Received: 20 August 2020
DOI: 10.1002/ese3.833

|

Revised: 2 October 2020

|

Accepted: 8 October 2020

REVIEW

Recent advances in graphene-based materials for fuel cell
applications
Hanrui Su

|

Yun Hang Hu

Department of Materials Science and
Engineering, Michigan Technological
University, Houghton, MI, USA
Correspondence
Yun Hang Hu, Department of Materials
Science and Engineering, Michigan
Technological University, 1400 Townsend
Drive, Houghton, MI 49931-1295, USA.
Email: yunhangh@mtu.edu
Funding information
NSF, Grant/Award Number: CMMI1661699

Abstract
The unique chemical and physical properties of graphene and its derivatives (graphene oxide, heteroatom-doped graphene, and functionalized graphene) have stimulated tremendous efforts and made significant progress in fuel cell applications.
This review focuses on the latest advances in the use of graphene-based materials
in electrodes, electrolytes, and bipolar plates for fuel cells. The understanding of
structure-activity relationships of metal-free heteroatom-doped graphene and graphene-supported catalysts was highlighted. The performances and advantages of
graphene-based materials in membranes and bipolar plates were summarized. We
also outlined the challenges and perspectives in using graphene-based materials for
fuel cell applications.
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IN T RO D U C T ION

Fuel cells are a series of energy conversion devices that produce electricity as long as fuels are supplied. Since the chemical energy of fuels is directly converted to electricity, the
system efficiency of fuel cells is significantly higher than the
combustion engine, along with the low emission of pollutants. Therefore, fuel cells are considered as one of the attractive technologies to address global energy and environmental
issues and make our lives cleaner and more sustainable. A
typical fuel cell contains an electrolyte layer being sandwiched by two electrodes (Figure 1).1 The fuel is oxidized on
the anode surface, and the released electrons flow via an external circuit to reduce O2 at the cathode. The mobile charge
carriers (H+, OH−, CO2−
, or O2−) simultaneously transfer
3
through electrolytes to complete the circuit. According to the
types of electrolytes, the fuels are classified as phosphoric
acid fuel cell (PAFC), polymer electrolyte membrane fuel

cell (PEMFC), alkaline fuel cell (AFC), molten carbonate
fuel cell (MCFC), and solid-oxide fuel cell (SOFC).1 Among
these, PAFC, PEMFC, and AFC normally operate at relatively low temperatures (<300°C) and suitable for vehicles
and portable applications, while MCFC and SOFC can utilize
various fuels due to high operating temperatures (≥ 500°C)
and be promising for stationary applications.
The material selection for fuel cell components faces the
challenges in electrochemical performance, efficiency, and
durability.1 The excellent chemical, electronic, and mechanical properties of graphene and its derivatives enable them
as alternative materials for fuel cell applications (Figure 1).
Great efforts have been devoted to exploiting the potential
use of graphene-based materials in the fuel cells in the past
few years. Graphene-based materials are ideal electrocatalyst
supports, increasing the number of active sites and facilitating the transport of electrons for both fuel oxidation and
oxygen reduction reaction (ORR).2,3 Metal-free graphene
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extensively. Their limitations and future research prospects
were also outlined at last.

2 | PROPERTIES OF GRAPHE N EBASED M ATERIAL S

F I G U R E 1 Schematic of a fuel cell incorporating graphene-based
materials in each component

materials have been demonstrated to be attractive candidates
for ORR due to high electrocatalytic activity, high tolerance
to poisoning, and low cost.4 Extensive insights have been obtained to understand the effects of electronic structure modification, doping configurations, defects, or functional groups
of graphene on the performance of fuel cells.4,5 Furthermore,
graphene-based materials incorporated in polymer membranes further improve the ionic conductivity and minimize
crossover of fuels.6 Graphene-based materials are promising
as proton-exchange membranes with high proton conductivity and impermeability to water, H2, and methanol.7 In addition to electrolyte and electrode, graphene-based materials
can also improve the current collection, fuel/air distribution,
and stability of bipolar plates.8
The catalytic and electrochemical properties of graphenebased materials have already been well-reviewed.9-15 The
latest reviews mostly focus on a specific application field related to the fuel cells, including ORR,3-5 fuel oxidation,2,16-18
membranes,6,19 and bipolar plates.8 Some early comprehensive reviews discussed graphene-based materials and their applications in each fuel cell component, but a summary of the
latest developments in this area is still lacked.20,21 According
to the ISI Web of Knowledge search, we found thousands of
papers combining the topics of graphene and fuel cells published each year after 2016, which deserve a comprehensive
review to keep up to date with the timely progress in this
field. This review article summarized the significant roles
of graphene-based materials in electrodes, electrolytes, and
bipolar plates of fuel cells, emphasizing the recent advancements, including three-dimensional graphene-based electrodes and graphene-supported single-atom electrocatalysts.
The key factors that affect the performance of these graphenebased materials in fuel cells were analyzed thoroughly. The
underlying mechanisms and design strategies were discussed

Graphene is a one-atom-thick layer with sp2 hybridized
carbons in a hexagonal arrangement.11 The Nobel Prize in
Physics in 2010 was awarded to Andre Geim and Konstantin
Novoselov for their groundbreaking contributions to the graphene based on their pioneering work in 2004.22 Since then,
graphene has become the fastest-growing science branch,
which stimulated great efforts and made significant progress
in this area. Graphene-based materials contain not only graphene, but also graphene oxide (GO), reduced graphene oxide
(rGO), heteroatom-doped graphene, functionalized graphene,
and three-dimensional (3D) graphene. They exhibit various
physical and chemical properties, such as large specific area,
excellent electrical and thermal conductivity, high mechanical strength, and good chemical stability (Figure 2).9-13 These
unique properties of graphene and its derivatives make them
potentially suitable for fuel cell applications.

2.1

|

Properties of graphene

Graphene has a large theoretical surface area of 2630 m2 g−1,
which is about two orders of magnitude larger than that of
graphite powder (~10 m2 g−1).10 The two-dimensional (2D)
morphology of graphene-based materials with the large surface area may have strong adsorption capacity to the reactants
by strong interactions with π electrons, allowing to use them as
catalysts or catalyst supports.11 Graphene is a zero-gap semiconductor with high carrier mobility (~10 000 cm2 V−1 s−1
at relativistic speed ~106 m s−1) due to the overlap between
valence and conductance bands.22 The mobilities of graphene
are less influenced by temperature; hence, the ultrahigh mobility can be achieved at room temperature.9 The unique
electrical properties make the transfer of electronic density
between π system of graphene and the substrates more favorable.11 The twisted bilayer graphene with a magic angle
exhibits a special electronic structure with the vanishing of the
Fermi velocity at the Dirac points.23 Furthermore, the good
thermal conductivity (~5000 W m−1 K−1 for a mechanically
exfoliated monolayer graphene) of graphene benefits the application that required strict heat management and the reactions exhibiting a strong endo- or exothermicity.9 Graphene
exhibit a fast-heterogeneous electron transfer (HET) rate and
the HET rate at edge planes of graphene is faster than basal
or defect-free planes due to the high density of electroactive
sites at edges.10,12 In addition, graphene has good mechanical
properties and high thermal stability. Defect-free graphene
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The main properties of graphene-based materials are related to fuel cell applications

has a high Young's modulus (~1.0 TPa) and a high fracture
strength (~130 GPa).9 Graphene can resist oxidation up to
300°C based on thermogravimetric measurements.11

2.2

|

Properties of GO

GO is a single-layer of graphite oxide that is usually produced by the chemical oxidation of graphite.13 Oxygen functional groups, including hydroxyl and epoxy groups, were
identified on the basal plane, while carboxy, carbonyl, phenol, lactone, and quinone groups were mostly formed at the
sheet edges.13 These oxygen-containing groups and defects
in GO strongly affect its electronic, electrochemical, and mechanical properties. The electrical conductivity of GO or rGO
is several orders lower than the pristine graphene due to the
disruption of the sp2-hybridized carbon network by defects
and oxygen-containing groups.13 The charge-carrier mobility
of rGO is reduced to only around 1 cm2 V−1 s−1.24 The presence of a large amount of oxygen functional groups can also
lower the HET rate.12 It was observed that the HET rate increases with increasing C/O ratio of GO and rGO. However,
parts of these oxygen functional groups are electrochemically
active that can be reduced or oxidized, such as hydroxide,
epoxide, peroxide, and carbonyl (aldehyde and quinone)
groups. The electrochemical behavior of GO can be tuned
by adjusting oxygen functionalities on graphene surfaces.
For example, carbonyl groups exhibit stronger reductive
overpotentials than epoxide, peroxide, or aldehyde groups,
whereas quinone-hydroquinone pair can introduce reversible
electrochemical character.12 Furthermore, GO is strongly hydrophilic and disperse uniformly in water, which renders it
as excellent electrode materials.6,13 GO has a relatively high

proton conductivity (1.1 × 10−5-2.8 × 10−3 S cm−1), suggesting that it is potentially applicable as proton electrolyte in
fuel cells.25 However, GO is vulnerable to high temperatures
in the presence of oxygen or reducing reagents, making it
only suitable for low-temperature fuel cell applications.11

