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ort interaction effect in the
carbon-free PEMFC cathode catalysts

Feilong Dong, Yarong Liu, Zunhang Lv, Changli Wang, Wenxiu Yang *
and Bo Wang *

Proton exchange membrane fuel cells (PEMFCs) have been regarded as an effective means to transform

hydrogen energy into electric energy, which is featured with high energy density, excellent conversion

efficiency, and environmental friendliness. Carbon nanomaterials are the most widely used supports for

the state-of-the-art Pt-based PEMFC cathode catalysts. Nonetheless, the corrosion of carbon supports

under high potential environment would inevitably lead to the dissolution/ripening of Pt, resulting in the

severe degradation of their PEMFC performance. Carbon-free materials, such as transition metal oxides/

nitrides/sulfides/carbides (TMOs, TMNs, TMSs, and TMCs), can effectively prevent this issue with their

excellent intrinsic stability and tuned metal–support interactions (MSI). Recently, numerous researches

have been focused on the design and preparation of carbon-free PEMFC cathode catalysts. Meanwhile,

MSI effect, including d-band center, migration energy barrier, defect sites, coordination environment,

and electron transfer ability, have also been considered to improve the PEMFCs performance. In this

review, the MSI effect of carbon-free PEMFC cathode materials and their common adjustment strategies

are systematically summarized. Then, details about the pristine and modified carbon-free PEMFC

catalysts and their specific structure–activity relationships induced by MSI effect are further illustrated in

the order of TMOs, TMCs, TMNs, and TMSs. Finally, the challenges and perspectives of carbon-free

PEMFC cathode catalysts are further proposed to provide insights into future researches in this PEMFC field.
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1 Introduction

Recently, environmental problems, such as global warming and
air pollution, caused by the excessive use of fossil energy have
become one of the greatest global challenges. In order to
promote the worldwide zero carbon emission, it is urgent to
develop eco-friendly and sustainable new energy system.
Hydrogen energy, as a secondary energy source, is characterized
by high combustion caloric value, abundant resources, and
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cleanliness, which can alleviate the shortage of fossil energy and
environmental problems. Proton exchange membrane fuel cells
(PEMFCs) are effective devices in utilizing the hydrogen energy,
which can accomplish the transformation of chemical energy
into electric energy.1,2 In addition, it is featured with high
energy density, excellent conversion efficiency, environmental
friendliness, and starts quickly at low temperature. Owing to
these advantages, PEMFCs have shown important application
potential in the past decades.3–5

Oxygen reduction reaction (ORR) is the key step in PEMFCs;
however, it suffers from sluggish kinetics. Currently, Pt-based
nanocrystals-anchored carbon composites (Pt/C) are the state-
of-the-art ORR catalysts, where regulatory strategies for
geometric and electronic structure have been accordingly
provided to achieve the most active Pt/C catalysts for PEMFCs.
However, under the strong oxidative/acidic conditions of
PEMFCs, severe deactivation issues still exist for commercial Pt/
C catalysts (>55% mass activity (MA) loss aer 30 000 voltage
cycles), which is far from the target of U.S. DOE 2025 (aer 30
000 voltage cycles, MA loss is less than 40%).6–9 Details for this
deactivation mechanism of Pt/C are as follows: (1) the insuffi-
cient metal–support interaction; (2) the corrosion of the carbon
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carriers; (3) the dissolution, migration and redeposition of the
precious metals. Moreover, the local cathode potential will be as
high as 1.5 V (vs. reversible hydrogen electrode (RHE)) under the
circumstances of fuel cell start-stop or load-changing, further
causing the rapid oxidation of the carbon support.10,11 As proved
by the reported results, this oxidation process can lead to the
compaction or collapse of nanopores near the surface (less than
100 nm in size). Concretely, the total porosity and surface area
of these oxidized carbon carriers will be respectively lost by
∼35% and ∼13% aer 1000 start-stop cycles of PEMFCs,12

which results in the agglomeration of metal active sites and the
reduction of PEMFCs lifetime.13 Hence, it is essential to develop
efficient supports for PEMFC cathode catalysts with improved
long-time tolerance and metal–support interaction, ultimately
boosting the commercialization of PEMFCs. Recently,
researches have mainly solved this issue from two approaches,
including optimizing the poor-stability of carbon and exploring
novel carbon-free supports. The details are as follows.

As for the optimized stability of carbon-based carriers,
enhancing the carbon graphitization degree and decreasing the
exposed carbon edge defects have been veried as efficient
methods to achieve this goal.14,15 With the increase in carbon
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Fig. 1 The regulation strategies for the MSI effect and common types
of carbon-free carriers in PEMFC cathodes.
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graphitization, carbon nanomaterials such as graphene, carbon
nanotubes, and other in situ formed graphitized carbon
frameworks can show improved ORR stability.16,17 Meanwhile,
carbon carriers with at surface exhibit better durability than
that with abundant edge defects. Also, the negative effect on the
durability induced by hydrogen-groups-rich edges such as C–H,
C–OH, and C–COOH is severer compared to the ether ring
groups.18 Despite the negative impact of defects on the stability
of carbon-based ORR catalysts, many reports have also
conrmed that carbon defects can optimize the electron struc-
ture of metal active sites and synergistically enhance the ORR
performance.19 For example, designing defect-rich M-N4-carbon
catalysts could change the microscopic coordination environ-
ment of active sites, thus optimizing the adsorption of ORR
intermediates and increasing their ORR activities.20,21 There-
fore, simultaneously improving the activity and stability of
carbon-based ORR catalysts remains a huge challenge in the
eld of carbon-based ORR catalysts.

Besides, as for the novel carbon-free supports, transition
metal-based nanomaterials (named as TMXs) have attracted
much attention in recent years for PEMFC cathodes, for
example, transition metal oxides (TMOs), transition metal
carbide (TMCs), transition metal nitrides (TMNs), and transi-
tion metal sulde (TMSs). Compared with carbon supports,
most of these carbon-free supports have excellent chemical/
electrochemical stability and MSI under the PEMFCs condi-
tions, yet some of them still suffer from low conductivity and
insufficient anchoring sites. In view of these problems, adjust-
ing the geometric structure has been used to tune their specic
surface area, pore distribution, and exposed anchor sites,
offering huge possibility for developing stable and active
PEMFC cathode catalysts. In addition, strategies such as het-
erometal atoms doping, metal-free heteroatoms doping (S, N, P,
etc.), coating engineering, and partial oxidizing/sulfurizing have
also been provided to facilitate their MSI effect. Meanwhile,
with the aid of advanced nanocharacterization/theoretical
calculation techniques, the MSI effect of these carbon-free
ORR catalysts can be further analyzed, ultimately prompting
the in-depth understanding of structure–activity relationships.

So far, a majority of the reviews on PEMFC cathode catalysts
are focused on novel carbon-supported nanocatalysts,
including, Pt-based alloys,22,23 platinum group metal (PGM)-free
catalysts,24–26 metal–organic frameworks based catalysts,27

single atom catalyst (SCAs),28–31 diatomic metals,32 and nano-
carbon catalysts.33–35 Few reviews can provide a comprehensive
summary on carbon-free PEMFC cathode catalysts, especially
those that can logically analyze the MSI effect and structure–
activity relationships. Therefore, it is necessary to illustrate the
relevant researches, which can prompt the accurate design of
non-carbon-based PEMFC cathode ORR electrocatalysts and the
deep understanding of reaction mechanisms. In this paper, the
MSI effect of the carbon-free PEMFC cathode materials and
common adjustment strategies are systematically illustrated
(Fig. 1). Then, several pristine and modied non-carbon ORR
catalysts are further illustrated in the order TMOs, TMCs,
TMNs, TMSs, etc. so as to better analyze the MSI effect-induced
structure–activity relationships of these catalysts. Last but not
23108 | J. Mater. Chem. A, 2023, 11, 23106–23132
least, the challenges and prospectives of non-carbon cathode
catalysts for PEMFCs are prospected based on the latest
research progress, aiming to boost the development and wide-
spread application of PEMFCs device.

2 Regulation mechanism of MSI in
carbon-free ORR catalyst for PEMFCs

Supported metal catalysts, where active metal species are
anchored on the surface of nanocarriers, have been widely used
in the energy storage and conversion process,36–38 especially in
PEMFCs.39,40 In general, excellent supports can improve the
dispersion and utilization efficiency of metal active species, and
some of them can even participate in these electrochemical
processes.41,42 According to their roles, supports can be divided
into inert and active nanomaterials.43 For example, nano-
materials including nanocarbon, silicon oxide, and alumina are
regarded as inert supports. Due to the lack of reducibility of
such materials, it is difficult to release reactive oxygen species
under the practical electrochemical conditions, ultimately
showing inertia toward the catalytic reaction. On the contrary,
the active supports are mainly referred to as reducible MXs,
such as reducible metal oxides, metal carbides, metal nitrides,
and metal suldes. Meanwhile, chemical bonds and strong MSI
can be detected at the interfaces between these reducible MXs
supports and metal active sites,44 which will facilitate their
enhanced catalytic activity, selectivity, and stability.

As for PEMFC cathode catalysts, the positive effect of MSI in
MXs-supported M* (M* = transition metal active site)-based
catalysts (MXs-M*) can be illustrated as follows: (a) reducing
the d band center of metal. The M–M* bond formed in MXs-M*

can promote the electron transfer from the carrier to the active
metal species through electronic MSI, thus reducing the d-band
This journal is © The Royal Society of Chemistry 2023
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center and oxygen adsorption energy of the M* sites and ulti-
mately improving their ORR performance;45–47 (b) optimizing
the coordination environment of M*. The presence of X in MXs
can not only provide anchor sites for M* but also optimize the
coordination environment of M*, leading to an enhanced the
ORR activity. Moreover, the formation of the M*–X bond (X =

O, N, S, C) in MXs-M* can improve the migration barrier of
these carrier surface and prevent the aggregation of active metal
species through the strong MSI effect;48 (c) adjusting the
exposed crystal plane. The exposed crystal plane of M* can be
effectively tuned by MXs so as to maximize the density of the
active crystal plane for the ORR process;49–51 (d) enhancing the
migration energy barrier. The MXs carriers can also be regarded
as coating layers for M*, preventing their migration and
aggregation during the ORR process. Also, many previous
strategies such as mechanical-milling or chemical-etching have
been further used to adjust the encapsulation degree and
thickness of this coating layer, ultimately avoiding negative
effect of the excessive encapsulation layer on the active M* sites
and promoting the electron transfer property between the M*

and adsorbed oxygen;52,53 (e) forming the defect site. The
vacancies, non-metal atom doping engineering, defect site, and
heterojunction in the MXs carriers can be benecial for the
anchoring of the active metal species and the electron transfer
within these composites.54 Table 1 summarizes the RDE and
PEMFC results of representative carbon-free catalysts, which are
induced by different MSI effects.

