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Abstract. The crucial component involved in a polymer electrolyte membrane (PEM) fuel cell stack is the catalyst
electrode material which performs a significant role in reaction kinetics and subsequently on the performance. Recent days
have given impetus to the advancements of a relatively cost-effective, yet high-performance electrocatalyst for PEM fuel
cell application. Qualitative studies reveal that significant advancements in the stability and activity of non-platinum
electrocatalysts were achieved that could make a significant contribution on commercializing the PEM fuel cells in a
vast scale. The present paper reviews the non-platinum-based electrode materials used for PEM fuel cell in the past seven
years (2015–2021) and also envisages on the role of novel cost-effective electrode materials. In addition, the paper also
provides a critical snapshot on the advancements of the PEM fuel cell electrode materials in diverse operating
environment.
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Introduction

Energy and environment are mutually interdependent
constituents that lead to a sustainable development [1]. A
relatively highly efficient and sustainable energy system must
be both cost-effective and must also produce minimal
harmful emissions. The limitation with the most credentialed
renewable platforms, such as solar and wind energy power
systems, is because of the discrepancy between energy supplies and demands [2–6] due to their intermittent operation
nature. Fuel cells are sustainable and reliable energy systems
which operate on hydrogen (cleanest fuel) and are potential
alternatives to the noxious fossil fuel-based [7,8] generators.
Due to lack of combustion or emission, there is tremendous
electrical efficiency than conventional generators of parallel
size and rating [9–14]. Various types of fuel cell technologies
are polymer electrolyte membrane fuel cell (PEMFC), solid
oxide fuel cell (SOFC), alkaline fuel cell (AFC), phosphoric
acid fuel cell (PAFC) and molten carbonate fuel cell (MCFC)
[15–17]. Among these fuel cell technologies, PEM fuel cells
are widely used owing to their distinct features, such as quick
startup, low-operating temperatures (60 to 80°C), dynamic
response and high power density [18]. In addition, PEM fuel
cell has significant implications on a nation’s economy by
reducing their rely on imported crude oils and thereby
strengthening the energy security [19].

1.1

Components and principle of PEM fuel cell

PEM fuel cells comprise multiple layers of composite
materials. Following are the key components of a PEM fuel
cell illustrated in figure 1 [20].
1.1a Membrane The membrane (proton conducting) is a
uniquely engineered material that appears to be modified
Teflon used in home kitchen. The membrane conducts only
the positive ions and blocks the electrons [21,22]. Being the
integral PEM fuel cell component, the membrane allows only
appropriate ions (positive ions) to flow from anode to cathode
[23].
1.1b Catalyst layer: Catalyst layer (CL) is the core constituent
in PEM fuel cell that drives the electrochemical kinetics and
activity [24]. Hydrogen fed at anode catalyst-side is oxidized
and generates electrons and protons (hydrogen ions). On the
contrary, the oxidant is fed to cathode catalyst-side on another
side where the reduction takes place. A PEM fuel cell’s anode
and cathode reactions are as follows:
Anode :
Cathode :


H2ðgasÞ ! 2Hþ
ðaqÞ þ 2e ;

Eao ¼ 0 V;

1

O2ðgasÞ þ 2Hþ
ðaqÞ þ 2e ! H2 OðliqÞ ;
2

Eco ¼ 1:23 V:
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1.1e Gaskets: Membranes in each stack are sandwiched
between couple of bipolar plates along with gaskets that are
usually made of rubber polymers, around this membrane
assembly that makes a gas tight seal [30].
Electrode is by far the most critical and expensive
material among the various PEM fuel cell components
discussed and its properties always said to have critical
impacts on efficiency and durability of the stack [31–33].

For instance, Ehelebe et al [34] reported that the effect of
electrode parameters influences the stack performance. An
electrode system should always be in contrast with the
recent state-of-art developments to provide holistic insights
[35].
Figure 2 represents the electrochemical reaction of
PEM fuel cell electrode (cathode side) to produce water
along with the proton and electron transport. It is still
essential for the investigation of electrode materials for
the PEM fuel cell applications, as the research on other
components have already progressed much [36]. It is
evident from figure 3 that the conventional electrodes
(platinum group of metals) account to 43% of overall
PEM fuel cell costs [37].
Although platinum is found to be a broadly employed
electrode, it is attributed to its characteristics, such as
reactant activity, chemical stability and high current density. Ironically, the limitation with Pt-based electrodes is its
high cost and CO poisoning [38] which limit its commercialization. In recent days, numerous researches significantly contributed towards seeking optimal alternative
electrode materials for PEM fuel cell application. A considerable number of literatures have already contributed to
the optimized performance and durability of other key
components of PEM fuel cell, such as GDL, membrane and
bipolar plates [39–41]. In the present work, the review is
limited to assessment on innovations in cost-effective nonplatinum group of metal (PGM) electrodes for PEM fuel
cell applications in the last seven years. Section 2 describes
the required attributes for an electrode to be functionally
effective and it also illustrates about the major challenges
encountered for a PEM fuel cell electrode during operation
i.e., critical losses. Section 3 provides short description on
the conventionally used Pt and Pt-alloy electrode materials

Figure 1. Basic components and working principle of a PEM
fuel cell. Reprinted from reference [20]. Copyright 2019 with
permission from Springer.