2.3 | Properties of heteroatomdoped graphene
The flexible carbon backbone of graphene provides infinite
possibilities for modification and functionalization. Doping
heteroatoms (eg, nitrogen, boron, sulfur, halogens, or transitional metals) into both the basal plane and reactive edges
of graphene is an effective strategy to tune its electrochemical and catalytic properties. The electron-withdrawing or
electron-donating effects and additional structural defects of
dopants can alter its electronic properties.12 These dopants
also change the density of state (DOS) near the Fermi energy
level and subsequent conductivities of graphene-based materials. Furthermore, the change in spin density distribution
and atomic charge distribution due to heteroatom doping increases active sites of graphene and enhances catalytic activity significantly.14
Nitrogen is the most popular dopant into graphene. The
nitrogen dopants have various moieties, including quaternary-N, pyridinic N, pyrrolic N, amino, and nitrogen oxide.12,14
The quaternary-N, also called graphitic N, is the doping N
atom that is combined into a hexagonal ring. Pyridinic and
pyrrolic N form sp2 and sp3 hybridized bonds by donating one
and two p electrons to the π system, respectively. Nitrogen
has a higher electronegativity value (3.04) compared to carbon atoms (2.55), leading to a positive charge density on the
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surrounding carbon atoms. The DOS near the Fermi energy
level was suppressed by substitutional nitrogen, resulting in
bandgap opening.12 N-doped graphene also exhibits higher
3−∕4−
HET rates for Fe (CN)6
probes.26 Moreover, N-doped
graphene is more stable against chemical oxidation.11
However, the carrier mobilities and conductivity of N-doped
graphene are lower than pristine graphene due to the hinder
effects of dopants and induced defects.12
Boron is a p-type electron-withdrawing atom, which is
contrast to nitrogen, an n-type electron-donating atom. Borondoped graphene has high carrier concentration since more
holes are introduced into the valence band of graphene.12
Boron dopants also introduce larger DOS near the Fermi energy level, resulting in high conductivity.26 Both boryl moiety
and amino moiety can increase the work function of doped
graphene and lead to a p-type semiconductor behavior.12
Sulfur-doped graphene contains sulfate, sulfide (thiophene), and/or sulfonate groups.12 Sulfonate-rich S-doped
graphene has a relatively lower conductivity, while thiophene-rich S-doped graphene has better conductivity and
charge transfer ability.12 The electronic properties of S-doped
graphene can be modified by adjusting the amount of introduced sulfur.11 The singly S-doped graphene is a small-bandgap semiconductor, while doubly S-doped graphene exhibits
better metallic properties. Moreover, sulfur dopants improve
the electrosorption ability of graphene to the electrolyte ions
by lowering its affinity to water.27
Despite these doping species, the properties of graphene
can also be tuned by hydrogenation processes.28 The main
change of hydrogenated graphene is that the layered sp2-hybridized carbon atoms are converted to sp3-hybridized carbon
defects. Adjusting the extent of hydrogenation of graphene
can tune its semiconducting properties.12 Furthermore, the
partially hydrogenated graphene (~19 atomic %) showed a
higher HET than pristine graphene due to the existence of
more edge defects.29 Partial H-decorated graphene leads to
the formation of single electrons and high local spin density,
benefiting for oxygenated component adsorption.14

2.4

|

Properties of 3D graphene

One of the main drawbacks of the utilization of graphene for
fuel cells is that the graphene sheets tend to restack due to
the attractive forces between graphene sheets, leading to a
decrease in the availability of active sites. The issues can be
well-solved by 3D-structured graphene with a curved nonplanar shape and tailored hierarchical porosity.30 The continuous conductive network provides fast electron transport,
and an interconnected hierarchical porosity of 3D graphene
is favorable for ion transport.31 Therefore, 3D graphene presents a faster HET rate than 3D porous carbon,10 or an enhanced ORR activity when serving as conducting support

for electrocatalysts.32 Moreover, a high mass loading and a
more efficient charge transport pathways process throughout the entire frameworks of 3D graphene electrodes can be
obtained.33 3D graphene has various architectures, such as
graphene sphere, graphene fibers, vertical graphene films,
graphene networks, graphene cages, etc, leading to diverse
electrical, chemical, and mechanical properties.34,35 For example, the 3D porous graphene fabricated by laser beam
reduction of GO has high conductivity (1738 S m−1) and a
large specific surface area (1520 m2 g−1).36 The Ca2+-crosslinked reduced giant graphene fibers showed an excellent
tensile strength of 501.5 MPa and electrical conductivity of
4.1 × 104 S m−1.37 The 3D cabbage-coral-like graphene has
abundant micropores incorporated in the surface layer of the
graphene walls with an average diameter of 1.6 nm, which
benefits electrolyte ion transport.38

3 | SYNTHESIS OF GRAPHENEBASED M ATERIAL S
The structures and properties of graphene-based materials are strongly dependent on the fabrication methods. Two
approaches are often employed, namely, top-down and
bottom-up (Figure 3).9-12,24 The top-down methods include
the mechanical exfoliation, liquid-phase exfoliation, oxidation exfoliation, and electrochemical exfoliation of graphite. The bottom-up approaches synthesize graphene from
organic precursors through epitaxial growth on silicon carbide (SiC), chemical vapor deposition (CVD), alkaline metal
chemical reactions, or other chemical processes. Generally,
the top-down strategy is relatively cost-effective and appropriate for large-scale production, while the bottom-up strategy can produce higher-quality graphene deposited on the
substrates.9-12,24

3.1
3.1.1

|

Synthesis of graphene and GO

|

Top-down strategy

The graphene sheets in the graphite are bounded by weak
van der Waals forces with an interlayer distance of 3.35 Å.
Hence, the single-layer graphene can be obtained by simple
mechanical exfoliation using an adhesive tape.22 This pristine
graphene has a low density of defects, but it is not suitable for
large-scale production.10,24
Liquid-phase exfoliation can facilitate the exfoliation
of graphene sheets by organic solvents with certain surface
tensions (40-50 mJ m−2) under sonication.10 This process
can be improved by altering external forces (ie, sonication,
ball milling, shear mixing) or adding surfactants or polymers.24 However, the exfoliation efficiency of liquid-phase
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Major synthesis methods of graphene

exfoliation is quite low (<1%).10,24 Great advances have
been achieved in microwave irradiation of graphite in molecularly engineered oligomeric ionic liquids, which can produce high-quality graphene (95% selectivity to single-layer
graphene) with high yield (93%).39
GO fabricated from well-known Hummers method or
modified Hummers method via reaction of graphite and
potassium permanganate (KMnO4) and concentrated sulfuric acid (H2SO4) has achieved wide application.13 Although
this method requires toxic and dangerous chemical agents,
it is attractive because it provides an opportunity for mass
production of graphene. The rGO can be obtained by further
eliminate a majority of oxygen functional groups of GO via
chemical reduction, thermal treatment, electrochemical reduction.9-12,24 The rGO presents improved characteristics than
GO due to the residue oxygen-containing groups and abundant defects.10 Hydrothermal reduction of high concentration
(>2 mg mL−1) of dispersed GO followed by freeze-drying

can form a 3D self-assembled graphene aerogel.40 An important approach for reduction of GO was developed to
produce high-quality rGO with negligible in-plane oxygen
concentrations (~4 at%) and high charge-carrier mobilities
(>1000 cm2 V−1 s−1) using a strong microwave (1000 W).41
Electrochemical exfoliation of graphite can control the
chemical and structural features of graphene and improve
graphene yields, which has been considered a promising technique for large-scale production of high-quality
graphene sheets.10,12,24 In the electrochemical process, the
anodic (or cathodic) potential is applied to facilitate the intercalation of negative anions (or positive cations) into the
graphite layers followed by expansion and exfoliation. The
anodic exfoliation is more efficient since the radical species formed by the oxidation of water facilitate the exfoliation process, but the graphene sheets fabricated by cathodic
exfoliation have higher quality.10,12 The graphene synthesized by electrochemical exfoliation is suitable for the use
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of polymer membrane fillers that charge-carrier mobilities are not critical.24 Electrochemical exfoliation is also
a green, safe, and fast approach to synthesize GO.42 The
GO properties can be tailed by manipulating raw graphite
electrode materials, electrolytes, applied voltages/currents,
and operation mode.42

3.1.2

|

Bottom-up strategy

The CVD growth of graphene sheets on metallic substrates (such as Cu and Ni) from thermal decomposition
of carbonaceous sources followed by transfer process and
chemical etching is a well-known bottom-up strategy.43
The properties of CVD graphene strongly depend on the
conditions for the growth of graphene.24 For example, if
using a 3D-structured nickel foam as a metallic template,
a 3D graphene foam with high conductivity (10 S cm−1)
can be obtained.44 The transfer process of the CVD approach is time-consuming and causes contamination issues. Electrochemical assisted delamination of the CVD
graphene is fast, environmentally friendly, and more controllable.12 For example, the poly(methyl methacrylate)
(PMMA)-supported graphene can be delaminated from Cu
foil within 1 hour by H2 bubbles generated under a voltage
bias of −5 V.12
Graphene growth on SiC under high-temperature (1150°C)
and vacuum conditions or a higher temperature (1650°C) in
Ar atmosphere is promising for integration in current industrial procedures but limited by the high cost of single-crystal
SiC.24 Graphene can be considered as a polycyclic aromatic
hydrocarbon of infinite size; thus, it can be fabricated via organic synthesis routes.10,24 However, these multistep organic
synthesis routes are expensive, and the obtained graphene nanoribbons are limited by size.10,24
These aforementioned bottom-up methods are not suitable
for bulk-scale graphene production and suffer from high cost
and energy consumption.24 Furthermore, H2 gas is generally
used to pretreat the Cu surface and is mixed with CH4 during
the CVD process, leading to a potential risk of explosion.24
Hu and coworkers discovered an alkali-metal-triggered redox
reaction for mass production of 3D graphene from CO or
CO2.45-48 Benefiting from the exothermic nature of the reaction and isolation of graphene sheets by in situ formation of
alkali metal carbonate nanoparticles, a high yield of well-controlled 3D graphene can be obtained at a lower temperature.
Recently, Tour and coworkers invented the flash Joule heating approach to convert various low-cost carbon-containing
materials (such as carbon black, biochar, and even daily-life
waste) to high-quality graphene within one second.49,50
Furthermore, the electric energy consumption is only about
7.2 kJ/g graphene, which makes it promising for gram-scale
graphene production.