3 Carbon-free carriers
3.1 Transition metal oxide carriers (TMOs)

Based on the Pourbaix diagram, TMOs have been demonstrated
to be stable and possess great durability against oxidation
reactions in harsh environments (pH < 1.0; 1.0–1.5 V),55–57 which
is owing to the high valence state of the metals in TMOs.
Meanwhile, the M*–O bond in TMOs–M* can improve the
migration barrier of M* and prevent the aggregation of M*. In
addition, doping strategies and forming heterostructures are
regarded as efficient methods to improve the electrical
conductivity of TMOs. The above advantages of transition metal
oxide carriers make it possible to be alternative catalyst
supports in PEMFCs.

3.1.1 MSI effect between TMOs and M*. Since 1978, Taus-
ter et al. have investigated that the chemisorption abilities of
TiO2-loaded noble metal composites toward small gas mole-
cules, e.g., CO and H2. Aer a reduction treatment at 500 °C, the
chemisorption abilities would suddenly disappear.58 Based on
the experimental results, they also found that the lowering of
the sorption capacity was not due to the agglomeration of
supported noble metals but caused by the changing of chemical
interaction between the noble metal and the supports. In this
case, the term “strong metal–support interaction (SMSI)” was
proposed to describe this phenomenon.

Aer that, many researches have been focused on TMOs–M*,
further exploring the origin of the SMSI effect. For example, it
has been demonstrated that the work function of TMOs can be
tuned by optimizing their oxygen vacancy concentration.61
This journal is © The Royal Society of Chemistry 2023
Therefore, a huge difference in the work function between
TMOs and M* species (e.g., Pt (5.84 eV)) can be achieved to
enhance the charge transfer property in TMOs–M*, allowing
more electrons to be injected into the d-band of the active metal
species.62–64 Moreover, a linear relationship can be summarized
between the d-band center of M* and oxygen vacancy concen-
tration of TMOs, verifying the key role of oxygen vacancy
concentration for the adjustment of electronic MSI. Adhesion
energy between TMOs and M* is another key descriptor for
TMOs–M*, which have a signicant effect on the sintering onset
temperature of metals.65 It has been reported that the higher
adhesion energy and migration barrier of TMOs-supported
composites catalysts can effectively prevent the agglomeration
of the M* species. Beyond that, heteroatom doping, hetero-
structures, defects, etc., can also be applied to optimize the
SMSI effect of TMOs–M* and improve their catalytic activities
for ORR. Detailed researches on the pristine and modied
TMOs-supported catalysts are given below.

3.1.2 Pristine transition metal oxide carriers. To date,
metal oxides such as WO3, SnO2, and CeO2 have aroused
innite interests as alternative electrocatalyst supports for
PEMFCs. As is known, some of TMOs still suffer from poor
electrical conductivity. To make full use of the MSI effect and
decrease the effect of low-conductivity, in the initial research,
TMOs were always combined with carbon to produce TMOs–
carbon composite supports for PEMFC cathode. For example,
Dou et al. compounded Pt/WO3/C nanocomposites by means of
parallel WO3 nanorods as PEMFC cathode catalysts. As revealed
in TEM image, the average size of Pt nanoparticles (NPs)
anchored to WO3/C was 1.6 nm, which is quite smaller than that
for Pt/C (ca. 2.4 nm). As a result, Pt/WO3/C exhibited an
enhanced electrochemical activity and stability for ORR
compared with Pt/C.66

Li et al. developed a cable-like carbon nanotubes (CNTs)
@SnO2 core@shell structure supporting the Pt NPs, which
exhibited high performance of ORR catalysis as advanced
PEMFC cathode catalysts. Sn2+ precursor was predeterminedly
nucleated at the carbonyl matrix and oxidized into SnO2 on the
surface of CNTs and grew up to completely cover its surface;
immediately, Pt NPs were loaded onto the CNT@SnO2 using the
ethylene glycol reduction method (Fig. 2a and b). Density
functional theory (DFT) calculations suggested that CNT@SnO2

have higher adhesion energy and higher migration barrier for Pt
atoms compared with conventional carbon carriers due to the
SMSI between SnO2 and Pt, preventing the Pt NPs from
agglomeration (Fig. 2c). Meanwhile, the concentration of
oxygen vacancy in SnO2 could regulate the SMSI between SnO2

and Pt NPs, which could properly reduce the d-band center of Pt
(Fig. 2d) and optimize the ORR activity. The presence of a small
amount of CNTs (∼20 wt%) enhanced the conductivity of the
carrier; meanwhile, SnO2 on the CNTs surface can effectively
prevent CNTs support from corrosion and collapse in the high-
potential environment of PEMFCs. Impressively, the Pt-
CNT@SnO2 catalyst with optimal d-band center of Pt achieved
the most excellent activity (MA = 0.68 A mgPt

−1 under 0.9 ViR-
free, peak power density= 1618mW cm−2), and high stability in
H2–O2 fuel cells aer 5000 cycles under 1.0–1.5 V (MA loss =
J. Mater. Chem. A, 2023, 11, 23106–23132 | 23109
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Fig. 2 (a) Scheme of the synthetic processes to Pt-CNT@SnO2-T. (b) High resolution transmission electronmicroscopy (HRTEM) image of the
Pt-CNT@SnO2-400 (inset: statistical distribution of particle size). (c) The interfacial cohesive energies and energy barriers of a Pt atommigrating
on the surfaces of Pt/SnO2(110), Pt/SnO2(101), and Pt/graphene, respectively. (d) Valence band XPS spectra of Pt-CNT@SnO2 (black dotted line:
the position of the d-band center). (e) H2–O2 fuel cell polarization curves of commercial Pt/C and Pt-CNT@SnO2-400 after 5000 cycles under
1.0–1.5 V. Reproduced with permission.59 Copyright 2022, Elsevier B.V. (f) Scheme of the synthesis route of Pt–CeO2-NC catalysts. (g and h) High
resolution XPS spectra of (g) O 1s and (h) Pt 4f. (i) MA at 0.9 V (vs. RHE) and half-wave potential of Pt–CeO2–NC, Pt/NC, and commercial Pt/C. (j)
LSV curves of commercial Pt/C and Pt–CeO2–NC with optimal CeO2 ratio before and after 10 000 cycles. Reproduced with permission.60

Copyright 2022, The Royal Society of Chemistry.
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9.2%, power density loss = 8%), compared with the previously
reported Pt-based catalysts (Fig. 2e).59 Numerous studies have
focused on increasing the adhesion energy between metal NPs
and supports so as to boost the stability of small metal particles
during the operation of PEMFCs. By controlling the density of
distributed CeO2 nanocrystals on the NC support, Lu et al.
successfully avoided the single contact between Pt and CeO2 or
the NC support and demonstrated a triple-junction interface of
Pt–CeO2–nitrogen-doped carbon (Pt–CeO2-NC) (Fig. 2f). The Pt–
CeO2–NC CeO2 nanocrystals included several oxygen vacancies.
It can be seen from Fig. 2g that in the Pt–CeO2–NC catalyst, the
CeO2 nanocrystals had a high concentration of oxygen vacancies
and anchored Pt NPs tightly via the SMSI, which can alter the
chemical state of Pt and prompt the electron transfer from NC
support to Pt (Fig. 2h). The well-controlled Pt–CeO2–NC triple-
junction catalyst demonstrated exceptional activity and
stability in acidic media with an MA of 593.6 mA mgPt

−1 (6.1
This journal is © The Royal Society of Chemistry 2023
times that of commercial Pt/C) (Fig. 2i) and a 5 mV decline of
half-wave potential aer 10 000 cycles of accelerated durability
test (ADT) (Fig. 2j), which outperformed the results for Pt/CeO2

catalysts that have been reported in previous investigations. The
signicance of Pt-oxide-support triple-junctions for developing
extremely effective Pt electrocatalysts is highlighted by this
work.60

Meanwhile, altering the oxide interfacial characteristics by
means of concentrating defects, terminating surfaces, func-
tionalizing surfaces, or changing reaction conditions can also
be used to improve the ORR performance. Niu et al. prepared
defect-rich Ti4O7 support by ball milling and sonication treat-
ments to load Pd NPs. EPR and XPS indicated the SMSI and
high conductivity induced by abundant oxygen vacancies and
disorder layers in the treated Ti4O7 support, which are crucial
for enhancing the ORR activity of Pd/Ti4O7.69
J. Mater. Chem. A, 2023, 11, 23106–23132 | 23111
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Fig. 3 (a) Schematic diagrams displaying the fabrication route of functional CeOx nanoglue islands and CeOx/SiO2-supported Pt single-atom. (b)
Low-magnification HAADF-STEM study of the conformally coated mesoporous, high-surface-area SiO2 substrate with the as-prepared CeOx

nanoclusters. (c) Powder XRD patterns of CeOx/SiO2 and pure CeO2 NPs. Inset: shows broadening and shifting of the peak position of CeOx

nanoclusters. (d) Ce 3d XPS data for SiO2-supported CeOx nanoclusters (top) and pure CeO2 powders (bottom). (e) Pt LIII-edge XANES spectrum
of 0.4 wt% Pt/CeOx/SiO2 catalyst. Reproduced with permission.67 Copyright 2022, Springer Nature. (f) The principle of controlling the size of Au
NPs by lateral polarization electrochemical potential method. (g and h) SEM images of the Au/PCO samples that were annealed under various
potentials: (g) −1.8 V and (h) +0.6 V for 10 min. (i) SEM images of the thermal stability for the Au NPs on the PCO support. Reproduced with
permission.68 Copyright 2022, American Chemical Society.
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To further enhance the anchoring effect and charge trans-
port ability of TMOs carrier, Liu et al. Prepared efficient Pt/CeOx/
SiO2 catalysts by pre-conning the atomic Pt metal atoms on
oxide nanoclusters or ‘nanoglues’ (Fig. 3a). Initially, defective
CeOx nanoglue islands were graed onto SiO2 with a large
surface area, and the atomic Pt sites were anchored on CeOx by
the MSI effect (Fig. 3c–e). Even under harsh conditions (high
temperatures, oxidizing and reducing environments), Pt atoms
could remain dispersed (Fig. 3b), and the Pt/CeOx/SiO2 catalyst
still exhibits markedly increased activity. The support structure
and the higher affinity of Pt atoms for CeOx than for SiO2 were
blamed for the enhanced stability under reducing circum-
stances, which ensures that the Pt atoms remain mobile yet stay
conned to their respective nanoglue islands (Fig. 4j). This
report advances metal oxide-supported single-atom catalysts
one step closer to being utilized in actual applications.67

The adjustment of loading and size for M* in the TMOs–M*

composites are of importance for the PEMFCs performance. For
example, by adjusting the surface oxygen vacancy content of the
TMOs support, Kim et al. indicated an electrochemical method
to optimize the size of the Au NPs (Fig. 3f), where two kinds of
supports (such as La0.8Ca0.2MnO3±d (LCM) and Pr0.1Ce0.9O2−d

(PCO)) with different reducibility are rstly provided. By means
of applying the electrochemical potential, they achieve a wide
23112 | J. Mater. Chem. A, 2023, 11, 23106–23132
variety of effective oxygen pressures in these two supports. Aer
the application of the cathodic potential, a high concentration
of oxygen vacancies could be formed in supports, which prompt
the distribution of Au NPs (7–13 nm) (Fig. 3g), while the anodic
potential could oxidize the TMOs surface and increase the size
of the Au NPs (Fig. 3h). The onset cathodic potential required in
the creation of small Au NPs depends strongly on the reduc-
ibility of the support oxide. Finally, the Au NPs in the resulting
Au NPs@LCM and Au NPs@PCO catalysts did not undergo
sintering under the conditions (700–770 °C and cathodic
potential) and were also stable aer the catalytica process
(Fig. 3i).68

3.1.3 Modied transition metal oxide carriers. To
compensate for the shortcomings of the pristine TMOs carriers,
the doping strategies and heterostructure formation are regar-
ded as efficient methods for high-performance PEMFCs.