Figure 2. Electrochemical reaction of PEM fuel cell electrode
(cathode side) to produce water.

The optimal standardized potential (Eo ) for a PEM fuel
cell at 298 K reaction kinetics is 1.23 V for liquid water as
by-product and 1.18 V for gaseous water as by-product.
1.1c GDL: The gas diffusion layer (GDL) electrically
interconnects with the current collector and the catalyst
layer to facilitate the reactant transport to the electrocatalyst
site. In addition, the GDL also aids in the removal of product water [25]. It usually comprises of two layers, namely
hydrophobic layer made up of polytetrafluoroethylene
(PTFE) and macroporous layer which is made up of carbon
paper/carbon cloth concealed with the microporous layer.
Reactant gases diffuse through the GDL pores. The
hydrophobic PTFE held pores open, inhibiting the excess
water accumulation [26,27]. The integration of GDL and
catalyst layer is termed as electrode layer. Ironically, in case
of the catalyst-coated membrane (CCM), the catalyst is
coated directly onto the membrane.
1.1d Bipolar plates: Each cell within the stack is sandwiched across two bipolar plates, which separates it from
nearest cells and provides the stack with electrical conduction and also provides robustness to the stack. The plates
normally have a ‘flow field’ within them, that are machined/
stamped with a set of channels which facilitates the gas flow
evenly through membranes [28,29].
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Figure 3. Cost contribution of PEM fuel cell stack components
[37].

and their hurdles for not being much successful in
commercial market. Followed by section 3, section 4
assesses researches attempted to develop inexpensive nonPGM electrode materials for PEM fuel cell. We describe the
technology to adapt PEM fuel cell with electrode materials
rather than PGM metals and their significance. Section 5
summarizes the overall review and the snapshot on the
recent advancements in PEM fuel cell electrodes.

2.

Functional attributes of a PEM fuel cell electrode

PEM fuel cell electrode is considered as the heart of the fuel
cell stack and it indeed enables electrons to carry continually from the anode to cathode [42,43]. In compliance with
this function, electrodes for PEM fuel cell are ought to have
certain properties (table 1) to achieve overall better performance of the fuel cell stack. Researchers seek to develop
a PGM-free catalyst and firmly focussed on meeting the
crucial functional attributes at better performance and costeffective [43].
Table 1.
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In PEM fuel cell reaction kinetics, the oxygen reduction
reaction (ORR) is sluggish compared to the hydrogen
oxygen reaction (HOR) by a factor of 6–7 [52] and subsequently, the challenge is to develop a potential electrode for
ORR [53]. In contrast with other electrode materials, Pt has
the highest degree of activity for ORR and thus, often
positioned at the top (peak) of the ‘volcano’ plot given in
figure 4, which is described by the Sabatier theory [54].
The electrode performance is determined by the current
at an obtained voltage (Vfc). i.e., normalized current density
measured, also known as mass activity, which is most
widely used figure to compare various electrodes [55]. The
role of electrode is incredibly significant in minimizing the
activation losses and subsequently, contributing towards a
better performance [56].
The actual cell potential is computed from its ideal
potential and is due to the various irreversible losses which
are termed as polarization. Polarization curve given in
figure 5 [57] is the fundamental kinetic law for fuel cells,
which is a plot of current density and cell potential. With
the help of polarization curve, the influence of three categories of loss is always easy to discern [58]. Multiple
phenomena leading to irreversible losses in a PEM fuel cell
are the activation polarization (Vact), the ohmic polarization
(Vohmic) and the mass transportation polarization (Vcon) [59].
At the activation polarization region, the reaction kinetics
are said to be sluggish. Ohmic polarization region is the
liner region where the fuel cells predominantly operate, and
at mass transportation region due to the inability of the fuel
cell to match the reactant supply and demand. Activation
losses (Vact) eventually lead from activation potential of the
electrochemical processes that normally occurs at the
electrodes i.e., sluggish electrode kinetics. The activation
losses predominantly depend on catalyst material,
microstructure, reactant activity and utilization, and current
density [60]. The ohmic losses (Vohmic) result from the ionic
and electrical resistances of electrodes and also the contact
resistances. These losses are directly proportional to the

Functional attributes of a PEM fuel cell electrode.