3.2 | Synthesis of graphene-based
electrocatalysts
Heteroatom-doped graphene demonstrates unique catalytic
activities, especially for ORR.5,11,18 Numerous technologies
were exploited to introduce foreign atoms into graphene,
such as CVD, thermal annealing, hydrothermal treatment,
ball milling, and plasma treatment.5,11,18 CVD is a kind of
in situ doping process using heteroatom-containing precursors besides carbon-containing sources. The N-doped
graphene grown on nickel substrate fed with a gas mixture
(NH3:CH4:H2:Ar = 10:50:65:200) has been applied for the
cathode in alkaline fuel cells and showed a superb performance than commercial Pt/C.51 Thermal annealing of a
mixture of GO and various doping precursors is a simple approach to synthesize single-doped or co-doped graphene. A
quaternary-doped graphene has been successfully prepared
using GO, boric acid, melamine, dibenzyl disulfide, and
orthophosphoric acid under 900°C and N2 atmosphere.52
Zeolitic imidazolate frameworks (ZIFs) with 2D crystal
structures are attractive precursors to prepare heteroatomdoped graphene with high porosity and rich active sites.53
In the synthesis process, Zn-containing ZIF nanoleaves was
thermally exfoliated by metal chlorides under an inert atmosphere, followed by acid washing (Figure 4). Hydrothermal
reduction of GO is a green method for heteroatom-doped graphene synthesis without using hazardous reducing agents.18
Chai et al54 developed an one-pot hydrothermal reaction for
the synthesis of P, N co-doped graphene using GO with diammonium phosphate or ammonium dihydrogen phosphate
as phosphorus and nitrogen precursors. By further introducing cyanamide for additional nitrogen doping, the ORR activity of P, N co-doped graphene outperformed Pt/C due to the
modulation or P-N bond and graphitic N. Ball milling is an
energy-saving synthesis method that reduces the activation
energy of reactions.5 Jeon et al55 selectively incorporated S
into the edge of graphene nanoplatelets using a ball-milled
approach. The highly improved ORR activity was attributed
to the high electronic spin density of sulfur oxides (O=S=O)
doped at the edges of the graphene.
Graphene is an idea electrocatalyst support due to its large
surface area, high electric conductivity, and high electrochemical stability.11,18 Various physical or chemical approaches
were explored to anchor metal or metal oxide on the graphene
support, such as chemical reduction process, thermal treatment, hydrothermal or solvothermal processes, self-assembly, and electrochemical processes.13,15,18 Chemical
reduction is a common way to prepare graphene-supported
metal catalysts using various reducing agents, including sodium borohydride (NaBH4), sodium citrate, ethylene glycol
(EG), and GO (or rGO).18 Perivoliotis et al56 prepared Pd@
Ni/S-doped graphene by a modified polyol reduction method.
The S-doped graphene was prepared using diethylene glycol
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F I G U R E 4 Schematic illustration
of the synthesis of N-doped graphene
nanomesh (NGM) from Zn-containing ZIF
nanoleaves (Zn-ZIF-L). Reprinted with
permission from Ref.53 Copyright 2019 John
Wiley and Sons

F I G U R E 5 Schematic illustration of the synthesis of isolated Fe single atomic sites anchoring graphene hollow nanospheres (Fe ISAs/GHSs)
using Fe phthalocyanine (FePc) as iron precursors. Reprinted with permission from Ref.59 Copyright 2019 John Wiley and Sons

methyl ether as a solvent and Lawesson's reagent as a sulfur
source. Then, NaBH4 dissolved in EG was gradually added
into a mixture of nickel acetate tetrahydrate and S-doped
graphene, followed by deposition of a Pd shell via the galvanic replacement method using potassium tetrachloropalladate (K2PdCl4). GO or rGO support processes self-reducing
ability and metal precursors can be directly reduced on GO
or rGO nanosheets. For example, a Pt-Pd nanoflowers/GO
can be obtained by simply mixing GO, potassium tetrachloroplatinate (K2PtCl4), and sodium tetrachloropalladate
(Na2PdCl4) in ethanol solutions for 1 hour at room temperature.57 Thermal treatment of metal and graphene precursors is
a facile and general approach to fabricate graphene-supported

electrocatalysts. Recently, Cheng et al58 developed one-pot
pyrolysis to synthesize single iron atoms on graphene using
hemin porcine and dicyandiamide as precursors. The mixture
was annealed at 350°C and 650°C in Ar for 3 hours, followed
by heat treatment at 900°C in Ar for 1 hour. Another isolated
Fe single atomic sites anchoring graphene hollow nanospheres
(Fe ISAs/GHSs) was synthesized by a template-assisted
thermal pyrolysis method using SiO2 nanospheres as templates and Fe phthalocyanine as Fe precursors (Figure 5).59
The Fe ISAs/GHSs can be obtained by thermal reduction at
700°C in an N2 atmosphere. Liu et al60 designed a solvothermal approach that allowed the one-pot fabrication of Pt-Cu/
GO. In the work, platinum(II) acetylacetonate, copper(II)
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acetylacetonate, sodium iodide, and poly(vinyl pyrrolidone) were dissolved in N,N-dimethylformamide, and then
mixed with hydroxylamine hydrochloride and GO, followed
by solvothermal treatment at 130°C for 8 hours. Yamauchi
et al61-63 synthesized various graphene-supported electrocatalysts from the self-assembly of block copolymer micelles
and metal salts and then carbonation. The obtained metal
nanoparticles/N-doped graphene hollow spheres showed superior ORR activity and stability than commercial 20 wt.%
Pt/C catalysts due to the well-distributed metal nanoparticles and porous hybrid architectures. Electrodeposition
is a controllable and template-free approach to synthesize
graphene-supported electrocatalysts. Wang et al64 prepared
Pt-Ni/porous rGO using a two-step approach. In the synthesis process, GO was firstly treated by KMnO4, hydrogen
peroxide (H2O2), and hydrochloric acid (HCl) and deposited
on a glassy carbon electrode. Pt-Ni nanoparticles were then
electrodeposited on the electrode surface using hexachloroplatinic acid (H2PtCl6) and nickel sulfate (NiSO4) precursors.
Ren et al65 developed an environmentally friendly and surfactant-free approach to synthesize Pt-Pd/rGO. In this case, a
mixture of PtCl2−
, and GO were firstly reduced by
, PdCl2−
6
4
H2, followed by electrochemical reduction under the cathodic
bias of −0.9 V.

3.3 | Synthesis of graphenebased membranes
The high proton conductivity, good chemical stability, and
excellent mechanical properties of GO render it an ideal
filler material for polymer membranes of fuel cells. Two
approaches are frequently used to fabricate GO-polymer
composite, namely, in situ intercalative polymerization and

SU and HU

solution intercalation.13 In the in situ intercalative polymerization process, GO is mixed with liquid monomer precursors, and then the polymerization is initialized by an initiator
under controlled conditions. Epoxy and polyaniline (PANI)
are typical polymers that coupled with graphene by in situ
polymerization. For example, a PANI/rGO membrane can
be prepared by mixing ammonium peroxydisulfate, aniline
monomer, and GO in the acidic aqueous solutions, and then
reduced by hydrazine.66 In the solution intercalation process,
the well-dispersed soluble polymer and GO were reassembled
to form a composite with the aid of sonication or mechanical mixing. This approach is straightforward and frequently
used for the preparation of GO-polymer composites. For example, a poly(vinyl alcohol) (PVA)/graphene membrane was
fabricated by mixing the water-soluble PVA and GO under
mechanical stirring, followed by hydrazine reduction and
film casting (Figure 6).67 Similar approaches were also exploited for the preparation of Nafion/GO68,69 and sulfonated
poly (ether ether ketone) (SPEEK)/sulfonated GO70,71 with
the assistance of organic solvent. However, the low solubility
of GO and rGO in organic solvents may lower the dispersity of the filler, thus the content of GO fillers and mixing
conditions should be carefully adjusted. The properties of the
GO-polymer composite membrane are also dependent on the
bonding between the graphene and the polymer matrix. To
improve the compatibility between the matrix and the fillers,
Liu et al72 prepared a quaternized graphene by hydrothermal treatment of (3-Aminopropyl)triethoxysilane (APTES)functionalized graphene and the subsequent epoxide-ring
opening reaction. The quaternized graphene was then incorporated into quaternized polysulfone (QPSU) via a blending
method.
Apart from the synthesis of GO-polymer composite, GO
can be directly used as proton electrolyte in fuel cells due to

F I G U R E 6 Schematic illustration of
the PVA/graphene composite membrane
synthesis procedure. Reprinted with
permission from Ref.67 Copyright 2013
Elsevier
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its higher proton conductivity and low permeability to reactant species.73 A simple vacuum filtration approach can be
used to fabricate a GO paper from well-dispersed GO solution.74 For example, a 22 μm-thick ozonated GO film was
obtained by bubbling O3 gas of 5 mg mL−1 GO solution,
followed by vacuum filtration through a 0.22 mm cellulose
membrane.75 Furthermore, layer-by-layer assembling was
conducted to fabricate graphene on the membrane electrode assembly (MEA). Holmes et al76 coated single-layer
graphene on the MEA of a direct methanol fuel cell (DMFC)
by the CVD approach. The CVD grown graphene layer on
Cu was spin-coated with PMMA. After etching the Cu by
ammonium persulfate, the floating graphene-PMMA layer
was transferred onto the MEA in a water bath. In another
case, Nafion ionomer was spin-coated on the graphene/
copper surface, followed by transferring onto a Nafion 212
membrane.77 Another Nafion 212 membrane was hot-pressed
onto graphene film to fabricate a Nafion | graphene | Nafion
sandwiched structure.

