GmbH Publications. (f) The top views of the
optimized structures of Co@rhm-PorBTD (up) and Co@sql-PorBTD (down) with eclipsed (AA) structure. (g) ORR LSV curves of Co@rhm-PorBTD,
Co@sql-PorBTD and Pt/C catalysts. Reproduced with permission from ref. 145 Copyright 2023, ACS Publications.
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active sites compared with LaCoO3 powder.152 Additionally,
doping cations or anions is an efficient method to improve
the intrinsic activity of catalysts by modulating their electronic
structural energy, electronic band structure and oxygen
vacancies.5,153,154 For example, Ramakrishna et al. prepared
S-doped CaMnO3 (CMO/S) nanotubes by electrospinning and
subsequent thermal treatment with S power.151 The unique
microstructure could significantly facilitate the diffusion of
oxygen inside and outside the catalyst during the ORR process.
Additionally, the incorporation of S could also increase the
electric conductivity and vacancy defects in CaMnO3, thereby
optimizing the ORR activity of CMO/S. In electrochemical
reactions, individual perovskites are relatively limited in reg-
ulating the surface electronic states and intermediate adsorp-
tion energies. Therefore, the fabrication of perovskite-
containing heterostructures with a strong interfacial effect
has become one of the effective strategies to enhance the
activity of perovskite materials. For instance, Liu et al. reported
the enhanced ORR performance of hetero-structured SMOx–
SMO synthesized via epitaxial growth.5 The synthesis process is
shown in Fig. 11a. It should be noted that SMOx–SMO and
SMOx–MO with different interfaces were obtained by varying
the molar ratio of Sr2+ and Mn2+. As shown in Fig. 11b and c,
SMOx–SMO showed superior ORR activity with E1/2 = 0.74 V and
j of 5.46 mA cm�2 at 0.2 V, which was much better than that of
SMOx–MO (E1/2 = 0.67 V and j of 5.46 mA cm�2 at 0.2 V).
According to the simulated results, the epitaxial growth hetero-
junction of SMOx–SMO has a more stable thermodynamic
structure than non-epitaxial growth of SMOx–SMO due to the

lower formation energy of the former. Also, the positive shift in
the Mn band center could enhance the Mn oxidation state,
while the partial filling of eg could significantly optimize the
adsorption of intermediate *OH to improve the activity of
SMOx–SMO.

Moreover, the strong scaling relationship of adsorption
energy between ORR intermediates gives the minimum theore-
tical overpotential (B0.3–0.4 V) for a single site, which causes
unsatisfactory activity. Hence, constructing a single-site pair-
based active site on metal oxides can probably break the limit
of the adsorption-energy scale relationship to improve the ORR
performance by modulating the spin-state to optimize the
adsorption energy. For example, Zou et al. developed a Pt-Fe
pair by implanting Pt atomic sites on a-Fe2O3 (012) facets and
the as-fabricated Pt1–Fe/Fe2O3 (012) catalyst delivered a record
onset and E1/2 of 1.15 and 1.05 V, respectively. The STEM image
clearly displayed the individual platinum atoms dispersed on
the surface of Fe2O3 and the line intensity plot further verified
the existence of Pt–Fe pairs. The predicted DFT calculations
showed that the d-band of Fe can well match the d-band of Pt,
facilitating strong electronic coupling in the Pt–Fe pair. In
particular, for Pt1–Fe/Fe2O3 (012), the electron coupling gives
Pt a partially occupied dz

2 near the Fermi level, which can
maximize the frontier orbital overlapping. The formed Sigma
bonds potentially provide active sites for O2 adsorption and
activation. In addition, considering the transfer of electrons
from Fe to Pt, the original completely occupied eg orbital of
high-spin Fe3+ became a partially occupied state, which also
favored O2 adsorption. As expected, the ORR polarization curves