Attributes
Activity
Selectivity
Stability, mechanical and
chemical durabilities

Resistance to poisoning
Ionic and electronic
conductivities
High degree of porosity
Design attributes

Functions
The reactant must facilitate the reaction kinetics of electrodes.
To develop intended product and minimize parasitic products at the output.
To be robust and withstand the PEM fuel cell operational environment, such as
strong oxidizing agents, reacting radicals, an acidified atmosphere and
temperature rates which fluctuate faster at higher voltage.
For reliable performance and durable life under oxidation.
Immune against impurities present in the fuel cell and in the feed gases.
To carry charged ions and better electrical output.
For effective transportation of gases.
Low internal electric losses, low cost of electrode, constant composition
electrolyte and ecologically acceptable fuels.

References
[44]
[45]
[46]

[47]
[48]
[49]
[50,51]
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towards economical material, but also towards an effective
performance along with substantial robustness [65].

3.

Figure 4. Volcano plot of key electrode materials for PEM fuel
cell. Reprinted from reference [54]. Copyright 2014 with permission from licensee Beilstein-Institut.

Figure 5.
[57].

Polarization characteristics of a typical PEM fuel cell

current density [61]. Mass transportation losses (Vcon) are
result of reactant rate limitations of finite masses occurred
due to the reduction in concentration of the gas at the
interface surface of electrode–electrolyte [62]. In addition
to the activity of catalyst measurement cost and durability;
overall efficiency must also be calculated to assess the
commercial value, strength and stability of the electrode
[63].
Following equation defines the fuel cell output voltage
(Vfc) of single PEM fuel cell.
Vfc ¼ Eo Vact Vohmic Vcon :
where Eo is the standard potential of fuel cell.
Numerous researchers have studied how expensive
electrode materials can be substituted, while guaranteeing
that the cells persist to augment primary efficiency metrics
(durability and power density) [64]. Researchers eye to
develop PGM free electrodes which not only contributed

Platinum-based electrodes

Platinum (Pt) is the most effective electrode material for
both HOR and ORR, where Pt nanoparticles are assisted by
carbon nanosphere [66]. Since reactions of the PEM fuel
cell are structural-sensitive reactions that are more concentrated on crystal facets, highly regulated morphological
nanoparticles with highly active crystal facets are efficient
in application of PEM fuel cell electrode [67,68]. Stability
should also be considered in the electrode development, in
addition to performance. The key cause of loss in electrode
performance of PEM fuel cell is the Ostwald ripening
[69–71] process which is accelerated by electrochemical
dissolution and redeposition of dissolved Pt on the surface
of electrode. Due to the disparity in the surface free energy,
thermodynamic chances of agglomeration of smaller particles to larger particles being high; the larger particle sizes
contribute to less efficient electrochemical surface area,
thus, minimizes mass activity and catalytic efficiency
[70,71]. The chemical synthesis of deposition of Pt
nanoparticles into carbon, supports and ensures to obtain
relatively small particles, thus, effectively eliminating
Ostwald ripening of Pt nanoparticles [72–76].
Transitional metal alloy Pt has been found to greatly
boost the slow ORR kinetics for the cathode due to geometrical and electronic attributes [77]. Pt–Co/C, Pt–Ni/C,
Pt–Cr/C and Pt–Cu/C alloyed nanoparticles are few examples that are successfully prepared for fuel cell electrode
application [78–81]. A comparative study demonstrated that
although this form of alloying considerably enhances ORR
operations, common alloy materials, such as Co, Ni and Fe
are appeared to be leached from the electrode nanoparticles
in a highly acidic PEM fuel cell environment [82,83]. ORR
occurring at the PEM fuel cell cathode is catalysed by the Pt
loadings to greatly minimize the over potential loss [84].
The standard loss is the activation of over-potential, on
which their magnitude highly relies on the reaction kinetics,
more precisely on the size of exchange current density [85].
Thus, the enhancement of kinetic reaction efficiency is
accomplished by raising the current density that relies on
the activation, reaction concentration and reaction sites,
barriers and temperature. These variables inhibit large-scale
marketing and have led to intensive research towards
inexpensive, highly active and stable non-PGM electrodes
[86].

4.