As for the doping strategies, metal ions with different valence
states71–73 or non-metal atoms (e.g., N, S, P, B, and F)74–76 can be
doped into TMOs to optimize the electronic structure of the
support. Kumari et al. utilized rst-principles simulations to
investigate microscopic Ptn clusters (n= 1, 2, 3) on indium oxide
(In2O3), Sn-doped indium oxide (ITO (111)), and hydroxylated
tin-doped indium oxide (4H2O-ITO(111)). It was observed that
the surface energy of ITO decreased with the increase in the Sn
This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a and b) Doping energies at various sites for 5% doping in (a) 2-layer ITO and (b) 4-layer depicted by various hues. (c and d) Atom-resolved
density of states projected on the atoms interacting with the Pt single atom for ITO(111) + 4H2O prior to Pt deposition (c) and Pt-SA/ITO(111) +
4H2O following Pt deposition (d). Reproduced with permission.70 Copyright 2021, The Royal Society of Chemistry. (e) Scheme of Pt on W-doped
TiO2 catalyst. (f and g) HR-TEM images of Pt/W-doped TiO2. (h) XPS comparison of Ti 2p for Pt/W-doped TiO2 and Pt/TiO2. (i) Mapping images of
Pt/W-doped TiO2. (j) The electrochemically active surface area (ECSA) of catalysts after ADT performed from 0.6 to 1.0 V (vs. RHE). (k) XPS
comparison of O 1s for Pt/W-doped TiO2 and Pt/TiO2. Reproduced with permission.71 Copyright 2022, Elsevier B.V.
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atom doping level, which is attributed to partial Sn replacement
of In surface in this bulk conguration (Fig. 4a and b). More-
over, all the Sn atoms preferred to reside at the surface layer in
the instance of 5% doping; researches revealed that the pres-
ence of Sn stabilized the Ptn cluster, especially in the case of Pt/
4H2O-ITO (111), which are anchored via the hydroxyl group. On
this carrier, Pt-single atom (SA) was stabilized by ∼0.5 eV on
account of the Pt–cluster interaction with hydroxyls and water;
however, the dimer and the trimer were not signicantly
stabilized. As a result, a signicant amount of energy is required
to form the trimer on the hydrated ITO (111) surfaces. There-
fore, the sintering becomes more difficult and Pt-SA can remain
metastable at moderate temperature (Fig. 4g and h). These
outcomes offered a promising strategy for the development of
single atom catalysts on electrically conductive substrates for
electrocatalytic applications.77

Jinsoo et al. demonstrated titanium dioxide support modi-
ed by tungsten (Fig. 4e–g and i) for anchoring Pt site (Pt/W-
doped TiO2) toward ORR. In comparison to the undoped TiO2

support, W-doped TiO2 displayed a higher surface area, more
Ti3+ defect sites (Fig. 4h), and oxygen vacancies (Fig. 4k), which
improved the SMSI for the deposited Pt catalyst. Furthermore,
a high electrochemical surface area of 44.1 m2 gPt

−1 and an MA
value of 41.22 mA mgPt

−1 in 0.1 M HClO4 further revealed the
high ORR activity of the Pt/W-doped TiO2 catalyst. Additionally,
This journal is © The Royal Society of Chemistry 2023
the rotating ring-disk electrode (RRDE) measurements of the Pt/
W-doped TiO2 catalyst under acidic circumstances revealed
a four-electron pathway, achieving an ultrasmall H2O2 yield of
0.42%. In particular, the durability test demonstrated that the
Pt/W-doped TiO2 had a exceptional remarkable stability
compared with commercial catalysts (Fig. 4j).71

He et al. distributed nearly homogeneous Pt clusters using
atomic layer deposition (ALD) on stable Sb-doped tin dioxide
(ATO) support with highly conductive (6.2 S cm−1) (Fig. 5a–c).
The combination of high oxidation stability and SMSI enabled
ALD-Pt/ATO to exceed the Pt/C activity and stability. Sb(V) was
incorporated into the SnO2 lattice to produce an n-type electron-
rich oxide by doping Sb. Since Sn (1.8) is less electronegative
than Pt (2.2), more electrons prefer to stay in the Sn position in
the Pt–O–Sn system than in the Sn–O–Sn system, causing the Sn
K edge to migrate toward the lower energy side (Fig. 5d). This
indicates that Pt interacts with Sn sites, changing the electronic
state of Sn and increasing the availability of electrons at the Pt
sites. Aer Pt on ATO underwent ALD, the Pt L3 edge peak
intensity decreased and fell below the Pt/C, demonstrating an
extensive electron transfer from support to Pt (Fig. 5e) and thus
conrming the presence of SMSI. Meanwhile, the SMSI between
the Pt cluster and ATO-enabled ALD-Pt/ATO showed a signi-
cantly higher ECSA (74 m2 g−1) and MA (102 mA mgPt

−1 at 0.9 V
vs. RHE) for the ORR process. Hence, it was discovered that the
J. Mater. Chem. A, 2023, 11, 23106–23132 | 23113
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Fig. 5 (a–c) Effect of the deposition technique on the size and
dispersion of Pt particles. Image of TEM (a), STEM (b), and EDXmapping
(c). (d and e) Electronic interactions of the catalyst-support. Sn K edge
with Sn metal foil (d) and Pt L3 edge along with Pt metal foil and PtO2

(e) normalized XANES spectra. (f) Performance of MEAs prepared
utilizing Pt/C at the anode and Pt/C and ALD-Pt/ATO at the cathode
for H2-air fuel cell before and after AST using start-stop protocol. (g)
Percentage of the peak power density losses after 1000 start-stop
stability tests and 5000 loading cycling stability tests. Reproduced with
permission.70 Copyright 2022, American Chemical Society.

Fig. 6 (a) Diagram demonstrating the well-distributed Ta–TiOx

nanoparticles on the carbon support as scavengers. (b) XRD images of
the nanoparticles manufactured with Ta to Ti ratios of 2 : 8, 4 : 6, 6 : 4,
and 8 : 2. A rutile tantalum oxide phase was discovered when the ratio
was 6 : 4. (c) Adsorption energies of H2O2 and related radicals on the
surfaces of Fe–N–C and TaO2–OH. (d) Current density decay
comparison for cells with and without Ta–TiOx/KB after the ADT. (e)
Power density polarization for cells prior to and after the ADT.
Reproduced with permission.73 Copyright 2022, Springer Nature.
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change in the ALD-Pt/ATO performance was negligible aer
1000 start-stop potential cycles (Fig. 5f), demonstrating excel-
lent stability (Fig. 5g).70 Besides, recent
study suggested that metal atom doped transition metal oxides
have other new applications in PEMFCs. For instance, Xie et al.
demonstrated that Ta–TiOx nanoparticle additives protect Fe–
N–C catalysts from such degradation via radical scavenging.
First of all, the 5 nm Ta–TiOx nanoparticles were uniformly
synthesized on a Ketjenblack substrate (Fig. 6a), and forming
the rutile TaO2 phase (Fig. 6b). In particular, TaO2 is more
competitive at capturing H2O2 and related radicals due to TaO2–

OH(110) surface has stronger adsorption energies than Fe–N–C
for H2O2 and related radicals ($OH and HO2$) (Fig. 6c), which
can help impede their attack to the Fe–N–C active sites. It is
found that a fuel cell prepared with the scavengers showed
a current density decay of 3% at 0.9 V (a fuel cell without
scavengers showed 33% decay) (Fig. 6d), exhibiting improved
durability (Fig. 6e).73

As for the heterostructures strategies, the incorporation of
other conductive supports78,79 could improve the electrical
conductivity, optimize the adsorption/desorption of ORR
intermediates, and ultimately enhance the overall electro-
chemical properties on the heterojunction interfaces. In addi-
tion, the formation of heterostructures could also introduce
defects sites, which are conducive to anchor the active metal
atoms.80 Lin et al. reported a novel SnS2/SnO2 heterostructure-
supported Pt NPs for ORR, where Pt NPs are primarily
23114 | J. Mater. Chem. A, 2023, 11, 23106–23132
deposited at the interfaces of SnS2 and SnO2 moiety contacts
(Fig. 7a). The concentration of the heterointerfaces can tune the
SMSI between Pt and SnS2/SnO2 (Fig. 7b), which can speed up
the electronic transfer and enrich the electron density of Pt with
a benecial shi of the d-band center (Fig. 7c and d). In elec-
trochemical ORR measurements, the MA of the optimal Pt–
SnS2/SnO2 catalyst is four times higher than that of Pt/C at 0.9 V
versus RHE (400 mA mgPt

−1). Also, Pt–SnS2/SnO2-90 displays the
highest ORR activity (E1/2 = 0.895 V) (Fig. 7e). Regarding
stability, aer 5000 potential cycles at a high potential region
(1.0–1.6 V), theMA and ECSA of Pt–SnS2/SnO2 barely dropped by
18.2% and 23.7%, respectively (Fig. 7f and g).79 Chen et al.
synthesized a SrMn3O6−x–SrMnO3 (SMOx–SMO) heterostructure
through epitaxial growth techniques. The adsorption and
desorption of ORR intermediates on the heterojunction surface
are optimized by the creation of high-valence Mn3+/4+, assisting
in encouraging a favorable change in the location of the d-band
center, which showed outstanding ORR electrocatalyst
performance.81