Fig. 11 (a) Th synthesis scheme of SMOx-SMO. (b) The LSV curves of ORR using different catalysts in 0.1 M KOH solution. (c) A comparison of E1/2 and
the limit current density for the related catalysts. Reproduced with permission from ref. 5 Copyright 2021, Wiley-VCH GmbH Publications. (d) the
synthesis process of V-CMO/rGO. (e) ORR polarization curves for V-CMO/rGO and related reference catalysts. (f) The stability tests of V-CMO/rGO and
Pt/C catalysts. Reproduced with permission from ref. 155 Copyright 2023, Wiley-VCH GmbH Publications.
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showed that Pt1–Fe/Fe2O3 (012) exhibited the highest performance,
delivering an extremely high onset potential of 1.15 V, the highest
mass activity of 14.9 A mgPt

�1 at 0.95 V among the investigated
catalysts and robust stability for ORR. The mechanism suggested
that the enhanced ORR kinetics was dramatically caused by the
facile O2 activation on the Pt–Fe pair and OH* desorption on the Pt
single-site. Thus, the optimized O2 activation and OH* desorption
could overcome the scaling relationships, which could not be
optimized on the catalyst per unit point.

Modifying metal oxides with rich oxygen defects has been
considered an efficient strategy to design ORR catalysts with
high activity. Peng et al. developed porous CaMnO3 (CMO)
nanofibers modified with rich vacancies and reduced graphene
oxide (V-CMO/rGO) as efficient ORR catalysts.155 V-CMO/rGO
was prepared via a facile electrospinning method and subse-
quent electrostatic adsorption of GO with appropriate thermal
treatment in air, as shown in Fig. 11d. CMO covered with
uniform rGO was obtained by altering the adsorbent amount
of GO. Moreover, the final V-CMO/rGO with well-designed 3D
framework could not only enhance the exposed active sites, but
also increase the electrical conductivity. In particular, the E1/2 of
V-CMO/5rGO was much higher than that of Pt/C, V-CMO/2rGO
and V-CMO/10rGO, as displayed in Fig. 11e. All the CMO
catalysts showed superior ORR activity to pure V-CMO because
of the highly conductive rGO. The chronoamperometry measure-
ment for the stability test in Fig. 11f verified that V-CMO/5rGO
retained better durability than Pt/C. The DFT results demon-
strated that CMO as the main active species showed very poor
activity for ORR as rGO. Also, Mn was selected as the active site

for the 4e� ORR pathway. The excellent performance could stem
from the modulation of the oxygen vacancies on the Mn active
site, as well as the accelerated electron transfer induced by the
uniformly distributed rGO.

6. Summary and perspectives

The importance of the ‘‘hydrogen economy’’ and ‘‘ammonia
economy’’ in the modern society cannot be overstated due to
their high energy density and carbon neutral nature in the future
energy landscape. In the case of AEMFCs, we believe there is still a
lot of room for further exploration. Therefore, increasing efforts
are a very desirable contribution to this promising area, especially
for catalysts. In the past few decades, important research progress
has been made in the development of non-precious catalysts for
AEMFCs. However, their catalytic activity still does not reach the
that of PGMs. For practical application in AEMFCs, the large-scale
development of well-structured and cost-effective catalysts is a
prerequisite. The future direction of development for catalysts and
key challenges for AEMFCs are summarized in Fig. 12, which also
properly addresses the comprehensive challenges that require
cooperation between industry and academia. It is believed that
AEMFC technology will open up a new path for the development
of the next generation of energy-conversion devices to meet the
growing energy needs of modern society.

6.1. Catalyst screening

Exploring efficient and robust HOR/AOR/ORR non-PGM cata-
lysts that can match or exceed the performance benchmark of

Fig. 12 A schematic of future developments of electrocatalysts for AEMFCs and remaining technological challenges.
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PGMs is crucial. Although the excellent performance of TM-
based materials has been reported, a great deal of studies still
need to be done on this topic. On one hand, exploring new
materials through high-throughput computation and active
machine learning strategies can greatly accelerate the develop-
ment in the field.156,157 On the other hand, the dedicated
research for non-traditional materials or structures that inher-
ently outperform the ‘‘standard’’ scaling relations can help to
design and explore the next generation of efficient catalysts.