Non-pt electrodes

PGMs are quite expensive, their cost is subjected to
volatility, they are available from only very few sources and
their cost does not scale with larger production volume.
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Hence, for long-term accomplishment of fuel cells, PGMfree catalysts need to be developed. It is for this reason,
researchers have strategically targeted their focus on their
work on the eradication of PGM from the fuel cell system,
and its replacement with a high-performance, durable PGMfree electrocatalyst for PEM fuel cells. Although substantial
technological advancements have been made in various
respects in developing Pt electrodes, there remain obstacles
to commercialize fuel cells to compete with conventional
sources, where the cost, efficiency and durability of fuel
cells are yet to be enhanced [87]. This drives researchers to
work on developing a substitute to address the criterion that
PEM fuel cell electrode material demands [88]. Table 2 [32]
provides the classification of various platinum and nonplatinum electrode materials for PEM fuel cell.
The quest for developing low-cost, high-performance
PEM-fuel cell electro-catalysts began approaching with two
different strategies. The first way is to lessen the use of
catalysts by enhancing Pt usage of the catalyst layers [89].
This could be executed by employing relatively cost-effective Pt alloys (such as Co, Fe, Mn, etc.) and/or through
using unique supportive materials to enable deposition of Pt
nanoparticles [90].
Over the past decades, although the Pt loading was
reduced considerably to about 0.4 mg cm-2 [91], ironically,
the overall cost of the electrode has not been reduced significantly, especially for the long-term way [92]. There is
also an approach attempted to recycle the Pt electrodes to
limit the large-scale production expenses. The attempt was
made by Balva et al [93] to recycle platinum by leaching it
via coupling with chlorine/ionic liquids. Though the recycled Pt electrode helps reducing large scale production cost,
the sluggishness persist as a barrier on performance
improvement. Those approaches were not found to be significantly contributed towards reducing the overall cost of
PEM fuel cell. As a consequence, there has been an inclination towards research as a third approach on producing
non-PGM electrodes. Developing high-performance, nonPGM-based electrodes thus, appear to be the key path to the
sustainable manufacturing of PEM fuel cell applications.
However, till date, activity and stability of non-PGM electrodes are inferior to Pt electrodes [94].

Table 2.

Various PEM fuel cell electrode materials [32].

PGM-based
Electrode material
Pt
Pd
Rh
Ru
Ir
Os

Platinum alloy-based

Non-PGM

Pt–Cr/C
Pt–Ni/C
Pt–Co/C
Pt–Cu/C

Fe–N–C
C
Ionic liquids
Graphene

4.1
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Fe-based electrodes

Vinayan et al [95] developed an active, robust, nonplatinum metal electrocatalyst that has been synthesized
from a precursor of the electrode at high temperatures,
which include Fe–, N– and S-charged salt co-doped with
graphene that forms structured electrode made ideal for
PEM fuel cell application. The material synthesized is an
electrode of metal–nitrogen–sulphur group and has an open
matrix structure (4 mg cm-2) with Nafion 212 as electrolyte, regulated by the silica-templating process. The
Fe–NSG electrode was shown to be sustainable, which at
0.5 V provides a peak power density of 225 mW cm-2
(80°C) with promising stability and high current density.
A hybrid Fe–N–C electrode from a bi-metal-organic
frame (Zn/Fe-ZIFs) developed by Liu et al [96] was one of
the best non-noble metal electrodes ever reported on ORR
in acidic and alkaline environments. Fe–NC-20-1000 loaded with catalyst loading of 0.75 mg cm-2 and ZIF-7 precursor exhibited a half-wave potential ORR activity of
0.770 V which is close to that of the 0.827 V for Pt/C
in acidic medium. The power density exhibited is 870 mW
cm-2 at 130°C which is 10% positively higher than Pt/C’s
ORR.
Bhange et al [97] reported a Pt-free iron-based electrode
doped with sulphur and scrolled graphene (P12-900) as a
potential ORR electro catalyst. The single PEM fuel cell
using Nafion with isopropyl alcohol (IPA) as electrolyte
under catalyst ratio of 0.5 demonstration employed with
P12-900 electrode (loading of 2 mg cm-2) produced peak
power density of 345 mW cm-2 and is equivalent to the
state-of-the-art Pt/C cathode which is 322 mW cm-2.
Through its unrivalled propensity to accelerate electrode
reaction, the prepared PGM free electrode can therefore,
serve as a viable alternative to substitute expensive metal
electrode for PEM fuel cell.
From last few decades, iron-based electrodes were found
to be potential alternative for PGM-free electrode, in a
research by Khan et al [98], Fe-doped C12A7 (a maynite
electrode synthesized of nanoparticles) was developed with
A201 Tokuyama as electrolyte membrane. The developed
electrode was a composite, cost-effective, exceptionally
durable, active and precious metal-free with catalyst loading of 0.1 mg cm-2. The maximum power density reached
up to 275 mW cm-2 at a potential of 1.03 V operated at
80°C, where for the conventional Pt/C electrode, the power
density was 245 mW cm-2 at the same operating conditions. The results are evident that Fe-doped C12A7 would
be an incredibly alluring precious metal-free electro
catalyst.
In high-temperature polymer electrolyte membrane fuel
cells (HT-PEMFC), the ORR activity of Pt-based electrodes
is weak because of the poor resistance of Pt-based electrodes towards phosphate ions. Fe and N co-functionalized
with carbon (Fe–N–C) exhibits resistance to phosphate ions
and act as a potential option for PEM fuel cell [99–101].
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Razmjooei et al [102] employed a silica sol optimized
Fe–N–C electrode pyrolysed with organometallic acid
resulted in an improved mass transfer which leads to
improved ORR activity for a HT-PEMFC with phosphoric
acid-based electrolyte (catalyst loading of 0.75 mg cm-2).
The developed electrode operated at 150°C offered an
overall power density of 260 mW cm-2 and a current
density of 1260 mA cm-2 at 0.2 V, which are superior to or
comparable to the recently recorded values.