4 | G R A P HE N E -BA SE D
MATE R IA L S FO R F U E L C E L L
AP P LICATION S
Many advantages have been demonstrated for the applications of graphene materials as active components of fuel
cells. The high surface area and high conductive properties of
graphene-based materials are promising to use as electrocatalysts for ORR and fuel oxidation. The polymer membranes
combined with graphene possess high ionic conductivity,
high tensile strength, and low fuel permeation. Graphene can
enhance the conductivity and corrosion resistance of bipolar
plates. Table 1 summarized representative graphene-based
materials for various fuel cell applications.

4.1

|

Graphene-based cathodes

The electrochemical reaction of fuel cells is determined by
ORR at the cathode. The sluggish ORR kinetics requires highcost platinum catalysts. Furthermore, the platinum catalyst is
sensitive toward CO poisoning, which hinders its application.
Therefore, various alternative graphene-based materials have
been explored for ORR, not only as supports for metal nanoparticles, but also directly as metal-free electrocatalysts.

4.1.1 | Graphene-supported ORR
electrocatalysts
Conductive graphene-based materials are usually utilized as
supports for metal nanoparticles to facilitate electrons transfer
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to the electrode surface. For example, N-doped graphene
support was found promoting the dispersion and durability
of Pt-Co alloy nanoparticles by increasing nucleation and
growth kinetics of nanoparticles and support/catalyst chemical binding.78 The PEMFC with Pt-Co/N-doped graphene
cathode showed a four times higher maximum power density (805 mW cm−2 at 60°C) than that with commercial Pt/C
cathode. Platinum group metal-free (PGM-free) catalysts are
more promising for large-scale commercialization. Liang
et al79 reported that Co3O4/rGO composite exhibits similar
catalytic activity with an ORR onset potential (Eonset) of about
0.83 V vs reversible hydrogen electrode (RHE), but superior
stability (little decay in ORR activity over 25 000 seconds) to
Pt in alkaline solutions. Its superb activity was attributed to
synergetic chemical coupling effects between the metal oxide
and graphene.
The 3D graphene has large surface area and porosity,
excellent electrical conductivity, and interconnected pore
structures, not only providing more anchor sites to immobilize metal oxide nanoparticles but also improving the mass
transport of reactants.80,81 Hu and coworkers collaborated
with other groups to explore their 3D honeycomb-structured
graphene (HSG) for ORR by developing the novel Pt-Fe/
HSG electrode with a modified supercritical fluid technique.80 A high mass activity of 1.70 A mgPt−1 was achieved
for Pt40Fe60/HSG, which was 14.2 times higher than that
of commercial Pt/C (0.12 A mgPt−1). Furthermore, they
prepared Fe/N/S incorporated Fe3O4 nanoparticles on 3D
HSG (Fe3O4/FeNSG-3) as PGM-free ORR catalysts using
melamine formaldehyde resin as a soft template and nitrogen source.81 The as-prepared catalyst exhibited a much more
positive Eonset (0.951 V vs RHE) than that (0.923 V vs RHE)
of commercial Pt/C in alkaline media, which was attributed
to the 3D porous structures, abundant active sites and larger
surface area (530.5 m2 g−1). Moreover, the Fe3O4/FeNSG-3
maintained 71.5% of the initial current after 30 000 seconds
continuous operation, demonstrating higher durability than
the Pt/C catalyst (54.4% of the initial current remained).
Heteroatom-doped and defective graphene can be used
as ideal supports to anchor a single metal atom.82 These
graphene-supported single-atom catalysts (SACs) exhibited
high ORR activity and selectivity for the four-electron reaction
route, as well as long-term stability in alkaline or acidic conditions (Table 2). Their superior performances were attributed to
the high density of active sites, the strong interactions between
individual atoms and graphene supports, and the charge redistributions in the graphene support.82 For example, Zhang et al83
reported that atomically dispersed Ru on N-doped graphene
exhibited higher ORR activity, better durability, and tolerance
toward methanol and CO poisoning than commercial Pt/C catalyst in 0.1 mol/L HClO4. Shu et al84 dispersed single-atom Co
species on to sulfuric acid-treated N-doped graphene, demonstrating higher durability (94% of the initial current density
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Representative work of graphene-based materials for applications of fuel cells

Applications

Graphene-based materials

Performances

Mechanisms

ORR in alkaline

N-doped graphene

Activity is 3 times higher
than that of Pt/C

Nitrogen atom creates positive charge on
adjacent carbon atoms and acts as active
sites

51

Edge-sulfurized graphene

High ORR electrocatalytic
activity, better fuel
selectivity and a longerterm stability than those
of Pt/C

Sulfur atoms and sulfur oxides at the
graphene edges increase the spin and
charge densities

55

Co3O4/N-doped graphene

Similar catalytic activity but
superior stability to Pt/C

Synergetic chemical coupling effects
between Co3O4 and in graphene

79

N-doped graphene

Activity increases with
increasing concentration of
pyridinic N

The Lewis base site created by pyridinic
N is the active site for ORR

Fe-N-rGO

Higher mass activity and
improved stability than the
Fe-N-C

Synergetic effects of Fe-N3 moiety,
abundant pyridinic N, and higher degree
of graphitization

Pt/graphene nanosheets

Higher activity and CO
tolerance than Pt/C

Modulation in the electronic structure of
the Pt clusters (~0.5 nm)

116

Pt/N-doped graphene

Enhanced the MOR activity
compared with Pt/graphene

The nitrogen functional groups and the
uniform distribution of Pt particles on the
doped graphene

118

Ni/rGO

Higher mass activity
(1600 mA mg−1) and
stability (maintains
1012 mA mg−1 after 1000
cycles) than Pt/C

The ultrafine size (~2.3 nm) and high
dispersity of Ni nanoparticles on rGO

120

PtPd (1:3)/rGO

Superior catalytic activity
than the monometallic Pt or
Pd catalyst

Synergistic effect between Pt and Pd and
the ligand effect

PtRh nanowire/graphene
nanosheets

A 5.4-fold mass activity
compared to Pt/C

Synergistic effects of one-dimensional
PtRh alloys and graphene nanosheet
support

130

Oriented rGO/polyacrylamide/
graphite brush

An activation polarization
resistance of 4.4 Ω cm−2
and a maximum power
density of 782 mW m−2 in
1 g L−1 sodium acetate

High surface area, high electron
conductance, and high affinity to
microbial biofilms

143

rGO/S oneidensis MR-1
hybridized biofilm on carbon
cloth

A charge-transfer
resistance of ~750 Ω and
a maximum power density
of ~843 mW m−2 in
18 mmol/L lactate

High biomass loading and enhanced direct
contact-based extracellular electron
transfer

139

GO membrane for a H2/O2 fuel
cell

A proton conductivity
of 10−6-10−4 S cm−1 at
relative humility of 10%20% and a peak power
density of ~13 mW cm−2
at 25°C

High proton conduction and H2 and O2
gas impermeability

ORR in acid

MOR

EOR

Anode in MFCs

Electrolytes

Ref

108

97

65

73

(Continues)
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(Continued)
Graphene-based materials

Performances

Mechanisms

Ref

Graphene/Nafion 117 membrane
for DMFC

A methanol permeability
of 2.19 × 10−6 cm2 s−1
in 1 mol/L CH3OH and a
maximum power density of
75 mW cm−2 at 70°C

Graphene provides tortuosity for the
methanol without affecting the proton
conductivity

Multilayer graphene/Ni foam

Corrosion rate is two-orderof-magnitude than that
of bare Ni foam with a
maximum power density of
967 mW cm−2

High chemical durability and conductivity
of graphene as a highly efficient
corrosion barrier

152

GO/Polypyrrole/stainless steel
304

Highly stable in 0.1 mol/L
H2SO4 for 648 h

GO/Polypyrrole coating provides effective
physical barrier with the sustained
anodic protection

155

76

Abbreviations: DMFC, direct methanol fuel cell; EOR, ethanol oxidation reaction; FAOR, formic acid oxidation reaction; MFC, microbial fuel cell; MOR, methanol
oxidation reaction; ORR, oxygen oxidation reaction; rGO, reduced graphene oxide; RHE, reversible hydrogen electrode.