6.2. Mechanism exploring

Versatile types of catalysts have been designed for efficient
HOR, AOR and ORR; nevertheless, a systematic deep mecha-
nistic understanding of the reactions in alkaline media is still
lacking, especially for AOR. Presently, most AOR catalysts are
still prepared by trial and error. Alternatively, it is necessary to
develop highly active catalysts for potential applications in
AEMFCs by combining computational and experimental
approaches, especially advanced in situ characterization tech-
niques. For example, in situ/operando XAS, TEM and Raman
spectroscopy, are highly required for real-time monitoring of
the dynamic evolution process of the catalyst structure. Also,
systematic studies can greatly facilitate an in-depth under-
standing of the catalytic mechanism of catalysts and rational
design of more novel low-cost and efficient catalysts.

6.3. High MEA performance

At high current densities, mass transfer is a major limiting
factor for RDE and integrated MEA device testing. The RDE test
uses a thin CL and low catalyst loading to alleviate the mass
transfer problem because thin CLs can facilitate the efficient
circulation of the electrolyte. Simultaneously, O2 diffuses easily
from thin CLs. In contrast, thick CLs with a high catalyst
loading will cause serious mass transfer problems for reactants
or products, resulting in large gaps in performance. Thus, to
alleviate the mass transfer problem, thin CLs are directly
deposited on the membrane and highly porous conductive
substrates. The high hydrophobicity of polymer ionomers
may limit the electrolyte proximity to the electrode surface,
thereby reducing the cell performance. Hence, it is critical to
optimize the three-phase boundary (TPB) of the electrode
reaction.

Moreover, the surface functional groups of the catalyst,
backbone chains of ionomers, polarity of the solvent, etc. can
also impact the quality of the catalyst ink and probably cause
the catalyst to aggregate on the electrode during the manufac-
turing of MEAs, thereby blocking the mass transfer channel
and degrading the cell performance. In particular, even some
stable M–N–C materials showing robust stability in the RDE
system are subjected to fast degradation under high-
temperature operations. Thus, to alleviate the degradation,
robust metal oxides are potentially utilized to stabilize
carbon-related catalysts for fuel cells.38,158 Furthermore, che-
mically stable, mechanically robust and highly electric conduc-
tive AEMs are also urgently required to propel the development
of AEMFCs.

6.4. Technical obstacles

Although hydrogen is the most promising fuel due to its simple
anodization, its storage and transport are a huge challenge
impeding the development of a hydrogen economy. In the case
of NH3, the crossover of ammonia from the anode to cathode
via AEMs is also a serious challenge. Moreover, the rational
design and upgrading of equipment and systems are also
highly required to meet the demand of highly safe, low-cost,
high-efficiency and facile operability cell stacks under both
experimental and practical industry environments.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (No. 22202214, 51825204) and Natural
Science Foundation of Liaoning Province-Outstanding Youth
Foundation (2022-YQ-02). G. L. thanks the financial support
from the New Cornerstone Science Foundation through the
XPLORER PRIZE.

References

1 F. Jiao and B. Xu, Electrochemical Ammonia Synthesis and
Ammonia Fuel Cells, Adv. Mater., 2019, 31(31), 1805173.

2 N. M. Adli, H. Zhang, S. Mukherjee and G. Wu,
Review-Ammonia Oxidation Electrocatalysis for Hydrogen
Generation and Fuel Cells, J. Electrochem. Soc., 2018,
165(15), J3130.

3 Y. Yang, P. Li, X. Zheng, W. Sun, S. X. Dou, T. Ma and
H. Pan, Anion-exchange membrane water electrolyzers and
fuel cells, Chem. Soc. Rev., 2022, 51(23), 9620–9693.

4 Y. Yang, C. R. Peltier, R. Zeng, R. Schimmenti, Q. Li,
X. Huang, Z. Yan, G. Potsi, R. Selhorst, X. Lu, W. Xu,
M. Tader, A. V. Soudackov, H. Zhang, M. Krumov,
E. Murray, P. Xu, J. Hitt, L. Xu, H.-Y. Ko, B. G. Ernst,
C. Bundschu, A. Luo, D. Markovich, M. Hu, C. He,
H. Wang, J. Fang, R. A. DiStasio, L. F. Kourkoutis,
A. Singer, K. J. T. Noonan, L. Xiao, L. Zhuang, B. S.
Pivovar, P. Zelenay, E. Herrero, J. M. Feliu, J. Suntivich,
E. P. Giannelis, S. Hammes-Schiffer, T. Arias,
M. Mavrikakis, T. E. Mallouk, J. D. Brock, D. A. Muller,
F. J. DiSalvo, G. W. Coates and H. D. Abruña, Electro-
catalysis in Alkaline Media and Alkaline Membrane-
Based Energy Technologies, Chem. Rev., 2022, 122(6),
6117–6321.