4.2

Carbon-based electrodes

High surface area carbons have been used as a worthwhile
electrode for numerous electrochemical batteries and fuel
cells [103,104]. In fuel cells, carbon indeed features its
importance, particularly for PEM fuel cell electrodes [105].
Conventional platinum electrodes are often found to be
supported with carbon and carbon nanotubes (CNT), especially with carbon black, due to its good electrically conductive property and easy availability [106]. However,
carbon corrosion alongside the platinum dissolution and
Ostwald ripening remains to be the primary cause for poor
longevity of the electrocatalyst under large potentials [107].
As a result, researchers are devoted towards developing
electrode using carbon entirely, rather than using carbon as
a support material for expensive platinum electrode.
Centred on the fuel cell marketing criteria, a research
study by Yang et al [108] identified the design and development of a durable fuel cell, based on carbon black (CB)
and multi-walled carbon nanotubes (MWCNT), wrapped
with polypyridine bibenzimidazole (PyPBI) electrolyte.
Electrode developed with MWCNT/PyPBI/CB with catalyst
loading of 0.45 mg cm-2 operated at 120°C showed
extremely high reliability at a loss of just 5% from the
original fuel cell potential in 500,000 realistic cycles, which
demonstrated substantially greater stability and power
density of 160 mW cm-2 at 0.8 V, which is comparatively
higher to the traditional Pt-based electrode with a potential
loss of 50%. In summary, the research is believed to be for
the desired advantageous phase by the industries because of
the high durability, economy and overall output of the
produced electrode.
A study by Zamora et al [109] on non-PGM electrodes
evaluated the use of carbon nanosphere (CNS) in microporous layers (MPL) with catalyst loading of 0.6 mg cm-2
using polybenzimidazole (PBI) as electrolyte and resonates
the properties and efficiency against the traditional Pt-carbon black MPL for high-temperature polymer electrolyte
membranous cell fuel (HT-PEMFC). A short fuel cell life
test has been conducted at 120°C to determine efficiency
under accelerated strain, showing that due to its high element stability and strong electrical conduction with peak
power density of 380 mW cm-2 at 1.02 V, CNS is a viable
alternative to conventional carbonaceous materials appropriate for use in this technology.
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In a research by Zheng et al [110], an extremely effective
and relatively low-cost mesoporous carbon octahedral
electrode, synthesized with UIO-66-NH2 by double-solvent
diffusion-pyrolysis process, co-doped using finely splintered doping elements (Fe/N/S), has been developed, to
decrease the sluggishness of the ORR reaction in PEM fuel
cell, configured employing Nafion 211 polymer electrolyte
with catalyst loading of 4 mg cm-2. The electrode configuration is well-inherited by the mediated carbon content,
exhibits excellent catalytic activity and ORR durability. The
electrode exhibited with a maximum power density of 553
mW cm-2 at 0.6 V and at 80°C, rendering it one of the
strongest electrode materials compared with that of any
non-expensive metal electrodes.
A reference for economical and practical carbon paper
engineering is reported by Waseem et al [111] for the
requirements of commercialization of fuel cells. In the
report, porous carbon fibre composite paper is used in fuel
cell assembly as an electrode material, employed with
Nafion 212 polymer electrolyte with catalyst loading of 4
mg cm-2. Operated at 80°C, the composite electrode with
fibre/matrix ratio of 65:35 delivered peak power density of
916 mW cm-2 at 0.99 V. The reliability of the overall
equilibrated properties of the carbon composite electrode is
a key factor in maintaining the much-required consistent
high-power densities in a PEM fuel cell over expensive Pt
electrodes.
Waseem et al [112] reported a PEM fuel cell assembly
utilizing porous conductive carbon-composite paper as an
electrode. Carbon paper is formed by patterning carbon
fibres (through composite formation) in the form of sheets
with high porosity, termed as preforms. With overall
properties balanced (porosity, stability, electrical conductivity and electrochemical property) for single PEM fuel
cell unit with standard calomel electrolyte (SCE), the pore
formers are the urea and camphor with catalyst loading of
0.5 mg cm-2. The prepared electrode operated at 55°C
exhibited cell performance of 756.8 and 792.2 mW cm-2 at
0.9 V, which is more or less similar to that of commercial
expensive Pt-based electrodes ([750 mW cm-2).
Catalysts based on Fe and N co-doped carbon (Fe–N–C)
have exhibited a promising activity and stability. Wang et al
[113] focussed to develop a Co–N–C catalyst for improved
ORR activity in PEM fuel cells with Nafion 212 membrane.
Experimental tests were carried out using a single PEM fuel
cell with catalyst loading of 1 mg cm-2, operated at 80°C,
peak power density of 940 mW cm-2 was achieved at a
potential of 0.5 V.
He et al [114] developed an effective surfactant-assisted
confinement pyrolysis strategy to enable controlled synthesis of atomically dispersed CoN4 sites with increased
density, therefore, leading to significantly enhanced catalytic activity for the ORR in challenging acids for PEM
fuel cell employing Nafion 212 as electrolyte and
Co–N–C@F127 as catalyst with loading of 0.4 mg cm-2.
Co–N–C@F127 catalyst exhibited excellent ORR activity