remained after 7200 seconds operation in 1 mol/L methanol)
than that (87% remained) of Pt/C due to the strong covalent
bonding between CoNx species and graphene. Mou et al85 reported that the ORR active sites on atomically dispersed Cu
atoms confined in N-doped graphene are a mixture of Cu-N2
and Cu-N4 moieties. Furthermore, Guan and coworkers immobilized various atomically dispersed metals in N-doped
graphene lattices by a facile annealing strategy for ORR, such
as Co,86 Fe,87 Cu,88 Mn,89 Sc,90 Rh,91 and Ru.92 In the synthesis
process, a certain amount of metal salts and GO were well dispersed in water by sonication, and then water was removed by
rotary evaporator. The graphene-based SACs were obtained via
a subsequent thermal pyrolysis process under NH3 atmosphere.
Among these graphene-supported SACs, the iron and nitrogen co-doped graphene (Fe-N-G) catalysts have received
tremendous interests due to their high activity and stability for
ORR, as well as low cost.58,59,87,93-95 The iron atomically disperses over the pyridinic nitrogen-containing in-plane or edge
defects in graphene to form various active moieties, such as FeN4, Fe-N2+2 (bridging between two carbon crystallites), pyridinic N, pyrrolic N, metallic iron and iron carbides.96 Progresses
have been made to identify the possible active sites in Fe-N-G
for ORR. For instance, the active sites for ORR of a Fe-N-G catalyst prepared by heat treatment of iron salts, graphitic carbon
nitride (g-C3N4), and rGO was ascribed to pyridinic N and FeN2+2 moiety.97 The single Fe atom catalyst prepared by one-step
ball milling of iron phthalocyanine and graphene nanosheets
(GNS) showed higher stability and resistance to SOx, NOx, and
methanol than Pt/C due to the confinement effect of unsaturated Fe centers by GNS via four N atoms.98 Furthermore, the
catalytic sites for ORR in the NH3-pyrolysed iron- and nitrogen-doped graphene materials were identified by Zitolo et al99
based on Mössbauer spectra and X-ray absorption near-edge
spectroscopy (XANES) spectra. They found that the Fe atoms
in the FeN4C12 moieties formed in disordered graphene sheets

or zigzag graphene edges were responsible for chemisorption
of O2 molecule and weakening the O–O bond. In another study,
the Fe-N4 moieties near the edge of the graphene layers dominated the ORR activity of a Fe-N-G catalyst prepared by iron
salts, cyanamide, and polyaniline based on atomic-resolution
scanning transmission electron microscopy (STEM).100 The
identification of active sites would benefit rational designing
efficient atomically iron dispersed graphene-based catalysts for
ORR.
Density functional theory (DFT) calculations were employed to investigate structure-activity relationships for
graphene-supported SACs. Xu et al101 proposed a descriptor (φ) that relates to valence electrons in the d orbital of
the metal atom, coordination number, and electronegativity
of the metal and neighboring atoms of graphene-supported
SACs. The descriptor φ correlated well with adsorption
free energies of OH* (ΔGOH∗) and theoretical/experimental
Eonset for ORR, indicating φ is a well-defined predictor for
ORR activity (Figure 7). It was found that Fe-pyridine-N4,
Fe-pyrrole-N4, Au-SV-C3, and Tc-pyrrole-N4 on graphene
support are promising SACs for ORR. Xiao et al102 reported
that graphene-supported-Ir SAC has a faster theoretical ORR
kinetics than graphene-supported Mn, Fe, and Co SACs since
it is more energetically favorable binding with intermediate
species. Furthermore, single-site Ni supported on pentagon |
octagon | pentagon graphene demonstrated lowest theoretical
overpotential of 0.62 V for ORR among six transition metals
(Ni, Cr, Mn, Fe, Co, and Cu).103

4.1.2 | Graphene-based metal-free ORR
electrocatalysts
Graphene-based metal-free catalysts can address the metal
leaching and metal-ion contamination issues caused by
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ORR performance of the graphene-supported single-atom catalysts (SACs)

Graphene-based SACs

Eonset, V vs
RHE

E1/2, V vs
RHE

Electron transfer
number

Fe@NG-750

1.03

0.90

Fe@NG-750

0.83

Fe–Nx ISAs/GHS

Durability

Electrolyte

Ref

~4.0

1.6% loss in
25 000 s

0.1 mol/L KOH

87

0.72

NA

<9% loss in 14 h

0.5 mol/L H2SO4

87

1.05

0.87

~4.0

27.2% loss in
12 000 s

0.1 mol/L KOH

59

Fe1-N-NG/rGO

0.96

0.84

~4.0

<5 mV loss in
E1/2 after 15 000
cycles

0.1 mol/L HClO4

93

FeSA-G

0.950

0.804

3.8-3.9

20 mV loss in E1/2
after 5000 cycles

0.1 mol/L HClO4

58

SA-Fe/NG

NA

0.88

3.83-3.97

9 mV loss in E1/2
after 5000 cycles

0.1 mol/L KOH

94

SA-Fe/NG

0.9

0.8

~3.94

~8 mV loss in E1/2
after 5000 cycles

0.5 mol/L H2SO4

94

Fe-N-C/rGO

0.94

0.81

3.8-4.0

7.2% loss in
13 000 s

0.1 mol/L KOH

95

Co@NG-750

0.97

0.87

~4.0

6.5% loss in
25 000 s

0.1 mol/L KOH

86

Co@NG-750

0.79

0.69

NA

<1% loss in
50 000 s

0.5 mol/L H2SO4

86

Co-N/GS

0.89

NA

3.4

6% loss in 7200 s

0.1 mol/L KOH

84

0.7%Cu@NG-750

~0.94

0.84

4.0

4.0% loss in
25 000 s

0.1 mol/L KOH

88

0.7%Cu@NG-750

NA

0.551

NA

0.7% loss in 13 h

0.1 mol/L HClO4

88

Cu1/N-Graphene

0.869

0.779

~3.8

NA

0.1 mol/L KOH

85

Mn@NG

0.95

0.82

~3.86

~12.7% loss in
14 h

0.1 mol/L KOH

89

Sc@NG-750

0.99

0.89

~3.9

<2% loss in
50 000 s

0.1 mol/L KOH

90

Sc@NG-750

0.82

0.72

~4.0

5.8% loss in
50 000 s

0.5 mol/L H2SO4

90

Rh@NG

NA

0.848

3.82-4.0

12.5% loss in
25 000 s

0.1 mol/L KOH

91

Rh@NG

0.85

0.74

~4.0

3.9% loss in
25 000 s

0.1 mol/L HClO4

91

0.4-Ru@NG-750

0.945

0.826

3.8

<5.7% loss in
25 000 s

0.1 mol/L KOH

92

0.4-Ru@NG-750

0.893

0.723

~4.0

~22% loss in
50 000 s

0.1 mol/L HClO4

92

Ru-N/G-750

0.89

0.75

~3.9

10% loss in
10 000 s

0.1 mol/L HClO4

83

metal-based catalysts.4 Qu et al51 explored N-doped graphene
as a non-metal electrocatalyst for ORR. Namely, they prepared the N-doped graphene with ~4 at% N/C ratio with the
CVD approach, exhibiting 3 times higher steady catalytic
current density than commercial Pt/C electrode in 0.1 mol/L
KOH. Sun et al104 reported an ultrathin N-doped holey carbon layer on GNS, which showed excellent ORR performance

(Eonset = 0.80 V vs RHE; E1/2 = 0.65 V vs RHE) in 0.5 mol/L
H2SO4. Intensive efforts were made to understand the catalytic mechanisms and the active sites of N-doped graphene for
the ORR activity. Geng et al105 attributed the improved ORR
activity of N-doped graphene to graphitic N based on the observation of matching relationship between activity and graphitic N contents. Lai et al106 found that both graphitic and
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F I G U R E 7 (A) Adsorption free energy of OH* (ΔGOH∗) vs the descriptor φ. (B) Theoretical and corresponding experimental Eonset for ORR
vs the descriptor φ for single metal atoms supported on graphene. Four coordination environments were considered, including single vacancy with
three atoms (SV-C3), double vacancy with four carbon atoms (DV-C4), four pyridine N atoms (pyridine-N4), and four pyrrole N atoms (pyrrole-N4).
Reprinted with permission from Ref.101 Copyright 2018 Springer Nature
F I G U R E 8 Schematic pathways for
oxygen reduction reaction on N-doped
graphene. Reprinted with permission from
Ref.108 Copyright 2016 The American
Association for the Advancement of Science

pyridinic nitrogen were demonstrated as active sites for ORR.
Specifically, the graphitic N determined the limiting current
density, whereas the pyridinic N enhanced the onset potential
for ORR. Moreover, pyridinic-N-rich graphene was observed
being selective toward the four-electron pathway of ORR in
alkaline solutions.107 Recently, Guo et al108 determined that
the activity of ORR of N-doped graphene stems from the electron-deficient carbon (Lewis base site) neighboring pyridinic

nitrogen. The oxygen molecule is first adsorbed at these Lewis
base sites created by pyridinic N, followed by protonation of
the adsorbed O2 (Figure 8). In the four-electron pathway, two
protons cause the breakage of the O–OH bond and the formation of adsorbed OH, followed by the reaction of proton and
OH species to form H2O. The two-step two-electron pathway is
also possible, where H2O2 is formed by the reaction of adsorbed
OOH species and one proton before its reduction to H2O.
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Sulfur, boron, and phosphorous are also common dopants
to enhance the ORR activity of graphene. S-doped graphene
exhibited better ORR catalytic activity than the commercial
Pt/C in alkaline media via breaking of electroneutrality of the
graphitic planes.109 A theoretical study showed that active
catalytic sites locate at the zigzag edge or the neighboring
carbon atoms of doped sulfur oxide atoms, which follow a
four-electron transfer pathway.110 B-doped graphene also
showed similar electrocatalytic activity toward ORR as Ptbased catalysts, along with superior long-term stability and
good CO tolerance to Pt catalysts.111 The boron atoms with
high local positive charges and the neighboring C atoms
with high spin densities are the main active sites for ORR.112
P-doped graphene (~0.92 V) exhibited a similar ORR onset
potential as the commercial Pt/C (~0.95 V), as well as better
selectivity and stability.113 The excellent performance was
ascribed to the activation of π-electrons in graphene by the
phosphorous atoms.
Multi-doped graphene materials can achieve excellent
ORR activity, such as N, P co-doped graphene,54 B, N, and
P tri-doped graphene,114 N, F, and P tri-doped graphene,115
and quaternary (B, N, P, and S) doped graphene.52 Co-doping
with two appropriate elements could lower the energy gap to
increase the conductivity and chemical reactivity.5 The redistribution of spin and charge densities induced by dual dopants increased the amounts of active sites for ORR reaction.5
Co-doped and tri-doped graphene apparently exhibit higher
efficiency for ORR than a single element doped one under
the same conditions. However, it is difficult to control doping content, bonding formation, and distributional uniformity
during co-doped graphene preparation processes.14 The exact
role of each dopant on the ORR performance and the underlying synergistic effect need extensive investigation.