5 C. Chen, X.-T. Wang, J.-H. Zhong, J. Liu,
G. I. N. Waterhouse and Z.-Q. Liu, Epitaxially Grown
Heterostructured SrMn3O6�x-SrMnO3 with High-Valence
Mn3+/4+ for Improved Oxygen Reduction Catalysis, Angew.
Chem., Int. Ed., 2021, 60(40), 22043–22050.

Review Materials Chemistry Frontiers

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
D

ec
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 2

/1
6/

20
26

 5
:2

7:
28

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3qm00947e


This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024 Mater. Chem. Front., 2024, 8, 903–929 |  923

6 R. Gao, J. Wang, Z.-F. Huang, R. Zhang, W. Wang, L. Pan,
J. Zhang, W. Zhu, X. Zhang, C. Shi, J. Lim and J.-J. Zou, Pt/
Fe2O3 with Pt–Fe pair sites as a catalyst for oxygen
reduction with ultralow Pt loading, Nat. Energy, 2021,
6(6), 614–623.

7 A. Han, X. Wang, K. Tang, Z. Zhang, C. Ye, K. Kong, H. Hu,
L. Zheng, P. Jiang, C. Zhao, Q. Zhang, D. Wang and Y. Li,
An Adjacent Atomic Platinum Site Enables Single-Atom
Iron with High Oxygen Reduction Reaction Performance,
Angew. Chem., Int. Ed., 2021, 60(35), 19262–19271.

8 A. Han, Z. Zhang, X. Li, D. Wang and Y. Li, Atomic
Thickness Catalysts: Synthesis and Applications, Small
Methods, 2020, 4(9), 2000248.

9 A. Han, Z. Zhang, J. Yang, D. Wang and Y. Li, Carbon-
Supported Single-Atom Catalysts for Formic Acid Oxida-
tion and Oxygen Reduction Reactions, Small, 2021,
17(16), 2004500.

10 Y. Wang, J. Wu, S. Tang, J. Yang, C. Ye, J. Chen, Y. Lei and
D. Wang, Synergistic Fe�Se Atom Pairs as Bifunctional
Oxygen Electrocatalysts Boost Low-Temperature Recharge-
able Zn-Air Battery, Angew. Chem., Int. Ed., 2023,
62(15), e202219191.

11 P. Cui, L. Zhao, Y. Long, L. Dai and C. Hu, Carbon-Based
Electrocatalysts for Acidic Oxygen Reduction Reaction,
Angew. Chem., Int. Ed., 2023, 62, e202218269.

12 Y. T. Chan, K. Siddharth and M. Shao, Investigation of
cubic Pt alloys for ammonia oxidation reaction, Nano Res.,
2020, 13(7), 1920–1927.

13 K. Nakajima, H. Toda, K. Sakata and Y. Nishibayashi,
Ruthenium-catalysed oxidative conversion of ammonia
into dinitrogen, Nat. Chem., 2019, 11(8), 702–709.

14 H. Du, Z. Du, T. Wang, B. Li, S. He, K. Wang, L. Xie, W. Ai
and W. Huang, Unlocking Interfacial Electron Transfer of
Ruthenium Phosphides by Homologous Core–Shell Design
toward Efficient Hydrogen Evolution and Oxidation, Adv.
Mater., 2022, 34(37), 2204624.

15 T. Zhao, M. Li, D. Xiao, X. Yang, Q. Li, L. An, Z. Deng,
T. Shen, M. Gong, Y. Chen, G. Wang, X. Zhao, L. Xiao,
X. Yang, L. Li and D. Wang, Pseudo-Pt Monolayer for
Robust Hydrogen Oxidation, J. Am. Chem. Soc., 2023, 145,
4088–4097.