3.2 Transition metal carbide carriers (TMCs)

Recently, TMCs have arisen as attractive materials in the realm
of heterogeneous catalysis due to their abundant reserves,
accessible price, and unique physical/chemical properties. For
example, the DFT result has shown that the introduction of
carbon in TMCs can change the lattice constant of the early
This journal is © The Royal Society of Chemistry 2023
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Fig. 7 (a) Schematic illustrating the synthesis pathway to Pt–SnS2/SnO2. (b) HR-TEM images of Pt–SnS2/SnO2-90. (c) Pt L3-edge XANES spectra.
(d) The d-band center for Pt–SnS2/SnO2-90, Pt/C, and Pt–SnS2, respectively. (e) Polarization curves of Pt/C, Pt–SnS2, Pt–SnO2, and Pt–SnS2/
SnO2 samples in O2-saturated 0.1 M HClO4 at 1600 rpm and 10 mV s−1 for ORR. (f) MA and (g) ECSA values of Pt–SnS2/SnO2-90, Pt/C, and Pt–
SnS2 before and after ADT. Reproduced with permission.79 Copyright 2022, Wiley-VCH GmbH.
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transition metals, which have a signicant impact on their
physical/chemical properties, such as electronic interaction
between the parent TM and valence states of C, metal–metal
distance, d-band of TM.82,83 All these effects endow the TMCs
with unique electrochemical activity compared to the parent
Fig. 8 (a–d) Diagrammatic representation of the density states for the tr
sandwich structures, surface alloys, early transition metal, and carbide
correlated. (c) Comparison of oxygen chemisorption energies based on D
the d-band center 3d (bottom). (d) Section of the periodic table with the 3
band fillings are shown. The transition metals 3d, 4d, and 5d are located i
their idealized form in the upper left corner. Reproduced with permissio

This journal is © The Royal Society of Chemistry 2023
TM. Yet, this enhancement in activity is not high enough to
catalyze the practical electrochemical process, for example,
PEMFCs and electrochemical water splitting. Alternatively,
TMCsmaterials are always seen as the potential supports for the
dispersion of highly active metal sites (e.g., platinum group
ansition metal. (b) On epitaxial transition metal monolayers, bimetallic
surfaces; the short d-band center and hydrogen binding energy are
FT. The good correlation between calculated adsorption energies and
d, 4d, and 5d transition metals. In the upper left corner, the idealized d-
n this section of the periodic chart. The d-band fillings are illustrated in
n.87 Copyright 2000, Academic Press.
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metals). Based on the similarity of the electronic structure
between platinum group metals and TMCs, the obtained TMCs-
based composites could possess attractive activity for different
electrochemical systems. Especially in the PEMFCs application,
due to their unique electrochemical activity, excellent
mechanical/chemical durability, high electrical conductivity,
and tunable MSI effect TMCs have become one of the most
potential alternative carbon-free supports for PEMFCs.84–86

3.2.1 MSI effect between TMCs and M*. B. Hammer has
demonstrated that the center, the lling, and the width of the d-
band play a key role in the adsorption and activation of the
reactants. In general, the d-band width of non-precious metals
is narrower than that of precious metal Pt, while their d-band
lling degree is less than that of Pt (Fig. 8a and d).87 Mean-
while, the metal density of states (DOS) near the Fermi level can
be modied by the electronic interaction between the valence
states of carbon and the parent metal (Fig. 8b). Particularly in
the TMCs, the hybridization of d-orbitals (transition metal) with
s/p orbitals (carbon) can broaden the d-band structure of tran-
sition metals,88–90 which results in TMCs having suitable oxygen
chemisorption energies and better ORR activity than pure
metals (Fig. 8c). Furthermore, TMCs have a similar electronic
structure to Pt group metals near the Fermi level, which have
became one of the most attractive supports for ORR,88,91 which
promoted electron transfer between metal and the carbide
TMCs supports, optimizing their stability and intrinsic activity
for PEMFCs.99
Fig. 9 (a) Platinum nanoparticles loaded on two-dimensional Ti3C2 (Pt/
spectra of Pt L3-edge. (d) XPS spectra of Pt 4f. (e) Average projected densi
= d-band center. (f) Free energy diagram of ORR at U= 1.23 V. (g) Binding
XANES. (h) ORR polarization curves in the oxygen-saturated acid media
cycles. Reproduced with permission.108 Copyright 2020, Elsevier Ltd.

23116 | J. Mater. Chem. A, 2023, 11, 23106–23132
3.2.2 Pristine transition metal carbide carriers. Levy and
Boudart rstly discovered the similarity between TMCs and Pt
group noble metals,83 and the interface (Pt–TMC)-induced
electron transfer could enhance the intrinsic ORR activity of
Pt–TMC.88 Based on this, TMCs were initially regarded as the
electron activator for improving the electrocatalytic activity of
the classic Pt/C by constructing a series of Pt–TMCs/C catalysts
such as Pt-WC/C92 and Pt–MoC/C.93 Although their ORR activity
could be enhanced due to the synergistic effects of various
components, the issues of poor stability are still not solved
well.94,95 Since then, several efforts have been made to engineer
TMCs-based support catalysts with the aim of modulating their
microstructure, shape, composition, and sur/interfaces to
enhance the MSI, thereby increasing their activity and
durability.96,97

Bott-Neto et al. synthesized cubic phase b-WC1−x (0.34 < x <
0.43) nanomaterials with an average size of 1.65 nm, which were
utilized for the synthesis of the Pt-tungsten carbide-based
catalysts (Pt-b-WC/C1−x). Pt NPs were homogeneously distrib-
uted on the b-WC1−x. The Pt-XANES results revealed a slight rise
in the Pt 5d band occupancy, whichmay lead to a weaker Pt-OHx

interaction and increased the ORR kinetics in the acidic
medium.92 Hamo et al. electrodeposited PtCl6

2− onto an a-Mo2C
support at different overpotentials (h). When Pt is deposited in
the lower overpotentials (+8 and +18 mV vs. SCE), a large
number of uniform-dispersed Pt crystals (less than 2 nm) can be
found on the Mo2C support. Hence, excellent ECSA and MA (for
Ti3C2). (b) Coordination numbers (CNs) of Pt–Ti and Pt–Pt. (c) XANES
ty of states (PDOS) of d states for Pt13. Ef= energy at the Fermi level;DEd
energy of oxygen (BEO) in relation to the d-band vacancymeasured by
of 0.1 M HClO4. (i) ADT to measure the ORR current retention along

This journal is © The Royal Society of Chemistry 2023
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ORR) were observed in this catalyst, which are superior to the
catalysts prepared in a higher overpotentials (−67 and −92 mV
vs. SCE). In fact, catalysts synthesized in the low-overpotential
region could achieve an MA of 275 mA mgPt

−1 for ORR, which
have broken the reported linear relationship betweenMA and Pt
loading. To further explore the stability of the obstacle catalyst,
they also prepared contrast catalysts by the chemical reduction
of Pt onto a-Mo2C and Vulcan XC-72. Also, they found that the
catalyst prepared in the low-overpotential region exhibited the
best stability aer the accelerated stress test (AST, 5000 cycles)
among all the contrast samples.98 In addition, Lee et al. selected
highly conductive two-dimensional titanium carbide (Ti3C2) as
the support for Pt because of the expected SMSI between Pt and
Ti3C2. Pt nanoparticles (4 nm) were loaded on three different
Ti3C2 supports including multi-, few-, and mono-layered Ti3-
C2 (Fig. 9a). The edge-to-basal ratio of layered Ti3C2 changed
obviously with the increase of layers number (Fig. 9b). As shown
in Fig. 9c–e, the edge-dominant support (22L-Ti3C2) donated
more electrons to Pt than the basal-dominant supports (4L-
Ti3C2 and 1L-Ti3C2). The thermodynamic barrier of Pt/edge was
lower than that of Pt/basal, which can be originated from the
difference in the electronic conguration of Pt tuned by the
support planes (Fig. 9f). In addition, Fig. 9g further veried the
weaker binding of oxygen species to the Pt surface for Pt/edge,
compare to the Pt/basal catalyst. In summary, the increase in
the free energy of *O and the enhancement of OH desorption in
Pt leaded to the highest ORR electroactivity of Pt/edge (Fig. 9h).
In addition, the electron transfer from the support to Pt
inducing the strong MSI between Pt and Ti, further improving
the durability of the ORR electroactivity of Pt (Fig. 9i).108

3.2.3 Modied transition metal carbide carriers. Though
transition metal carbide carriers have numerous advantages,
Fig. 10 (a) HRTEM images of Pt/Co6Mo6CNSs-G, (b) XPS results of the Pt
Pt/G, Pt/Co6Mo6CNSs-G, and Pt/Co6Mo6CNCs-G at 0.85 V and 0.9 V. (d
during the ADT. Reproduced with permission.103 Copyright 2022, Americ
molybdenum precursor mixtures with 5, 10, and 15 wt% tantalum. (f) TEM
permission.106 Copyright 2019, The Electrochemical Society. (g) Compos
permission.107 Copyright 2021, Wiley-VCH.

This journal is © The Royal Society of Chemistry 2023
they suffer from the drawback of thermodynamic instability
under oxidative fuel cell conditions. Particularly under the
voltage spikes caused by startup/shutdown, the stability
windows would be limited for a majority of TMCs, such as Mo2C
and WxC. In this case, transition metal carbides are at risk of
being transformed into transition metal oxides, which are more
thermodynamically stable.100,101 Therefore, in order to take full
advantages of TMCs in the catalytic ORR process, it is necessary
to design and synthesize the modied TMCs catalysts by con-
structing TMCs-based composites, heteroatom-doped TMCs,
optimizing the microstructure of TMCs, etc.82,102

He et al. assembled Pt nanoparticles on a two-dimensional
Co6Mo6C nanosheets/reduced graphene oxide hybrid (Pt/Co6-
Mo6CNSs-G) as the PEMFC cathode catalyst. As exhibited in
Fig. 10a, the Pt nanoparticles are anchored on the Co6Mo6CNSs-
G support tightly to generate abundant and stable Pt/Co6Mo6C
heterojunction interfaces that can be found in Pt/Co6Mo6CNSs-
G. Furthermore, due to the uniform dispersion of Pt nano-
particles, several Pt–TMC-RGO interfaces were also constructed
at the same time. XANES technologies conrmed that the
electron coupling synergy between Pt and TMC can be highly
optimized (Fig. 10b). Finally, the ORR activity and stability of Pt/
Co6Mo6CNSs-G can be improved compared to the contrast
samples, which outperformed the commercial Pt/C (Fig. 10c
and d). All these results demonstrated the importance of the Pt/
Co6Mo6CNSs-G heterojunction-induced electron coupling effect
for efficient ORR performance.103