4.2

|

Graphene-based anodes

The large surface area, high electrical conductivity, and
tunable anchoring sites of graphene-based materials can increase the dispersion of the noble metal and facilitate charge
mobility in fuel oxidation. Great efforts have been made to
develop efficient graphene-supported electrocatalysts for
methanol oxidation reaction (MOR), ethanol oxidation reaction (EOR), and formic acid oxidation reaction (FAOR).
Graphene-based materials are also promising as anode for
microbial fuel cell (MFC) due to their high charge transport
rate and biocompatibility.

4.2.1

|

MOR electrocatalysts

DMFCs can generate electricity directly from methanol, a
liquid fuel with a high volumetric energy density that is easy

for transportation and storage, but its electrochemical reactivity is lower than hydrogen.16 Moreover, the active sites of
commonly used platinum-based catalysts are easily blocked
by the reaction intermediates.16 Graphene-based materials are
promising for immobilizing Pt nanoparticles to enhance their
activity and durability for MOR. For example, Yoo et al116
reported higher efficiency of the Pt/rGO catalyst for MOR
and 40 times slower CO adsorption rate than those of Pt/carbon black catalyst. The high-performance of Pt/rGO was attributed to the strong interaction between GNS and platinum
atoms, leading to a decrease in Pt particle size and thus an
increase in catalytic activity. The MOR current was further
improved by ~3 times using N-doped rGO as support.117 The
amino and pyridinic groups on N-doped rGO can provide
more anchoring sites for Pt nanoparticles and make their dispersion more uniform.117,118 Apart from Pt-based catalysts,
Pd- and Ni-based catalysts are also promising for catalyzing
MOR in alkaline media due to their similar properties, lower
cost, and higher CO tolerance.119,120 The Pd/GNS displays
higher MOR activity than Pd/carbon nanotubes and Pd/nanocarbon particles in 1 mol/L KOH due to its improved electrochemical active surface area (ECSA) of Pd nanoparticles
on the graphene support.119 The nonprecious Ni/rGO catalyst
exhibited an ultrahigh mass activity of 1600 mA mg−1 and
good anti-poisoning properties for MOR in 1 mol/L KOH,
which was ascribed to the anchoring effects of rGO toward
highly dispersed Ni nanoparticles.120 Furthermore, graphenebased materials are suitable as supporting materials for bimetallic MOR catalysts due to their large specific surface area
and electroconductivity, as well as flexible microstructure.
Various highly efficient graphene-supported bimetallic MOR
catalysts were reported recently, such as Pd@Ni/S doped graphene,56 Pt-Pd nanoflowers/GO,57 and Pt-Ni/porous rGO.64
The 3D graphene can accelerate the diffusion and mass
transport of fuels and products. Owing to the hierarchical porous
graphene framework, the 3D-structured graphene-supported Pt
catalyst showed a more negative onset potential (0.17 V vs Ag/
AgCl) and higher peak current density (443 mA mg−1 Pt) for
MOR than commercial Pt/C catalyst.121 Another Pt-Au alloy
decorated 3D graphene prepared using aerosol spray drying
exhibited about 6 times larger ECSA (325 m2 mg−1 Pt) compared to Pt-Au/graphene (53 m2 mg−1 Pt) and commercial Pt/
carbon black (54 m2 mg−1 Pt).122 Recently, Qiu et al123 synthesized 3D holey rGO hollow nanospheres sandwiched by interior and exterior Pt nanoparticles (Pt@holely r-GO@Pt hollow
nanospheres) with SiO2 nanosphere templates (Figure 9). The
Pt@holely r-GO@Pt hollow nanospheres presented a 1.3-fold
and 1.7-fold larger mass activity for MOR than those of Pt@
r-GO@Pt hollow nanospheres and commercial Pt/C, which was
attributed to the enhanced mechanical strength and mass diffusion, along with more exposed active sites. Huang and coworkers proposed a facile self-assembly strategy for the preparation
of Pt nanoparticles coupled with 3D graphene cross-linked
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F I G U R E 9 Schematic configurations of (A) 2D GO nanosheet-supported Pt nanoparticles, (B) 3D GO hollow nanosphere-supported
Pt nanoparticles (Pt@r-GO@Pt hollow nanospheres), and (C) 3D holey GO hollow nanosphere sandwiched by both internal and external Pt
nanoparticles (Pt@holely r-GO@Pt hollow nanospheres). (d) Pt mass-normalized cyclic voltammograms curves recorded in an N2-saturated
0.5 mol/L H2SO4 + 0.5 mol/L CH3OH solution with a sweep rate of 50 mV s−1. Reprinted with permission from Ref.123 Copyright 2018 American
Chemical Society

hybrid architectures.124-126 With large surface areas, high electrical conductivity, highly interconnected porous frameworks,
and homogeneous Pt dispersion, these 3D graphene materials
exhibited exceptional electrocatalytic performance for MOR.
For example, the 3D Pt/RGO–Ti3C2Tx architectures exhibited 3.7 times higher ECSA (90.1 m2 g−1) than that of Pt/C
(24.6 m2 g−1), which was attributed to the strong electronic
interactions of hybrid support and Pt nanoparticles.126 The Pt/
RGO–Ti3C2Tx also showed higher electrocatalytic stability
(~14.3% loss after 100 cyclic voltammetry cycles) than other
state-of-the-art MOR catalysts.

4.2.2

|

EOR electrocatalysts

Ethanol is a green energy source that can be produced from
renewable agricultural feedstocks or biomass. Ethanol has
higher mass energy density (8.01 kWh kg−1) with less toxicity
as compared to that (6.07 kWh kg−1) of methanol.17 Similar
to MOR, noble metals are required to break the C–C bond in
ethanol to complete oxidation and reduce the overpotential loss.
Graphene-based materials are good supports to increase the dispersion of the noble metal and facilitate charge transfer. For
example, Wang et al127 prepared a hybrid electrode with an alternate assembly of two layers of Au nanoparticles and two layers of rGO sheets. The high electrochemical activity for EOR in
alkaline medium was attributed to the oxidation removal of intermediates by highly conductive rGO. Huang et al128 reported
that the Pd/Ni(OH)2/rGO catalyst exhibited a high peak current of 1500 mA mg−1 Pd and retained as 400 mA mg−1 after
the chronoamperometric test of 20 000 seconds. The remaining
oxygenated functionality on the rGO surface was thought to
serve as nucleating sites for Pd nanoparticles, which benefits

Pd dispersion. Similarly, the Pd-Au alloy/rGO catalyst showed
6.15-fold of mass activity for EOR in alkaline conditions than
commercial Pd/C since rGO decreased the aggregation of nanoparticles.129 These synergistic effects in the presence of graphene were also reported for Pt-Cu/GO,60 Pt-Pd/rGO,65 and
Pd-Rh/GNS,130 indicating the potential role of graphene as
EOR catalyst support.
Modification of graphene with heteroatom and functional
groups provides more anchor sites for metal nanoparticles,
which largely promote EOR activity and durability.131,132
Yang et al131 prepared aniline-functionalized graphene by a
diazo reaction to anchor Pd nanoparticles for EOR. The mass
activity after the 7200 seconds test of the catalyst with aniline groups (43.1 mA mg−1) was about 5 times higher than
that (8.9 mA mg−1) without aniline modification, which
was attributed to the highly distribute Pd nanoparticles and
the strong interaction between aniline groups and Pd. The
3D-structured graphene can also reduce the aggregation and
deactivation of catalysts and enhance ethanol transport.133,134
Yao et al134 synthesized Pd encapsulated into hollow N-doped
graphene microspheres by a spray-drying approach using GO
and ZIF-8 as precursors, demonstrating a higher EOR activity (2490 mA mg−1) than Pd/rGO (1232 mA mg−1) in alkaline mediums. The hollow N-doped graphene microspheres
not only benefited the immobilization of Pd nanoparticles but
also facilitated the reactant diffusion.

4.2.3 | Other fuel oxidation reaction
electrocatalysts
Apart from H2, methanol, and ethanol, other fuels have
been used for fuel cells, including formic acid, glycol, and
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F I G U R E 1 0 (A) The preparation process and (B) the proposed mechanism for extracellular electron transfer (EET) of rGO hybridized biofilm
in an MFC. Reprinted with permission from Ref.139 Copyright 2014 John Wiley and Sons

carbohydrazide.135-138 Fan et al135 reported Pd nanoflowers
on phosphomolybdic acid-modified graphene for FAOR,
demonstrating an 8-fold forward peak current density
(1.02 A mg−1) than that (0.13 A mg−1) of Pd nanoparticles/
graphene counterpart. The superior activity was attributed to
the abundant defects of nanoflower shape, the strong CO oxidizing ability of phosphomolybdic acid, and the large interface area with strong binding between Pd, phosphomolybdic
acid, and graphene. Another promising design strategy for
FAOR is the use of F-doped graphene to support rhodium
nanoparticles.136 The stability of Rh/F-doped graphene was
greatly improved, maintaining 65% of activity after 100 cycles compared to that (40%) of Pt/C catalyst. Feng et al137
supported core-shell Au@AuPd on rGO, and observed its
superior glycol oxidation performance than Pd/C catalyst
due to the synergetic effects of core-shell nanostructures and
rGO support. Hu and coworkers developed a metal-free 3D
graphene anode for carbohydrazide oxidation reaction, which

showed an activity enhancement of 2 times compared to 2D
graphene due to the larger surface area and higher electronic
conductivity.138 An anion exchange membrane fuel cell
(AEMFC) coupled with 3D graphene anode and N-doped
carbon nanotubes cathode generated a peak power density of
24.9 mW cm−2.