Bull. Mater. Sci. (2021)44:287
with the most positive 0.84 V potential with peak power
density of 870 mW cm-2 operating at 80°C.
Wang et al [115] developed a thermodynamically
decomposed hierarchical ordered porous carbon with
atomically dispersed FeN4 catalytic centres in the carbon
matrix. The FeN4/HOPC-C1000 catalyst with loading of 0.5
mg cm-2 achieved a superior half-wave potential of 0.80 V
(vs. RHE) in 0.5 M H2SO4, only 20 mV inferior to the 0.82
V of conventional Pt/C. Moreover, test results show peak
power density of 420 mW cm-2 at a potential of 0.57 V
when operating at 80°C.
A new approach for carbon nanofibre paper-based PEM
fuel cell electrode design was proposed and demonstrated
by Ponomarev et al [116] for HT-PEMFC. Polybenzimidazole (PBI)/H3PO4 membrane is employed as electrolyte
with carbonized electrocatalyst (polyacrylonitrile/carbon
black Vulcan/Zr/Ni) loading of 1 mg cm-2. Fuel cell tests
were performed at 180°C. Maximum power density
obtained was 342 mW cm-2 at 0.9 V, and the performance
is similar to that of conventional noble metal catalysts.
In recent times, hierarchically macro-/meso-/microporous
3D carbon materials have been given more interest due to
their ingenious prospective in electrochemistry. With regard
to this, Shen et al [117] reported a dual-template strategy
using eutectic NaCl/ZnCl2 melt as airtight and swelling
agent to obtain 3D mesoporous skeleton structured carbon
from renewable lignin. The prepared lignin-derived biocarbon material was used as a cathode catalyst to assemble a
H2–O2 single PEM fuel cell, and its excellent catalytic
performance has been confirmed, while operating at 80°C
with the maximum power density of 779 mW cm-2 and
potential of 0.7 V which is relatively better over conventional Pt/C electrocatalyst.
Xia et al [118] reported a novel synthetic strategy for the
seeded growth of hierarchically branched CNTs with a high
density of Fe-Nx active sites and toward durably high
PEMFC performance using Nafion 211 ionomer as membrane with catalyst loading of 0.4 mg cm-2. Single PEMFC
test with the prepared Fe–N/C cathode was conducted at
75°C to evaluate their activity and durability under realistic
conditions. Peak power density of 480 mW cm-2 is
obtained at 0.9 V.
Wu et al [119] reported their recent effort in developing
carbon nanotube cross-linking MOF-derived Fe/N/C catalysts as oxygen reduction electrocatalysts for fuel cell. It is
witnessed that the CNT cross-linking strategy effectively
improve the activity and stability of fuel cell, proven with
an experimental result of high power density of 732 mW
cm-2 at 0.7 V, achieved at 90°C.

4.3

Graphene electrode

As a viable option in contrast to expensive Pt electrodes,
graphene contributes its best part as being universally
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available at low-cost for various energy applications
[120–123] including that of fuel cell.
In terms of graphene nanotubes, a research was undertaken by Unni et al [123] to develop an effective graphene
nanotube hinged ORR electrode, procured from singlewalled nano horns, confined with iron oxide graphene
nanotubes (FeGNT) with catalyst loading of 2 mg cm-2.
FeGNT is reported to have high surface area amongst the
metal-confined nanotubes, which the graphene encompassed. PEM fuel cells operated at 65°C using FeGNT as
electrode, single cell polarization with Nafion 212 electrolyte, achieved power density of 200 mW cm-2. Thus,
FeGNT has the prospect of serving a promising non-Pt ORR
electrode for PEM fuel cell applications.
Halogen-doped graphene oxide (GO) electrode developed by means of electrochemical exfoliation was reported
by Kakaei and Balavandi [124] for ORR in alkaline media.
With Nafion isopropanol as electrolyte, the catalytic activity
of the GO electrode is 50 mA cm-2 for a loading of 0.5 mg
cm-2, compared with a typical PT electrode that exhibited
30 mA cm-2. Moreover, improved polarization efficiency
with maximum power density of 320 mW cm-2 at 1 V and
60°C with decreased resistance to electron transfer was
achieved.
Marinoiu et al [125] synthesized iodine-intercalated
graphene electrode for PEM fuel cell. Iodine-doped graphene was evaluated for electrochemical efficiency and
compared to a standard PEM fuel cell configuration with
loading of 0.2 mg cm-2. The proposed cathode exhibited
ORR activity of 90 m2 g-1 than the Pt/C of 38 m2 g-1 at
80°C. The hybrid cathode produced peak power density of
550 mW cm-2 at 0.52 V
As grapheme-based materials already attracted extensive
interest in energy devices and fuel cell technologies as a
substrate for expensive electrodes, experiments are intended towards production of iodine-doped graphene electrode
for PEM fuel cell [126–128]. Experimental results by
Marioiu et al [129] on electrode based on I-doped graphene
with Nafion 212 electrolyte and catalyst loading of 0.2 mg
cm-2 were of high electrochemical efficiency and long
durability, demonstrating the potential of being an effective
electrode material for PEM fuel cell. The overall durability
test of 550 h showed that the initial voltage was just *0.5%
lost to 600 mA cm-2 and at 1 V, the maximum power
density achieved was 660 mW cm-2.
The use of graphene is well-known as non-precious
electrode for PEM fuel cell, for HT-PEMFC, the practical
application of graphene is still curtailed because of their
poor single atom catalyst (SAC) loading (\2 wt%) in acidic
environment [130,131].
To address this challenge and subsequently to develop a
PGM-free electrode, Cheng et al [131] reported the one pot
pyrolysis technique of synthesized iron-based SAC on
graphene (Fe SAC-G) electrode with catalyst loading of 0.3
mg cm-2 for HT-PEMFC. The synthesized Fe SAC-G
displays an onset potential and half wave potential of 0.95