16 Y. Zhou, Z. Xie, J. Jiang, J. Wang, X. Song, Q. He, W. Ding
and Z. Wei, Lattice-confined Ru clusters with high CO
tolerance and activity for the hydrogen oxidation reaction,
Nat. Catal., 2020, 3(5), 454–462.

17 S. Zhu, X. Qin, F. Xiao, S. Yang, Y. Xu, Z. Tan, J. Li, J. Yan,
Q. Chen, M. Chen and M. Shao, The role of ruthenium in
improving the kinetics of hydrogen oxidation and evolu-
tion reactions of platinum, Nat. Catal., 2021, 4(8), 711–718.

18 J. Mao, C.-T. He, J. Pei, Y. Liu, J. Li, W. Chen, D. He,
D. Wang and Y. Li, Isolated Ni Atoms Dispersed on Ru
Nanosheets: High-Performance Electrocatalysts toward
Hydrogen Oxidation Reaction, Nano Lett., 2020, 20(5),
3442–3448.

19 W. Sheng, Z. Zhuang, M. Gao, J. Zheng, J. G. Chen and
Y. Yan, Correlating hydrogen oxidation and evolution

activity on platinum at different pH with measured hydro-
gen binding energy, Nat. Commun., 2015, 6(1), 5848.

20 W. Sheng, H. A. Gasteiger and Y. Shao-Horn, Hydrogen
Oxidation and Evolution Reaction Kinetics on Platinum:
Acid vs Alkaline Electrolytes, J. Electrochem. Soc., 2010,
157(11), B1529.

21 Y. Duan, X.-L. Zhang, F.-Y. Gao, Y. Kong, Y. Duan,
X.-T. Yang, X.-X. Yu, Y.-R. Wang, S. Qin, Z. Chen, R. Wu,
P.-P. Yang, X.-S. Zheng, J.-F. Zhu, M.-R. Gao, T.-B. Lu,
Z.-Y. Yu and S.-H. Yu, Interfacial Engineering of Ni/V2O3

Heterostructure Catalyst for Boosting Hydrogen Oxidation
Reaction in Alkaline Electrolytes, Angew. Chem., Int. Ed.,
2023, 62(10), e202217275.

22 W. Ni, A. Krammer, C.-S. Hsu, H. M. Chen, A. Schüler and X. Hu,
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M. Busch, N. B. Halck, J. Rossmeisl and P. Krtil, Targeted
design of a-MnO2 based catalysts for oxygen reduction,
Electrochim. Acta, 2016, 191, 452–461.

108 G. A. Tritsaris, J. K. Nørskov and J. Rossmeisl, Trends in
oxygen reduction and methanol activation on transition
metal chalcogenides, Electrochim. Acta, 2011, 56(27),
9783–9788.

109 A. Han, W. Sun, X. Wan, D. Cai, X. Wang, F. Li, J. Shui and
D. Wang, Construction of Co4 Atomic Clusters to Enable
Fe-N4 Motifs with Highly Active and Durable Oxygen
Reduction Performance, Angew. Chem., Int. Ed., 2023,
62, e202303185.

110 J. W. F. To, J. W. D. Ng, S. Siahrostami, A. L. Koh, Y. Lee,
Z. Chen, K. D. Fong, S. Chen, J. He, W.-G. Bae, J. Wilcox,
H. Y. Jeong, K. Kim, F. Studt, J. K. Nørskov, T. F. Jaramillo
and Z. Bao, High-performance oxygen reduction and evo-
lution carbon catalysis: From mechanistic studies to device
integration, Nano Res., 2017, 10(4), 1163–1177.

111 X. Ge, A. Sumboja, D. Wuu, T. An, B. Li, F. W. T. Goh,
T. S. A. Hor, Y. Zong and Z. Liu, Oxygen Reduction in
Alkaline Media: From Mechanisms to Recent Advances of
Catalysts, ACS Catal., 2015, 5(8), 4643–4667.

112 F. Abild-Pedersen, J. Greeley, F. Studt, J. Rossmeisl,
T. R. Munter, P. G. Moses, E. Skúlason, T. Bligaard and
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