Hamo et al. synthesized an Mo85Ta15 alloy (Fig. 10e and f) by
the method of co-reduction carburization, which has optimized
activity and corrosion resistant. Briey, the addition of 15 mol%
Ta to the precursor mixture can increase the corrosion potential
by ∼150 mV and decrease the corrosion current to 16%.106
4f of Pt/C, Pt/G, and Pt/Co6Mo6CNSs-G, (c) comparison of MA of Pt/C,
) Evaluation of the ECSA decline for Pt/C, Pt/G, and Pt/Co6Mo6CNSs-G
an Chemical Society. (e) XRD patterns of carbide supports, along with
of Pt3Ni octahedral dispersed on a Mo85Ta15 support. Reproduced with
ite diagram of Pt/Mo2C–F. (h) ECSA loss during AST. Reproduced with
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Fig. 11 (a) The synthesis process of o-MQFe. (b) Charge density distributions of FeN3O–O–Ti and FeN4–O–Ti within and (c) the mB andDEads(O2)
values and (d) ICOHP value of FeN3O and FeN3O–O–Ti. (e) Fe K-edge XANES, (f) XPS Ti 2p spectra, and (g) O2-TPD curves, and (h) LSV curves for
different catalysts. Polarization and power density curves of (i) ZABs and (j) H2/O2 AEMFCs performance. (k) The calculated free energy changes.
Reproduced with permission.115 Copyright 2022, Wiley-VCH GmbH.
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Furthermore, DFT calculations conrmed the higher the
corrosion resistance of Mo85Ta15 by comparing the oxygen
binding energies of all the contrast models, which further
demonstrated that the durability of transition metal carbide
carriers can be improved by adding metals with high oxygen
binding energy (e.g., Ta).104,105 Aer that, Pt3Ni have been
synthesized on the surface of the Mo85Ta15. The octahedral
Pt3Ni nanoparticles are highly dispersed on the Mo85Ta15
support, which exhibit excellent E1/2 at 1200 rpm and MA (240
mA mgPt

−1) for ORR. It is suggested that such materials may act
as a viable replacement for carbon supports in PEMFCs.106 In
the later study, Hamo et al. further modied Mo2C support by
surface Ta treatment via DC magnetron sputtering techniques
(Fig. 10g). Compared with untreated supports, all the supports
modied by Ta displayed enhanced corrosion resistance.
Meanwhile, the best Ta-modied Pt/Mo2C composites (Pt/
Mo2C–F) showed improved dynamic current density and MA for
ORR. XPS indicated that none of the Ta carbide phase formed in
this sputtered samples. Meanwhile, trace Ta2O5 can be found
23118 | J. Mater. Chem. A, 2023, 11, 23106–23132
on the surface of Pt/Mo2C–F, which played a role in restricting
the loss of electrochemical surface area and the formation of
voids. Finally, Ta-doped Pt/Mo2Cmembrane was further used to
assemble the PEMFCs device, showing a signicantly improved
durability aer the AST test (Fig. 10h). Such a result demon-
strates that without sacricing the ORR kinetics, Ta alteration
by magnetron sputtering can increase the oxidation potential,
which is different from other reported TaC-modied Mo2C
composites (TaC–Mo2C).107

Besides, the 2D transition-metal carbides, especially MXenes
(such as Ti2CT, where T represents functionalized termina-
tion),109,110 have been considered as a potential support for the
cathode catalyst of the fuel cell because of their metallic
conductivity, electrochemical stability, and surface-charge
property.111–114

Our group prepared a MXene-based catalyst (o-MQFe) with
FeN3O–O–Ti congurations, obtained from polymer-like
quantum dots with atomic Fe (PQD-Fe) anchored on the O-
terminated MXene (Ti3C2Ox) surface as a cathode for AEMFCs
This journal is © The Royal Society of Chemistry 2023
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(Fig. 11a). Density functional theory (DFT) calculations
demonstrate that the existence of axial Fe–O–Ti ligands can
translate the low-to-medium spin state of Fe catalytic centers
and optimize O2 adsorption, thus improving the ORR perfor-
mance (Fig. 11b). As shown in Fig. 11c, the values of magnetic
moment (mB) and O2 adsorption energy (DEads(O2)) are 1.51 mB

and −1.11 eV for FeN3O (without axial Fe–O–Ti ligands) and
3.52 mB and −1.84 eV for FeN3O–O–Ti, respectively, illustrating
Fig. 12 (a) Synthesis route on of TiN@Pt Ns. (b) SEM images of TiNNs. (c
image of corresponding. (e) XPS spectra of various samples at point 4
electrode (RDE) at 1600 rpm and a scan rate of 10mV s−1 in 0.1 MHClO4 s
Pt/C. (h) Polarization curves for TiN@Pt before and after the ADT test
Publications LLC. (i) Schematics of the in situ GI-cell. Bulk (5.0°). (j) XANE
with permission.128 Copyright © 2020 American Chemical Society.

This journal is © The Royal Society of Chemistry 2023
the preferable eg lling and O2 adsorption. This moderate O2

binding strength can also be reected by integrated-crystal
orbital Hamilton population (ICOHP) results (Fig. 11d). The
binding strength can also be reected by integrated-crystal
orbital Hamilton population (ICOHP) results (Fig. 11d). As
a proof-of-concept, the axial Fe–O–Ti ligands are constructed in
the o-MQFe catalyst, conrmed by tting the extended X-ray
adsorption ne structure (EXAFS) and XPS spectra. The local
) TEM image of a single TiN@Pt Ns, (d) TEM image of Pt, inset: HRTEM
f. (f) ORR polarization curves of catalysts recorded with rotating disk
olution saturatedwith O2. (g) Mass and specific activities for TiN@Pt and
. Reproduced with permission.127 Copyright 2022, Hydrogen Energy
S and (k) EXAFS for Mo K-edge at 0.5 V and 0.9 V vs. RHE. Reproduced

J. Mater. Chem. A, 2023, 11, 23106–23132 | 23119
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chemical environment of the Fe center in o-MQFe is the Fe–N3O
asymmetric coordination (Fig. 11e), and the positive shi of the
Ti–F bond in the Ti 2p XPS spectra indicates the electronic
redistribution induced by axial Fe–O–Ti ligands (Fig. 11f). The
O2 adsorption affinity of the o-MQFe catalyst can be judged by
the intensity of the O2-desorption peaks of O2 temperature-
programmed desorption (O2-TPD) curves; the higher intensity
of o-MQFe-10 : 20 : 5 manifests its stronger O2 affinity compared
with the control sample without axial Fe–O–Ti ligands
(Fig. 11g). The optimal o-MQFe-10 : 20 : 5 catalyst shows a good
ORR activity, a E1/2 value of 0.861 V vs. RHE, higher than that of
Pt/C and other most reported MXene-based catalysts (Fig. 11h).
Notably, the assembled AEMFC and ZAB with o-MQFe-10 : 20 : 5
as the cathode catalyst deliver high rated powers in a wide-
temperature range (Fig. 11i and j). DFT calculations reveal
that the formed axial Fe–O–Ti ligands in FeN3O–O–Ti lowers the
exothermic energy barrier of the potential determining step in
contrast with FeN3O, thus enhancing the ORR activity
(Fig. 11k).115
3.3 Transition metal nitride carriers (TMNs)

Transition metal nitrides are formed by the incorporation of
nitrogen atom into the interstitial transition metal network. As
reported in previous researches, TMNs have unique physical
and chemical characteristics, such as high melting points,
hardness, and corrosion resistance. Moreover, TMNs have
unique electronic and mechanical properties, which endow
Fig. 13 (a) TEM image of TiOxNy. (b) RDE voltammograms of TiOxNy after
plots using normalized current. (c) RDE voltammograms of (I) TiOxNy–C
2016, Elsevier Ltd. (d) RDE voltammograms of TiOxNy catalysts for five
American Chemical Society. (e) X-ray photoelectron (XP) spectra of Ti 2
atomic ratio of phosphor to titanium). (f) RDE voltammograms of TiOxNy

(RP = 0.5) catalyst before and after 5000 potential cycles between 1.0
Society of Chemistry. (h) Scheme for the three-step synthesis of TiOxNyPz
using the new phosphorus source, H3PO2. (j) RDE voltammograms of th
H2SO4 solution before and after 5000 potential cycles test. Reproduced

23120 | J. Mater. Chem. A, 2023, 11, 23106–23132
TMNs with extremely important applications in the eld of
electrocatalysis and material sciences.116,117 Since the rst
successful exploration of tungsten nitride (WN)-based ORR
catalyst with a high stability (in excess of 1000 cycles),118 a mass
of TMNs have been accordingly designed for PEMFC cathode
catalyst carriers.

3.3.1 MSI effect between TMNs and M*. Aer the forma-
tion of TMNs, the d-band characteristics of the parent transition
metal can be well altered, including the d-band contraction and
higher DOS near the Fermi level, which is similar to the Pt-
based precious metals. Based on this, TMNs are expected to
be used as catalyst support for platinum and other metals in the
PEMFC cathode instead of traditional carbon supports. Firstly,
TMNs have high electrical conductivity, enabling high charge
transfer during catalysis across a broad potential range.119–121

Secondly, the MSI between TMNs and active metals is stronger
than that between other carbon carriers and active metals.
Moreover, the decrease in the d-band leads to a higher DOS
within the Fermi level and faster charge transfer.122 Meanwhile,
due to the SMSI between TMNs and active metals, higher
dissolution potential, higher surface strain, and lower binding
energy of O and OH can be found in TMNs–M*, which accord-
ingly prompt their ORR performance.123–126

3.3.2 Pristine transition metal nitride carriers. In general,
TMNs are more stable than metal carbides operated under the
harsh conditions of high voltage and acidic media for PEMFCs
application. Therefore, it was more intriguing to be regarded as
pyrolysis at four different temperatures. The inset in (b) shows the Tafel
, (II) TiOxNy, and (III) Pt–C. Reproduced with permission.129 Copyright
different c values. Reproduced with permission.130 Copyright 2017,

p, O 1s, N 1s, and P 2p for TiOxNyPz catalysts with five different RP (the
Pz catalysts with five different RP. (g) RDE voltammograms of TiOxNyPz
and 1.5 V. Reproduced with permission.131 Copyright 2019, The Royal
catalysts. (i) RDE voltammograms of the TiOxNyPz catalysts synthesized
e TiOxNyPz (RP = 0.20) catalyst between 1.0 and 1.5 V in 0.1 mol dm−3

with permission.132 Copyright 2020, American Chemical Society.