345 mW cm-2 @ 1.03 V and 80°C
275 mW cm-2 @ 0.2 V and 150°C

260 mW cm-2 @ 0.8 V and 120°C

IPA solvent Nafion

A201 (Tokuyama)

Phosphoric acid

Standard calomel
electrolyte (SCE)
Nafion 212
Nafion 212
H2SO4
PBI/H3PO4
Nafion 211

Carbon composite paper preformed with urea and camphor pores
(0.5 mg cm-2)
Co–N–C (1 mg cm-2)

Co–N–C@F127 (0.4 mg cm-2)
FeN4/HOPC-C 1000 (0.5 mg cm-2)
PAN/carbon black Vulcan/Zr/Ni (1 mg cm-2)

Lignin-derived biocarbon

Electrolyte

Results
756. 8 mW cm-2 and
Similar performance to Pt/C electrode
792. 2 mW cm-2 @ 0.9 V and 55°C at reduced material cost
940 mW cm-2 @ 0.5 V and 80°C
High power density
Catalytic degradation is diminished
870 mW cm-2 @ 0.84 V and 80°C Improved ORR activity
420 mW cm-2 @ 0.57 V and 80°C Superior half wave potential
342 mW cm-2 @ 0.9 V and 180°C Increased electron transfer
Improved mass transportation
779 mW cm-2 @ 0.7 V and 80°C
Excellent catalytic performance
Fascinating power density

Power density achieved @ operating
condition

Constant high power density output

916 mW cm-2 @ 0.99 V and 80°C

Nafion 212

[117]

[114]
[115]
[116]

[113]

[112]

References
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Electrode material and loading

[110]

Excellent ORR durability

553 mW cm-2 @ 0.6 V and 80°C

Nafion 211

[111]

[109]

[108]

[102]

[98]

[97]

[95]
[96]

[34]

References

380 mW cm-2 @ 1.02 V and 120°C High electrochemical stability and electrode conductivity

Highly durable and stable

Superior performance than conventional Pt/C electrodes

Improved stability in alkaline medium
Rapid effect of catalytic parameters
Improved stability and power density
Excellent half wave potential in acidic medium
Positive ORR activity
Accelerated electrode reaction
Improved power density
Improved half wave potential and current density

Results

Polybenzimidazole

Polypyridine bibenzimidazole (PyPBI) 160 mW cm-2 @ 1.2 V and120°C

225 mW cm-2 @ 0.5 V and 80°C
870 mW cm-2 @ 0.7 V and 130°C

Nafion 212
ZIF-7

Fe–N–S–G (4 mg cm-2)
Fe–N–C (20–1000)
(0.75 mg cm-2)
Fe–S (P12-900)
(2 mg cm-2)
F- doped C12A7
(nanoparticles
synthesized mayenite
electrode) (0.1 mg cm-2)
Fe–N–C with
organometallic acid
(0.75 mg cm-2)
Carbon black with MWNT
(0.45 mg cm-2)
Carbon nanospheres
(0.6 mg cm-2)
Carbon octahedral
configuration doped
(U10-66-NH2)
(4 mg cm-2)
Porous carbon fibre
composite paper
(4 mg cm-2)

420 mW cm-2 @ 0.6 V and 60°C

Aemion

Power density achieved @ operating
condition

Fe–N–C (1.6 mg cm-2)

Electrolyte

Snapshot on various non-PGM metals/alloy electrodes for PEM fuel cell.

Electrode material and
loading

Table 3.