4.2.4

|

MFC anodes

MFCs are sustainable energy generation devices that convert
biomass or organic waste to electricity via the metabolism
of microorganisms. Graphene-based materials have a large
surface area, good conductivity, and biocompatibility, which
can reduce the internal resistance of the anode, act as a mediator to accelerate the electron transfer between bacteria and
anode, and promote bacterial growth of MFCs.2 For example,
Yong et al139 hybridized highly conductive rGO with bacteria
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on carbon cloth to fabricate MFC anode, showing a 25-fold
increase in the oxidation current (0.52 mA cm−2) and a 74fold increase in the reduction current (0.82 mA cm−2) when
compared with anodes without rGO. The extraordinary performance of the MFC was attributed to the enhanced extracellular electron transfer capability by rGO via multiplexed
conductive pathways (Figure 10). To further improve the
bacterial adhesion capability and the interactions between
bacteria and the electrode surface of MFC anode, Luo et al140
prepared crumpled graphene via a capillary compression approach. The rough surface of crumpled rGO benefited biofilm
formation and thus largely enhanced the MFC performance,
delivering 31% and 116% higher maximum power density
than that with flat rGO and activated carbon, respectively.
Recent works have demonstrated the advantages of 3D
graphene applied in MFCs, not only extending the active area
for bacteria attachment and mediator reduction but also reducing the diffusion resistance via hierarchical open-porous
structure.141-145 Ren et al141 developed a 3D macroporous
graphene scaffold anode, exhibiting a maximum power density of 11 220 W m−3 due to its hierarchical porous structure
and low internal resistance. Li et al145 found that increasing
the hydrophilicity of 3D graphene aerogel by GO modification can notably improve the biofilm density on the anode
and thus enhance the MFC performance. Further doping nitrogen into graphene, the MFC with 3D N-doped graphene
aerogel anode delivered a stable current in at least 5 days.142
Song et al144 incorporated a core/satellite structured Fe3O4/
Au nanocomposite on 3D macroporous graphene foam to improve the anode/bacteria interaction and bacterial penetration,
achieving a 71-fold higher power density (2980 mW m−2)
than that of graphite rod anode (41 mW m−2).

4.3

|

Graphene-based membranes

The electrolytes in a fuel cell need high ionic conductivity,
electrical insulation, and low permeability for reactants. The
most commonly used polymeric membrane in PEMFCs is
Nafion, exhibiting high proton conductivity and chemical
stability.1 However, its performance is limited by hydrated
conditions, operating temperature, and fuel crossover issues.6
Graphene-based materials have been explored as fillers to enhance the ionic conductivity and reduce the gas permeability
of polymer membranes, or even as proton-conducting electrolytes for fuel cells.

4.3.1

|

Graphene and GO membrane

Hu et al7 firstly proved that thermal protons could transport
through monolayer graphene with activation energy of about
0.78 eV under ambient conditions (Figure 11A). Its proton
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conductivity can meet fuel cell requirements (>1 S cm−2)
when the temperature is higher than 110°C, and reach as high
as 103 S cm−2 at temperatures above 250°C. The proton conductivity of monolayer graphene can be further improved by
decorated with Pt (Figure 11B).
Although monolayer graphene presents high proton conductivity at a moderately high temperature, its high electrical
conductivity impedes directly using it as a membrane material for fuel cells. Instead, the properties of electrical insulator, gas impermeability, and hydrophilicity of GO make it
as a promising electrolyte in fuel cells. Tateishi et al73 first
reported the performance of a fuel cell using a pure GO paper
membrane. The MEA with a configuration of Pt | GO | Pt
can output a maximum power density of ~13 mW cm−2 at a
relative humidity of <20% and room temperature. Gao et al75
investigated the proton transport through the ozonated GO
membrane and its fuel cell performance. The proton conductivity of the ozonated GO membrane is 50% higher than that
of the GO membrane, which was ascribed to the enhanced
proton hopping via higher content of oxygenated functional
groups. Furthermore, sulfonic acid functionalized GO exhibited 14 times higher proton conductivity (58 mS cm−1 at
55°C) than unmodified GO due to enhancing the mobility of
oxonium ions combined with water molecules.146

4.3.2 | Graphene-modified
polymer membranes
Graphene-based materials are commonly used to decorate
on polymer membranes to enhance their ionic conductivity
and gas impermeability. The composite membranes exhibit
higher ionic conductivity, lower fuel gas permeability, higher
mechanical strength, and higher chemical stability than traditional polymer membranes, thus improving fuel cell performance and durability.
The presence of intrinsic defects at different dimensions
and cracks and protonated carboxylic groups on GO surface
would enhance their proton conductivity.68,77 Furthermore,
the homogeneously distributed GO sheets in the polymer matrix can increase its ionic transport via well-connected 3D
ionic channels.67,147 For example, by incorporating 0.5 wt%
ionic liquid polymer-modified graphene sheets, the ionic conductivity (7.5 × 10−3 S cm−1 at 160°C) of sulfonated polyimide membrane was improved by about 2.6 times.147 However,
a higher proportion of graphene sheets would overlap with
each other, blocking the ionic transfer route and formation of
an electrical conducting network.67 Aragaw et al148 reported
the proton conductivity of an rGO/Nafion is 30 times higher
than unmodified Nafion, which was ascribed to the alignment
change of the proton channels parallel to the membrane surface. Jia et al69 reported that a slightly reduced GO/Nafion 117
composite membrane could form a long-range order of 3D
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F I G U R E 1 1 (A) Temperature dependences of proton conductivity for graphene and hexagonal boron nitride (hBN). (B) Proton conductivity
of graphene and hBN decorated with Pt. Insert is the Arrhenius-type behavior for these membranes. Reprinted with permission from Ref.7
Copyright 2014 Springer Nature. (C) DMFC experimental setup and MEA configuration. (D) Polarization curve comparison for a standard MEA
and an MEA with single-layer graphene (SLG) at 70°C, 1 mol/L methanol, 1 L min−1 of air. Insert is the magnified view of open-circuit voltages of
each MEA. Reprinted with permission from Ref.76 Copyright 2016 John Wiley and Sons

ionic nanochannels by self-assembly, exhibiting near 4-fold
enhancement in proton conductivity. Graphene is flexible
for functionalization with proton-conducting groups like sulfonic acid to further facilitate proton transport. For instance,
Qiu et al70 showed that the sulfonated rGO/SPEEK exhibited
threefold higher proton conduction than pristine SPEEK at
low relative humidity due to the higher water retention capability of sulfonic acid groups. Another sulfonated holey GO
modified SPEEK (SPEEK/SHGO) was synthesized by etching sulfonated GO with concentrated HNO3 under ultrasonication.71 The presence of the holes in the sulfonated holey
GO provided an additional channel for proton transport,

further increasing the proton conductivity to 135.9 mS cm−1
at 65°C, which is larger than that (91.6 mS cm−1 at 65°C)
of sulfonated GO/SPEEK. Graphene can also increase bicarbonate conductivity of QPSU in AFCs.72 The quaternized
graphene/QPSU composite membrane showed 4 times higher
bicarbonate conductivity (18.73 mS cm−1 at 80°C) than pristine QPSU due to the continuous hydrophilic channels of the
quaternary ammonium ion clusters and their water-absorbing
ability.
A critical drawback of the Nafion membrane is fuel crossover, especially for methanol. Graphene-based materials can
act as a barrier layer to impede fuel gas permeation without
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sacrificing the proton conductivity, leading to an increase in
fuel utilization efficiency and overall fuel cell performance.
Holmes et al76 decorated pristine monolayer graphene on the
anode side of MEA of a DMFC (Figure 11C) and observed
that methanol crossover decreased with increasing graphene
coverage. When operating temperature is higher than 60°C,
the proton conductivity of graphene is higher than the Nafion
membrane, thus eliminating the increments on the proton
resistance. As a result, the DMFC with graphene showed a
45% improvement in power density than the DMFC without
graphene (Figure 11D). Yan et al77 developed a composite
membrane with monolayer graphene sandwiched by two layers of Nafion 212. The methanol permeability significantly
decreased from 1.40 × 10−6 to 0.44 × 10−6 cm2 s−1 with
graphene incorporation, achieving a high peak power density
of 23 mW cm−2 at highly concentrated 10 mol/L methanol.
Moreover, a sulfonated GO/Nafion membranes showed good
methanol barrier properties due to its steric hindrance effect
and the shrinkage of ionic clusters.149 The methanol permeability of a slightly reduced GO/Nafion 117 composite membrane is two-magnitude lower than that of Nafion 117.69
The mechanical properties of polymer membranes can
also be significantly improved by graphene. It was revealed
that the tensile strength of GO/Nafion composite membrane
increased with GO content, reaching about 8-fold improvement with 4.5 wt.% GO content.68 The quaternized graphene/
QPSU with 0.5 wt% loading exhibited a nearly 3-fold increase in Young's modulus (5240 MPa) and tensile strength
(205 MPa).72 The PVA/graphene with 1.4 wt.% graphene
loading demonstrated a 73% enhancement in the tensile
strength due to the enhancement in the adhesion of the nanofiller and matrix.67 Moreover, graphene-based fillers could
also enhance the long-term stability of membranes. For example, the cell with SPEEK/SHGO membrane maintained
~88.6% of the initial output voltage after 60 hours operation
at the current density of 50 mA cm−2, which is significantly
higher than that of pristine SPEEK (61.7%).71 The higher
durability was attributed to the compatibilizing effect of the
SHGO on the SPEEK via both hydrophobic and hydrophilic
interactions between them. Another rGO/Nafion membrane
presented only a slight decrease of proton conductivity (from
0.58 to 0.52 S cm−1) after 720 minutes of immersion in
methanol.69