This journal is © The Royal Society of Chemistry 2023
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supports for the ORR catalyst. Commonly, the optimized ORR
activity for TMNs–M* can be attributed to the reduced size of
the TMNs nanoparticles, the enrichment of the d orbital with
electrons, and the enhanced oxygen adsorption.84

Yuan et al. synthesized a dandelion-like framework of TiN
nanospheres with abundant dendritic structures as a carrier for
Pt nanoparticles (TiN@Pt Ns) by an electrochemical pulse
deposition method (Fig. 12a–c). The HRTEM image in Fig. 12d
showed the lattice stripe spacing (0.227 nm) of the Pt (111)
plane, conrming that a thin Pt layer was successfully applied
on the surface of TiN. As shown in Fig. 12e, in contrast to Pt 4f in
Pt/C (Pt 4f5/2 75.05 eV), Pt 4f in TiN@Pt Ns (Pt 4f5/2, 74.43 eV)
shied negatively, demonstrating that the Pt thin layer of
TiN@Pt acquired electrons from TiN Ns. This can further result
in a downward-shi of the d band center for Pt, weakened OH*

species binding energy, and improved ORR performance
(Fig. 12f) for TiN@Pt Ns. As shown in Fig. 12g, TiN@Pt Ns
possesses a well MA of 0.44 mA gPt

−1 and specic activity of 0.33
mA cm−2 (at 0.9 V vs. RHE). The prepared catalysts outperform
commercial Pt/C catalysts in identical test conditions, main-
taining a high level of activity (61% of the initial value) aer
3000 consecutive cycles (Fig. 12h). This study offers a framework
for the development of low-Pt loading, long-lasting non-carbon
catalysts.127
Fig. 14 (a) XRD patterns of the four metal-doped titanium oxynitride (Ti0.
current density and number of electrons transferred per unit oxygenmole
n–y curves, respectively). (c) jk and n versus the work function, F, c
permission.134 Copyright 2022, The Royal Society of Chemistry. (e) XRD pa
Pt 4f for Pt/C, Pt/TiN, and Pt/Ti0.9Co0.1N catalysts. (g) The polarization cur
of Pt/C and Pt/Ti0.9Co0.1N, respectively. Reproduced with permission.135

STEM image of the TiNiN@Pt catalyst. (k) EDS line-scanning analysis a
TiNiN@Pt, inset: an enlargement of the boxed area. (m) Pt 4f XPS spectra a
and TiNiN@Pt, respectively. Reproduced with permission.136 Copyright 2

This journal is © The Royal Society of Chemistry 2023
Stevens et al. prepared MoN thin lms via the DC reactive
sputtering. In this work, the in situ compositional and
morphological changes of MoN thin lms (Fig. 12a–c) were
investigated by changing the applied potential in acid. At higher
potentials ($0.8 V vs. RHE), the lm incorporates O, dissolved
and roughened, suggesting that the enhancements in the
performance can be due to the more accessible active sites. DFT
and Pourbaix analysis further veried the high potential-
induced lm stability. Therefore, this report provided an
approach for studying nontraditional surfaces by a rational and
in situ tuning of the active sites to improve their performance.128

3.3.3 Modied transition metal nitride carriers. In order to
increase the active surface area and the current density,
nonmetallic elements (e.g., O and P) andmetallic elements (e.g.,
Co, Ni, and Zr) were doped into metal nitrides to synthesize
polyphase or single-phase metal nitrogen oxides and bimetallic
nitrides, which replaced carbon carriers as new ORR carriers or
platinum-free catalysts. Chisaka et al. synthesized carbon-free
TiOxNy catalysts for PEMFC cathodes by a solution-phase
combustion route. The TEM image (Fig. 13a) and XRD
patterns demonstrate the formation of TiOxNy catalysts.
Compared with the previously reported TiOxNy–C, TiOxNy

increased the activity in the half-cell to be close to that of
commercial Pt/C (Fig. 13b and c).129 Subsequently, in order to
8M0.2OxNy) catalysts, where M= (i) Zr, (ii) Nb, (iii) Ni, and (iv) V. (b) Kinetic
cules versus the nitrogen doping level in oxide surface curves (jk–y and
urves. (d) RDE voltammograms of Ti0.8M0.2OxNy. Reproduced with
tterns of the prepared TiO2, TiN, and Ti0.9Co0.1N NPs. (f) XPS spectra of
ves of Pt/C and Pt/Ti0.9Co0.1N catalysts in 0.1 M HClO4 solution. (h) MA
Copyright 2015, Elsevier B.V. (i) Synthetic route of TiNiN@Pt. (j) HAADF/
long the yellow arrow marked in (j). (l) XRD patterns of TiN@Pt and
nd (n) polarization curves before and after the ADT test of Pt/C, TiN@Pt,
016, American Chemical Society.

J. Mater. Chem. A, 2023, 11, 23106–23132 | 23121
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identify the essential factors for enhancing the ORR activity in
acidic media, Chisaka et al. investigated the active site genera-
tion process for carbon-support-free TiOxNy catalysts. It was
discovered that the HCl concentration (c) in the precursor
dispersion was crucial for the appearance of activity and
improvement of surface nitrogen content. As c increased, the
quantity of NH4Cl also increased before pyrolysis; thus, aer
pyrolysis, the surface nitrogen level on the oxidized TiN also
improved. Under optimal HCl concentration, the best carbon-
supported oxide-based catalyst was nearly as active as the
carbon-support-free TiOxNy (Fig. 13d).130

Despite TiN being well known as conductive carriers, the
active oxidized surface of TiOxNy should have a lower conduc-
tivity than bulk TiN. Therefore, the enhancement of the surface
electrical conductivity can promote the ORR activity. As re-
ported, P5+ doping can be used to enhance the electron
conductivity of anatase TiO2.133 Therefore, this approach may
offer a potential economic and attractive chance to increase the
ORR activity of TiOxNy with an amorphous or rutile TiO2. Based
on this, Chisaka et al. synthesized the novel P and N co-doped
rutile TiO2 (TiOxNyPz) (Fig. 13e). This optimized new P5+-
derived active sites achieved the improvement of activity with
a low catalyst loading (Fig. 13f). However, due to the partial
depletion of both N and P atoms, the activity was not sufficiently
stable aer 5000 potential cycles between 1.0 and 1.5 V vs. RHE
(Fig. 13g).131

A subsequent work used hypophosphorous acid as a phos-
phorus source to increase the surface phosphorus content on
the disordered TiO2 layer, which further enhanced the ORR
activity (Fig. 13h). In acidic media, both the half-wave potential
and limiting current density maximized to 0.66 V and 5.18 mA
cm−2, respectively (Fig. 13i). Besides, the stability against high
potential cycles between 1.0 and 1.5 V (vs. RHE) was enhanced,
which is critical to be used in vehicles. As shown in Fig. 13j, the
reduction in half-wave potential during 5000 cycles was sup-
pressed to 0.08 V, which is 0.03 V lower than that in a prior study
while phosphoric acid was used as the P source.132

Metal-free atoms doping aside, transition metal atoms were
likewise doped into TMNs to synthesize bimetallic nitrides. The
synergistic effect between different metal atoms in bimetallic
nitrides enhanced the electrochemical activity, which was
conducive to enhance the electrochemical activity and stability.
Therefore, Chisaka et al. also investigated the effect of foreign-
metal doping on the ORR reactivity of TiN catalysts. Aer the
doping of hetero-metal atoms, amorphous metal oxide layers
were formed on the TiN surface, and the ORR selectivity was
controlled by the work function of the resulting catalysts
(Fig. 14a). Among them, Zr was demonstrated as the best cata-
lyst to improve the ORR selectivity (Fig. 14d). This is due to the
efficient electrons donated from the catalyst to O2 molecules,
and the work function can be adjusted to ∼5.0 eV as well
(Fig. 14b and c). Additionally, the Zr-doped TiN particles dis-
played a homogeneous and ne shape. All of these advantages
are conducive to an improved ORR activity.134

Besides, Xiao et al. synthesized a innovative and durable
non-carbon titanium cobalt nitride (Ti0.9Co0.1N), which was
used as a carrier (Fig. 14e) for Pt in PEMFC cathode catalysts.
23122 | J. Mater. Chem. A, 2023, 11, 23106–23132
The XPS measurements showed that the electronic transfer
mechanisms of Co in Ti0.9Co0.1N to Pt lowered the d-band
center of the surface Pt atoms (Fig. 14f), which veried the
SMSI between Pt NPs and Ti0.9Co0.1N. More importantly,
compared to the commercial Pt/C electrocatalyst, Ti0.9Co0.1N-
supported Pt catalyst (Pt/Ti0.9Co0.1N) demonstrated a signi-
cantly higher ORR activity (Fig. 14g) and durability (Fig. 14h)
than that of the commercial Pt/C electrocatalyst.135 Analogously,
Tian et al. reported another novel catalyst with low Pt content,
synthesized by placing several Pt atom layers on titanium nickel
binary nitride (TiNiN) NPs (Fig. 14i–l). The XPS spectra of Pt 4f
(Fig. 14m) demonstrated that Ni doping signicantly increased
the atomic ratio of Pt (0) in TiNiN@Pt, which further proved
that the doping of Ni atoms contributed to enhance the SMSI
between Pt and TiNiN. For the ORR in acid media, TiNiN@Pt
exhibited an increased mass activity and specic activity by
more than 400% and 200%, respectively, compared with the
commercial Pt/C catalyst. Meanwhile, aer 10 000 potential
cycles, it displayed remarkable stability with barely any perfor-
mance reduction (Fig. 14n).136

In conclusion, doping metal atoms serves the purpose of
enhancing the MSI between TMNs andM (e.g., Pt). As a concrete
manifestation, active metal atoms gain more electrons from the
carriers doped by metal atoms, resulting in a weakened inter-
action between intermediate oxide species and Pt atoms; hence,
the ORR was activity improved. Meanwhile, the SMSI betweenM
and TMNs is benecial to stabilize the active metal atoms on the
TMNs support.
3.4 Transition metal sulde carriers (TMSs)

In addition to TMOs, TMCs, and TMNs, several studies have
proved that transition metal sulde (TMSs) are novel non-
carbon carriers, especially the two-dimensional (2D) TMSs and
Janus transition metal dichalcogenides (TMDs). This is due to
their unique morphology, large specic surface area, adjustable
electronic structure, tuned defect degree, etc.137,138 To date,
a series of TMSs–supported metal composites (TMSs–M*) has
been reported for application in PEMFCs, including TMSs–
supported metal nanoparticles, metal nanosheets, metal
nanoclusters, and metal single atom.139–141 Especially for the
development of single atom catalysts (SACs), attention has been
given toward designing ideal nanoscale supports for the
anchoring of metal single atoms in PEMFC cathode catalysts,
aiming to achieve the maximum atomic metal density and
intrinsic properties of atomic metal active sites, clear structure–
activity relationship, and remarkable ORR performance.142–144

3.4.1 MSI effect between TMSs and M*. As reported,
unconventional phase 2D TMDs (1T′-2D TMDs) have a metallic
character, which can make the nonbonding metal-d orbitals
partially occupied. For the adsorption of single-metal atoms, it
will result in a distinctive electrophilic characteristic,139,145–147

resulting in the strong MSI in 2D TMDs-supported SACs.
Besides, due to the single atomic layer/multiatomic layer
structure, 2D TMDs have a large specic surface area and
superior sensitivity to catalytic reaction intermediates.
Although only the edge atoms of 2D TMDs structure retain the
This journal is © The Royal Society of Chemistry 2023
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Fig. 15 (a) Plots of electron density difference. (b) Schematic illustration of the catalyst. (c) XANES spectra of Fe K-edge. Enlarged spectra in the
pre-edge area are shown in the inset, alongwithmatching schematic diagrams that highlight the symmetry of the FeN4molecule. (d) ESR spectra
recorded at 100 K. (e) LSV curves of p–n junction catalyst. (f) LSV curves of FePc/GaS before and after 5000 potential cycles. Reproduced with
permission.150 Copyright 2022, Wiley-VCH GmbH. (g) Scheme of unconventional phase of the MoS2 (1T′ phase). (h) Overview of the ORR
overpotential for TM atoms supported on 1T′-MoS2. (i) Scaling of overpotential andDE*OH connection. Reproduced with permission.140 Copyright
2021, American Chemical Society. (j) Charge density difference of TM/SnS2. (k and l) Free energy diagram of (k) Ni, (l) Pt supported on the SnS2
monolayer for theOER andORR atU= 0 and 1.23 V. (m) ORR for pure and TM supported on SnS2monolayers with−hORR vs. DG*OH. Reproduced
with permission.138 Copyright 2022, American Chemical Society.
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coordinatively unsaturated state, numerous in-plane atoms
could activate and adsorb oxygen-containing intermediates by
means of the modication strategy as well. Moreover, the
metallic nature of 1T′-2D TMDs would also make for charging
redistribution and carrier transport during the reaction process
so as to further improve the catalytic efficiency.140 Charge
transfers between M* and the 2D TMDs monolayer could
contribute to polarizing the surface, which will greatly enhance
the active site of the reactants.148,149 In addition, the intense
interaction between the M* atoms and 2D TMDs monolayer
surface implies the higher stability of M*, which prevents single
atoms to aggregate into nanoparticles.149 In conclusion, it is
charge transfer and strong MSI between the carrier and M* that
are benecial for the catalytic activity of ORR.