287
Bull. Mater. Sci. (2021)44:287

[134]
Highly porous for improved electrochemical reaction
Improved power density
210 mW cm-2 @ 0.7 V and 80°C
ZIF–ZnCo

[132]
325 mW cm-2 @ 0.5 V and 230°C

MOF-derived Fe–N-CNT (0.6 mg cm-2)
Graphene nanotubes (FeGNT) (2 mg cm-2)
Halogen-doped graphene oxide
(0.5 mg cm-2)
Iodine intercalated grapheme (0.2 mg
cm-2)
Iodine-doped grapheme (0.2 mg cm-2)

Iron base grapheme (Fe–SAC–G)
(0.3 mg cm-2)
Nanoporous ionic ZnCoNC (2 mg cm-2)

Phosphoric acid

[129]

Long durability
High electrochemical efficiency
Superior stability and tolerance
660 mW cm-2 @ 1 V and 80°C
Nafion 212

[126]
Improved ORR activity
550 mW cm-2 @ 1.02 V and 80°C
Nafion

[119]
[124]
[125]
732 mW cm-2 @ 0.7 V and 90°C
200 mW cm-2 @ 0.87 V and 65°C
320 mW cm-2 @ 1 V and 60°
Nafion 211
Nafion 212
Nafion isopropanol

Nafion 211

480 mW cm-2 @ 0.9 V and 75°C

Improved ORR activity
Improved H2–O2 cell performance
Improved stability
Highly active ORR
Improvement in polarization efficiency

[117]
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Fe–N–CNT (0.4 mg cm-2)

Electrode material and loading

Table 3.

continued

Electrolyte

Power density achieved @ operating
condition

Results

References
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and 0.8 V in acidic medium of ORR, which is similar to that
of Pt/C electrodes, however, with superior stability with
high tolerance against phosphate anion. Moreover, at 0.5 V,
the Fe SAC-G electrode provides peak power density of 325
mW cm-2 at 230°C, which is higher than Pt/C electrode
with 313 mW cm-2. The findings of this study are evident
that for HT-PEMFC, Fe-SAC-G electrode is a promising
substitute for Pt/C electrodes.

4.4

Ionic liquid-based electrode

There are wide reports of non-PGM electrode for ORR
enhancement in PEM fuel cell, but their reaction kinetics in
acidic environment poses poor performance [133]. Hence, a
potential solution to manipulate ionic liquids is to boost the
operating efficiency of PEM fuel cell containing non-Pt
ORR electrodes. Amendment shifts of ionic liquids of
nanoporous ZnCoNC electrodes (sourced by ZIF-ZnCo)
with catalyst loading of 2 mg cm-2 is examined by Wang
et al [134] in PEM fuel cells and to contextualize catalytic
processes in practical condition. Since the O2 solubility is
high in ionic liquid, it enhances the active porous ZnCoNC,
and their hydrophobic characteristic facilitates the transfer
of water. Improvement in power density is given by the
single cell measurement operated at 80°C reported 210 mW
cm-2 at 0.7 V.

5.

Summary of recent advancements

The role of electrode is not only significant from the technical perspective, but also from the economical perspective
as the electrode component/material contributes to around
50% of the PEM fuel cell stack. With a significant
achievement of materials in the recent days, PGM-free
electrodes are progressive for some commercial niche
markets. The present assessment provides insights on recent
electrode materials, their performance and durability for
PEM fuel cell application experimented by range of
researchers. An immense endeavour is vital to evaluate and
refine the non-conventional electrodes to facilitate the
adoption and validation of such materials. It is observed that
there are potential non-Pt alloys that exhibited significant
performance, and their related information are provided in
table 3.
The global market size of PEM fuel cell is foreseen to
soar by 47.60 billion USD by 2026 [135]; ironically, still
there has been a major obstacle for PEM fuel cell mass
production and commercialization. In specific, the costs of
electrode remain a key constraint as it is an epochal contributor of the PEM fuel cell stack [136,137]. Identifying a
non-conventional and cost-effective electrode material will
be the key break-through in the PEM fuel cell commercialization. Based on the critical assessment, figure 6
illustrates the strength, weakness, opportunities and threats
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Figure 6. SWOT analysis on the significance of non-PGM
electrocatalyst.

(SWOT) analyses on the significance of non-PGM
electrodes.

6.

Conclusion and outlook

The limitation with platinum group metals (PGM) as an
electrode material is its expensiveness that intensify the
overall system cost, thereby limiting its mass commercialization. The proposed mini-review provides a recent insight
on the summary of various non-PGM based electrode
materials for PEM fuel cell application. There is a possibility of occurrence of hybrid composite catalyst electrode
materials that provide an opportunity for material scientists.
In addition, potential manufacturing process, such as additive manufacturing (3D-printing) can accelerate the electrode fabrication technique. This paper also provides data
on the performance and power density attained with these
cost-effective electrode materials which can provide information to fuel cell researchers to work on these alternate
electrode materials.
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