4.4

|

Graphene-based bipolar plates

Bipolar plates are used for current collection, gas and heat
distribution, and mechanical support in fuel cells. The idea
bipolar plates should have high electrical and thermal conductivity, low interfacial contact resistance, low permeability
to gases, high corrosion resistance, high mechanical strength,
lightweight, and low cost.8 Graphite is the most preferred
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material for bipolar plates in PEMFCs due to its high corrosion resistance and considerable conductivity (103 S cm−1),
but its mechanical strength is poor and its fabrication cost is
relatively high.1,8 Metallic bipolar plates have high electrical
conductivity and high mechanical strength, but their corrosion-resistant in the acidic environment is not sufficient.1,8
These disadvantages have promoted the development of alternative bipolar plates with graphene modification.
Graphene with anti-corrosive nature has been used as a
protective layer for metallic bipolar plates. Ren et al150 reported a graphene-coated copper showed 3 times higher
charge transfer resistance than uncoated copper in 720 hours
of immersion of 0.5 mol/L H2SO4, demonstrating the high
corrosion resistance of graphene-coated copper plates.
Furthermore, a Cu/GO composite was coated on mild steel,
showing a corrosion current of 10.03 μA cm−2 in 3.5 wt.%
NaCl, which is about 30 times lower than uncoated mild
steel.151 This was attributed to the formation of enhanced
passive film by {220} texture of Cu. Sim et al152 coated
multilayer graphene on Ni foam by a dip coating and rapid
thermal annealing (RTA) with PMMA as carbon precursors
(Figure 12A). The graphene/Ni foam bipolar plates showed
two orders of magnitude lower corrosion rate than uncoated
one (Figure 12B) and the embedded PEMFC demonstrated
a peak power density of ~967 mW cm−2, which meet the
US Department of Energy (DOE) 2020 target (Figure 12C).
Another benefit provided by the graphene/Ni foam is a more
uniform distribution of local current and gas.
Graphene-based materials can also be used as fillers to
develop highly conductive polymeric bipolar plates. Jiang
et al153 reported that an exfoliated graphene nanoplatelets/
polyphenylene sulfide composite exhibited higher flexural modulus and low gas permeability, but its electrical
conductivity (1.7 S cm−1) was not sufficient. The addition
of 20 wt.% carbon black enhanced its electrical conductivity to 114 S cm−1. Plengudomkit et al154 prepared a highly
filled graphene/polybenzoxazine composites with 60 wt.%
graphene content, exhibiting high flexural modulus (18 GPa),
flexural strength (42 MPa), thermal conductivity (8.0 W/
mK), electrical conductivity (357 S cm−1), and low water
absorption (0.06% at 24 hours immersion). Jiang et al155 synthesized a GO/polypyrrole composite, followed by coating on
304 stainless steel using a in situ electrodeposition method.
The presence of GO in the composite bipolar plates enhanced
the interfacial adhesion between metal and polymer and prevented the corrosive species penetration.
However, challenges still remain for the use of graphenebased materials in bipolar plates. It was found that graphene
showed no improvement in corrosion resistance at high temperature (>60°C) or for stainless steel plates without Ni coating or for Al plates, possibly due to the galvanic corrosion
mechanism or the reaction between ions and defects/grain
boundaries in graphene.156,157 The relatively low electrical
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F I G U R E 1 2 (A) Schematic of the synthesis of graphene/Ni foam. (B) Comparison of corrosion current density and interfacial contact
resistance (ICR) at a pressure of 100-140 N/cm2 of various reported bipolar plates. The gray area is the 2020 DOE target. (C) Power densities of
PEMFC with graphene/Ni foam and other reported bipolar plates. The dashed line is the 2020 DOE target. Reprinted with permission from Ref.152
Copyright 2018 Royal Society of Chemistry

conductivity of GO or rGO coatings may increase interfacial contact resistance. Moreover, adhesion of hydrophobic
graphene on metallic plates without adding any binder is
quite challenging.8 The addition of binder would inevitably
increase interfacial contact resistance and cost. Another challenge is to develop gas flow channels in the graphene structure without damaging its electrical and corrosion resistance
properties.

5
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CO NC LU S ION A N D OU T LOOK

This review summarized the progress associated with
applications of graphene-based materials in fuel cells.

Comparable to the commercial Pt/C catalyst, metal-free
heteroatom-doped graphene shows high electroactivity for
ORR. Doped graphene, GO, and rGO provide many anchoring sites for active metal particles, making them dispersion uniformly. The high surface area and electrical
conductivity of graphene-supported catalysts favor various electrochemical reactions, such as ORR, MOR, EOR,
and FAOR. The strong metal-graphene interaction leads
to enhanced long-term stability. The novel 3D-structured
graphene electrodes were recently developed, aiming at
enhancing active sites and reducing diffusion resistance.
Graphene and GO also exhibited high proton conductivity and low fuel permeation, enabling them act as alternative electrolyte materials or incorporate with polymer

SU and HU

membranes. Moreover, highly conductive and chemical
stable graphene can protect metallic bipolar plates from
corrosion. However, there are also some challenges that
require further studies.
1. The underlying mechanism in the catalytic activity of
heteroatom-doped graphene still remains blurred. Various
types of dopants, functional groups, defects, and vacancies of graphene may act as catalytic active sites,
but their features aimed to promote a given reaction
should be explored in depth. Systematic and reliable
characterization techniques and theoretical studies are
required to identify the active sites and the corresponding
electrocatalytic mechanisms. Controlling the graphene
microstructure by selective passivation of the possible
active sites is an efficient route to gain insights on
active sites. Furthermore, the effects of the remaining
impurities, especially trace metals in graphene induced
during the fabrication process on the catalytic activity
should be paid sufficient attention. Rigorous elemental
analysis should be provided for so-called “metal-free”
heteroatom-doped graphene. Preparing the metal-free
graphene-based electrocatalysts via transition metal-free
synthesis routes could eliminate this issue.
2. The proton conductivity of single-layer graphene and GO
is not sufficient for fuel cell application. When using graphene-based materials as fillers in polymer membranes,
there is a trade-off between barrier properties and proton
conductivities. GO and functionalized graphene would
block the continuity of proton conductive channels in the
polymer membrane, thus the amount of loading should be
carefully optimized. More efforts are necessary to evaluate the types of functional groups, architectures, compatibility with polymers of graphene-based fillers, and their
relation to proton conductivity, impermeability, and fuel
cell performance.
3. For most graphene-based electrocatalysts, their performances were only evaluated in the half-cell test, which
cannot accurately represent their activities and durability
under practical operating conditions. A possible solution
to the issue would be to utilize the standard MEA systems
for their performance assessment. Furthermore, the conductivity and permeability of graphene-based membranes
and the corrosion resistance of graphene-modified bipolar
plates should be evaluated under practical fuel cell environments rather than simple simulating conditions.
4. Stability is one of the main issues hampering the real commercialization of fuel cells with graphene-based materials.
Although numerous graphene-based electrocatalysts demonstrated higher durability, better tolerance to methanol
crossover and CO poisoning compared with commercial
Pt/C, the reported preserving lifetimes of graphene-based
fuel cells (in the range of a few hours to several weeks)
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are far away from the lifetime (in year scale) that is desirable for commercial applications. Most of the practical PEMFCs exploit acidic electrolytes to eliminate the
effect of carbon dioxide, leading to the demetallation of
graphene-supported metal catalyst and subsequent degradation during long-term operation. Metal-free doped-graphene catalysts are promising candidates, but rare cases
are effective for ORR in acidic media to date. The defectfree graphene is highly stable and mechanically robust.
However, defects, heteroatoms, and functional groups
are always required to be introduced into graphene basal
planes to obtain sufficient activity for fuel cell applications, which inevitably reduces their chemical and mechanical stability. Precise control of active sites and the
graphitization degree of graphene-based materials is critical for achieving optimal performance.
5. Cost is another factor that influences manufacturing
graphene-based materials for real fuel cell systems.
Metal-free, PGM-free, or low-PGM graphene-based electrocatalysts showed great promise for replacing high-cost
Pt/C catalysts. The larger surface area and higher mass
activity further reduce the system costs by lowering the
catalyst loading. However, the costs of synthesis, storage,
and processing of graphene-based materials themselves
should be taken into consideration. The graphene-modified membranes and bipolar plates also add an extra cost
to the fuel cells. Transforming a lab-scale process to largescale (up to tons scale) production is an efficient way to
reduce the synthesis cost of the graphene-based materials. Roll-to-roll process, on-site polymerization, flash
Joule heating method, and alkaline metal technologies are
promising for scalable manufacturing of high-quality 2D
and 3D graphene.30,158 With the rapid commercialization
of graphene, there is a steady trend of production increase
and price decrease. For example, the price of graphene nanoplatelets decreased by 10-fold (from US$250 kg−1 to
US$20 kg−1) within 4 years.158 However, the synthesis of
graphene-based catalysts or membranes is available only
in laboratories at present. Challenges remain to achieve
economic viability for large-scale fabrication and application of graphene-based materials in fuel cell technologies.
6. Graphene-based materials have been only applied in
low-temperature polymer membrane-based fuel cells
(PEMFCs, AFCs, DMFCs, MFCs, etc). Excellent thermal
stability of graphene can allow ones to expect its promising achievement in high-temperature MCFCs or SOFCs.
Recently, graphene nanoplatelets or rGO were incorporated into yttria-stabilized zirconia (YSZ) as alternative
interconnectors in SOFC, demonstrating the improved
thermal conductivity, cracking resistance, and ionic conductivity.159 This finding would stimulate further R&D
efforts in the application of graphene-based materials for
high-temperature fuel cells.
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