3.4.2 Pristine transition metal sulde carriers. As previ-
ously mentioned, at the atomic level, ne-regulating SACs to
This journal is © The Royal Society of Chemistry 2023
transcend their activity limitation remains challenging. Mean-
while, SACs with metal centers paired with nitrogen donors,
such as iron phthalocyanine (FePc), possess p-type semi-
conductor properties, and a number of metal suldes (e.g.,
gallium sulde (GaS)) have n-type semiconductor properties.
Thus, Zhuang et al. proposed a novel strategy for generating
charge transfer and strong interaction between metal and
carriers (Fig. 15a and b). In brief, the local charge density of
FePc (p-type semiconductor) is adjusted by GaS (n-type semi-
conductor) support with low work function, which leads to
partial FeN4 distortion (Fig. 15c) and spin state transition of the
FeII center (Fig. 15d). As a result, FeN4 SCAs supported by n-type
GaS exhibited an excellent specic ORR activity (over twice and
twelve times higher than that of pristine FePc and commercial
Pt/C, respectively) at 0.85 V vs. RHE (Fig. 15e and f).150
J. Mater. Chem. A, 2023, 11, 23106–23132 | 23123
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Fig. 16 (a) Synthesis illustration of 2D Janus MoSSe monolayer. Reproduced with permission.156 Copyright 2017, Springer Nature. (b) Crystal
structure of TM-doped Janus monolayer MoSSe. (c) Bader charge of the three moieties along the ORR procedure for Ni@Se. The anchored Ni,
Janus MoSSe, and adsorbed species are represented by moieties 1–3 in (c), respectively. (d) Free energy diagrams during the ORR and OER
processes of (c) Ni@Se. Reproduced with permission.158 Copyright 2020, American Chemical Society. (e) The top-down method to engineer 2D
WSSe monolayer. Reproduced with permission.159 Copyright 2020, American Chemical Society. (f) Side view of single PGM (Ru, Rh, Pd, Os, Ir, Pt)
atom supported on 2D Janus WSSe monolayer. Reproduced with permission.160 Copyright 2022, Elsevier B.V. (g) Volcano plot for the opposite
value of ORR overpotentials (−hORR) against DGOH*. (h) The opposite value of −hORR vs. the total magnetic moments of TM@S–WSSe and
TM@Se–WSSe sites of WSSe monolayer. Reproduced with permission.161 Copyright 2022, Elsevier B.V. (i) XRD patterns of the as-prepared
samples. (j) Pt 4f XPS pattern of WC/FeS/NC and WC/FeS/FePt/NC samples. (k) ORR curves for various electrocatalysts. (l) Chronoamperometric
curves for the electrocatalysts at 0.8 V under 1600 rpm. Reproduced with permission.162 Copyright 2015, The Royal Society of Chemistry.
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Besides, a series of 2D TMSs supports has been designed for
the ORR process, such as MoS2 and SnS2. For example, Ling
et al. demonstrated that as opposed to the traditional 2H phase,
the defect-free MoS2 monolayer in the unconventional phase
(1T′-MoS2) (Fig. 15g) can efficiently immobilize single TM atoms
because of its unique electrophilic characteristic. Systematic
rst-principles calculations were performed to compare the
ORR performance of 21 kinds of atomic TM sites@ 1T′-MoS2.
Two candidates, such as Cu and Pd@1T′-MoS2, were success-
fully screened out with enhanced ORR properties (a low over-
potential of 0.41 and 0.32 V respectively), exceeding the majority
of the previously reported ORR catalysts (Fig. 15h). Further-
more, their potential for ORR were also revealed by comparing
the adsorption energy (*OH) on different TM sites (Fig. 15i),
which was determined by the d-band center of the supported
23124 | J. Mater. Chem. A, 2023, 11, 23106–23132
TM sites.140 This research provided efference to design stable
and high-performance SACs for ORR. Yang et al. investigated
the electrocatalytic oxygen evolution reaction (OER) and ORR
performance of SnS2 monolayer-supported transition metal
(TM) atoms by DFT calculations (Fig. 15j). It is worthwhile to
note that the OER/ORR overpotentials of Ni/SnS2 and Pt/SnS2
are 0.38/0.62 and 0.37/0.58 V, respectively, indicating promising
catalytic performance (Fig. 15k and l). Moreover, compared with
the contrast samples, SnS2 monolayer-catalyst supported by Ni
or Pt atoms showed the most potential application in OER/ORR
(Fig. 15m). This research will pave the path toward the prepa-
ration of high-performance SnS2-based bifunctional oxygen
electrocatalysts and the application of PEMFC cathode catalysts
in the future.138
This journal is © The Royal Society of Chemistry 2023
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Fig. 17 (a) Powder XRD spectra of Co3(HADQ)2. (b) Linear scan vol-
tammetry (LSV) curve of Co3(HADQ)2 and commercial 20% Pt/C at
1600 rpm. (c) H2O2 yield% of theORR onCo3(HADQ)2 at 1600 rpm and
electron transfer number utilizing RRDE for Co3(HADQ)2. (d) LSV
curves for ORR prior to and following 20 000 cycles for the CV test at
1600 rpm. (e) Comparison of ORR activity (E1/2) of different Co–N–C
catalysts in acidic media in previously published literature. Reproduced
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3.4.3 Modied transition metal sulde carriers. In addi-
tion, the novel 2D Janus TMDsmonolayer materials (e.g., MoSSe
and WSSe) with asymmetric upper and lower surfaces have
attracted quite a bit of attention and researches.151–155 Lu et al.
produced Janus MoSSe monolayer employing a self-regulating
chemical vapour deposition device with an inductively linked
plasma coil, breaking the out-of-plane structural symmetry
(Fig. 16a).156 Because the components on either side of the layer
structure display distinct electronegativity, Janus MoSSe
formations naturally possess a dipole moment. The simulation
of the second-order magnetic susceptibility in-plane and out-of-
plane of MoSSe monolayer exhibited anisotropy. Due to the
unique characteristic of the Janus structures, holes and elec-
trons can be effectively separated into distinct surfaces, which
results in increased catalytic activity.157

On the basis of rst-principles calculations, Wu et al. sug-
gested Ni-doped Janus monolayer MoSSe (Fig. 16b) with supe-
rior electrocatalytic performance toward ORR for fuel cells.
Fig. 16c showed the electrons transfer ability from the Ni atom
and MoSSe to the reactant intermediates, and the Janus
monolayer MoSSe doping Ni atoms by substituting Se atoms
(Ni@Se) had the best electrons transfer ability among all the
contrast samples. Meanwhile, Fig. 16d also veried the ultralow
overpotential for ORR/OER. Additionally, the synergistic effects
of the built-in electric eld and heteroatom doping resulted in
a high faradaic efficiency (about 100%) for ORR.158 Guo et al.
systematically explained the binding characteristics of single
noble metal atoms (Pd, Pt, and Ir) anchored Janus MoSSe
monolayers (MLs) by rst-principles calculations. Additionally,
the durability (Ir–MoSSe > Pt–MoSSe > Pd–MoSSe) as well as the
binding and adjustable electronic properties were briey
investigated. As a result, Pd–MoSSe and Pt–MoSSe demon-
strated outstanding bifunctional catalytic performance, espe-
cially the former having lower overpotentials (0.43 and 0.50 V
for ORR and OER, respectively), which are better than the well-
known Pt (111) (0.45 V) and IrO2 (0.56 V) electrocatalysts.
Therefore, Pd–MoSSe and Pt–MoSSe (especially the former) may
act as promising extremely-efficient ORR/OER bifunctional
electrocatalysts.163

Besides, Lin et al. proposed a new synthesis strategy for high-
quality Janus WSSe ML by the precise tailoring of the hyper-
thermal property of pulsed laser ablation plasmas to implant Se
species into WS2 ML (Fig. 16e).159 Guo et al. comprehensively
investigated the PGM single atom-modied Janus WSSe
monolayer systems by rst-principles computations (Fig. 16f).
The results displayed that the structural and electronic prop-
erties of Janus WSSe monolayer may be efficiently regulated by
a single PGM atom sustained in a stable manner at the W top
position on the S side. With the exceptional bifunctional cata-
lytic activity elucidated, Pd–WSSe and Pt–WSSe are successfully
screened from the PGM-WSSe systems. In particular, Pd–WSSe
exhibits signicantly lower overpotentials (hORR z 0.39 and
hOER z 0.49 V). Additionally, the superior electrical conduc-
tivity, high intrinsic electric eld, moderate binding strength
with O2 molecule, and the d orbital occupancy of Pd and Pt
atoms are the factors behind the remarkable bifunctional
This journal is © The Royal Society of Chemistry 2023
catalytic activity of Pd–WSSe and Pt–WSSe. As a result, it was
possible to implement a successful technique to lower the PGM
dosage in PGM SACs and an enhancement of the bifunctional
catalytic performance of the Janus WSSe monolayer could be
achieved.160

Similar to the above, Zhang et al. employed rst-principles
calculations to examine the ORR and OER electrocatalytic
activity of Pt atoms anchored at the S and Se vacancy sites of the
WSSe monolayer (Pt@S–WSSe, Pt@Se–WSSe). What's particu-
larly different from previous researches160,163 is that Pt@S–WSSe
and Pt@Se–WSSe rather thanWSSe monolayers anchored by Pd
atoms have low ORR/OER overpotentials (hORR/hOER) of 0.31/
0.36 V and 0.43/0.34 V, respectively (Fig. 16g). Compared with
the SACs previously researched, the hORR and hOER of Pt@S–
WSSe are much lower. In particular, it was demonstrated that
TM@S–WSSe and TM@Se–WSSe exhibit close association
between the magnetic moments and catalytic activities
(Fig. 16h). The study above delivers novel perspectives for
designing extremely effectual ORR and OER bifunctional
SACs.161

Apart from single-component 2D Janus TMDs carriers,
multicomponent catalysts containing metal suldes provide
a novel approach for the design of high-performance ORR
electrocatalysts due to their high electrical conductivity,
stability of supports, synergies between different components
and the promoting effects on noble metals, which reveals broad
application prospects in fuel cells. For instance, Li et al.
proposed a novel hybrid material WC/FeS/FePt/NC (Fig. 16i).
The Pt 4f XPS (Fig. 16j) spectra demonstrated that the WC/FeS/
FePt/NC hybrid structure had a lower binding energy than Pt/C
due to the incorporation of FeS, which indicated the electron
donor from WC/FeS to Pt. As a consequence, WC/FeS/FePt/NC
showed higher ORR activity (317 mA mgPt

−1) with MA 2.5
times that of Pt/C (125 mA mgPt

−1) at 0.9 V vs. RHE (Fig. 16k)
and excellent stability in acidic electrolytes (Fig. 16l).162
with permission.164 Copyright 2021, Elsevier B.V.
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Fig. 18 (a) Scheme of the formation of polymer-complex structures. (b) Polarization and power density curves of the cathode and anode are PG-
NaNi and Pt/C, respectively. Reproduced with permission.176 Copyright 2018, The Royal Society of Chemistry. (c) Scheme of Pd/p-BNO. (d) ORR
polarization curves of catalysts obtained in O2-saturated 0.1 M KOH. (e) Comparisons in MA and surface activity at 0.90 V. (f) Design strategy to
regulate the surface polarity of the support. (g) The PDOS of the d-state for Pd (with or without support) and the p-state for B, N, and O from the
h-BN and h-BNO. (h) Binding energy between Pd and support as a function of the increasing SMSI effect, regulated by the polarity of the support.
(i and j) ORR polarization curves and MA of Pd/p-BNO-2 before and after ADT (5000 CV cycles) in O2-saturated 0.1 M KOH (i) and 0.1 M HClO4 (j)
solution. Reproduced with permission.177 Copyright 2021, Elsevier B.V.
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In conclusion, 2D TMSs and 2D Janus TMDs have received
enormous attention in the eld of electrocatalysts due to their
unique crystal and band structures. At the same time, the
excellent strength and stability of TMDs enable it to maintain its
structure in harsh environments, ensuring the durability of the
catalyst. As mentioned above, abundant studies have proved
that 2D TMSs and 2D Janus TMDs has great application
potential in the eld of ORR by means of computational
methods such as molecular dynamics and rst principles.
However, the experimental research of 2D Janus TMDs for ORR
and the structure–activity relationship of 2D Janus TMDs as
cathode catalyst carriers is still lacking, especially application in
PEMFCs, which requires to be further explored.

3.5 Other carbon-free carriers

In addition to the above systems, metal–organic framework
materials, oxygen-doped porous boron nitride (BNO), conduc-
tive polymer materials, and alloys can also be used as carriers
for cathode catalysts for PEMFCs.

Functional porous frameworks, such as metal–organic
frameworks (MOF)165–169 and covalent organic frameworks
(COFs),170 have been used for energy storage and conversion
23126 | J. Mater. Chem. A, 2023, 11, 23106–23132
devices due to their tunable porous interconnected structures,
high specic surface areas, and well-dispersed active sites.
Especially in the eld of PEMFC, MOFs and their derivatives can
be used as catalysts or ionomers for the construction of
membrane electrode assembly (MEA) of PEMFCs.171–174 For
instance, Rashid et al. synthesized a new layer-stacked 2D MOF
Co3(HADQ)2 (HADQ represents 2,3,6,7,10,11-hexaamine dipyr-
azino quinoxaline) for the rst time (Fig. 17a), which demon-
strated an extremely high activity (E1/2 = 0.836 V vs. RHE, n =

3.93, and jL = 5.31 mA cm−2) with extraordinarily high
conductivity of 8385.744 S m−1 (Fig. 17b and c) while exhibiting
an outstanding stability (up to 20 000 cycles) as the electro-
catalyst for ORR in an acidic media (pH = 0.29) (Fig. 17d),
outperforming most of the state-of-the-art metal–N–C and
single-atom electrocatalysts for acidic ORR (Fig. 17e).164

In addition, conductive polymer materials have also been
widely used for PEMFCs due to their advantages of dimensional
stability, thermal stability, conductivity, and exibility, which
can ultimately achieve the optimized interactions between M*

and the polymer matrix and excellent PEMFCs properties.175

Kadirov et al. synthesized a nickel sodium pectate complex (PG-
NaNi) while nickel was substituted with sodium by 25% as the
This journal is © The Royal Society of Chemistry 2023
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cathode catalyst of PEMFCs, which is a readily available bio-
logical raw material and pectin (Fig. 18a). The values of the
maximum current density was 59 mA cm−2 and the maximum
power density was 5.9 mW cm−2 during tests in an H2/O2

PEMFC (Fig. 18b).176 Li et al. discovered that the robust polar
bond in the support can considerably boost the electrocatalytic
oxygen reduction activity and durability of Pd NPs (Fig. 18c and
d). The MA and surface activity of the optimized Pd/p-BNO are
nearly 1.9 and 2.2 times higher than those of the commercial Pt/
C catalyst under 0.90 V (vs.RHE), respectively (Fig. 18e).
Through a combined experimental and computational investi-
gation, it has been determined that the enhanced activity of Pd/
p-BNO is due to the direct transfer of electrons via the strong
polar O–B bonds from the support to the Pd NPs, which then
results in the electron-rich Pd surface (Fig. 18f–h). Additionally,
the stability of Pd/p-BNO is effectively increased by the strong
bonding effect of the polar bond (Fig. 18i and j). This progress
emphasizes the essential role of polar chemical bonds in
carriers on inducing the SMSI effect, which may present new
prospects for designing superior heterogeneous catalysts.177

As a novel multi-component catalyst, alloy nanoparticles
could achieve high activity, high selectivity, and high stability
through composition design and element regulation, which
prompted them to be widely used in electrocatalysts for clean
energy and possess broad application prospects in the eld of
electrocatalysis such as ORR.178,179 Meanwhile, Pan et al.
synthesized a novel alloy material FeCo in the amorphous phase
with a highly porous structure, the merits of high-density
defects and unsaturated surface atoms, which could be used
as a bifunctional catalytic support to immobilize the Pd catalyst
for high-performance ZAB.180 Besides, Xia et al. demonstrated
that the SMSI between Pt–Co alloys and Co–N4 active sites
reduced the adsorption energy of oxygen intermediates and the
activation energy of the reaction, thereby synergically
accounting for improving the ORR performance.181

4 Conclusions

PEMFCs have been regarded as one of the most eco-friendly and
efficient devices to generate electricity. Yet the insufficient
activity and stability of PEMFCs still hinders their widespread
applications in different scenarios, which is mainly caused by
the state-of-the-art Pt/C cathode catalysts. In particular, the
negative problems brought by the utilization of carbon-based
supports cannot be ignored. Recently, transition metals
oxides, transition metal carbides, transition metal nitrides, and
transition metal suldes have been seen as alterative supports
for carbon carriers. In this paper, we illustrated the up-to-date
progress in carbon-free carriers for PEMFC cathode catalysts,
focusing on their regulation strategies of MSI effect. To
accomplish this obstacle, heteroatoms doping, coating engi-
neering, forming heterostructures, and introducing oxygen
vacancies and defect sites have been considered to be effective
methods to prepare these carbon-free PEMFCs catalysts.
Detailed researches by experimental and theoretical calcula-
tions have deepened our understanding of the MSI regulatory
mechanism, where the adhesion energy, migration barrier,
This journal is © The Royal Society of Chemistry 2023
exposed crystal plane, d-band center, and electron transfer
property of these carbon-free PEMFC cathode catalysts can be
effectively tuned.

Several remaining challenges in carbon-free PEMFC cathode
catalysts should be overcome in the future. The details are as
follows.

(a) Conducting experimental research for application in
PEMFCs to further illustrate the structure–activity relationship
betweenmetals and carbon-free carriers, especially TMSs. As for
TMOs, TMCs, and TMNs, the existence of MSI is clearly char-
acterized in combination with experimental researches and
theoretical calculations; in addition, the structure–activity
relationship of carbon-free cathode catalyst carriers and the
acceleration of MSI effect on the ORR process in PEMFCs are
gradually being illustrated. However, the experimental research
of 2D Janus TMDs as cathode catalyst carriers for ORR and the
MSI effect among them is still lacking, especially the applica-
tion in PEMFCs, which requires to be further explored.

(b) Exploring effective methods to enhance the MSI and
conductivity of carbon-free supports, which can further improve
the ORR activity of non-carbon-supported PEMFC cathodes.
Synthesizing carrier materials with heterojunction electronic
regulation effect enhances the charge density of M*. For
example, doping transition metal carbides and transition metal
suldes plays a vital role in enhancing the electrical conduc-
tivity; modifying hydroxyl groups (–OH) on the carrier surface is
benecial for improving the ability to anchor metal atoms;
utilizing transition oxides with a more stable structure as the
carrier skeleton could efficiently improve the durability of the
catalyst in PEMFCs.

(c) The morphology and specic surface area of carbon-free
supports are also need to be improved to prompt the
anchoring of active metal sites and mass-transfer property of
non-carbon supported PEMFC cathodes. Open frame structures
such as nanotubes, nanoclusters, hollow mesoporous spheres,
core–shell structures, multistage ordered pore structures, and
two-dimensional structures (e.g., MXenes) have attracted wide
attention as electrocatalyst carriers due to their high surface
exposure and atom utilization ratio, support-induced strain
engineering, and adjustable electronic state.

(d) Design of novel carbon-free supports such as functional
porous frameworks, composite non-carbon materials with het-
erojunction structures, molecular sieves porous carbon mate-
rials synthesized bymeans of a template agent such as SiO2 with
high porosity, specic surface area, and easy functionalization
for PEMFCs, realizing the optimized O2 adsorption, mass
transfer, and electrochemical transformation.

(e) Machine learning has the prospects of accurately and
reliably optimizing the experimental conditions by combining
machine learning and DFT techniques to accomplish the
accurate and reliable optimization of experimental conditions
and developing novel models for PEMFC cathodes.

Given these challenges and issues, researchers need to
further develop economical, eco-friendly, and highly durable
carbon-free supported electrocatalysts to facilitate subsequent
industrial applications of PEMFCs.
J. Mater. Chem. A, 2023, 11, 23106–23132 | 23127
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