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Abstract
With the rapid development of modern science and technology in the current
society, environmental conservation and taking advantage of new energy sources
have become the core strategies of sustainable development for society. Micro-
energy technology has boasted a huge potential in market demand and attracted a
great deal of interest in research and development since it is safe, efficient, and
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environmentally friendly and meets the goals for portable devices on the exterior,
weight, and endurance. Although significant advancements have been achieved
for proton exchange membrane fuel cells (PEMFCs) in recent years, PEMFCs
still suffer from the key problems of low power density and fuel utilization, which
are related, respectively, to poor reaction kinetics and methanol permeation
through the membrane (viz., methanol crossover). Nanomaterials recently have
attracted lots of attention owing to their distinguishing physical and chemical
characteristics. Among them, carbon-based nanostructured materials such as
graphene (G) and carbon nanotube (CNTs) have been successfully applied in
fuel cells. PEMFC combined with nanostructured materials has remarkable
improvements compared with the traditional fuel cells.

7.1 Introduction

The increase in population and migration of individuals forming large metropolitan
population centers requires a vast infrastructure to accommodate, transport, and feed.
This necessitates the use of energy in the form of fossil fuels from the industrial
revolution that caused an increase in carbon dioxide emission and potential global
warming. The current approach is to lessen energy production from fossil fuels using
alternative energy resources such as fuel cells, which convert chemical energy to
electrical energy with zero or near-zero emission of harmful gases. With the rapid
development and increasing market demand for micro-power sources, direct meth-
anol fuel cell (DMFC) based on microelectromechanical system (MEMS) technol-
ogy is currently becoming the research hotspot due to its great application prospect
in the future. The DMFC has drawn significant attention due to its advantages such
as eco-friendly, efficiency, high energy density, abundant reserves, and convenient
for storage and transport [1–5].

The basic structure of DMFC is shown in Fig. 7.1 (from Yuan et al., with
permission License 4153521292378 [6]), mainly composed of the anode plate, the
membrane electrode assembly (MEA), and cathode plates. The MEA is made up of
the diffusion layer (DL), catalyst, and proton exchange membrane (PEM). The
anode plate of the flow field structure is mainly used to support the DL, distribute
reactants, and collect current. The diffusion layers serve three purposes, as a gas,
liquid, and electron channels, which are mainly used as a support for the catalytic
layer, a collection of electrons, and the conduction of reactants and products. The
catalytic layer provides a place for electrochemical reaction. The PEM as a key
component in MEA serves as a proton conduction and separates the fuel and oxidant
at the same time. In the anode reaction of DMFC, methanol solution flow field
reaches the catalytic layer through the anode diffusion layer by convection and
diffusion. Under the effect of catalyst particles, an oxidation reaction occurs, gener-
ating carbon dioxide (CO2) gas and releasing hydrogen protons (H

+) and electron (ē)
simultaneously. The CO2 gas returns to the anode flow channel through the diffusion
layer and ultimately discharges with the methanol solution flow. Meanwhile, the
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electrons transfer from the anode compartment through the external circuit to the
cathode compartment, generating direct electricity. The protons (H+) directly diffuse
to the surface of the cathode catalyst layer through the PEM. These protons will react
with oxygen, which transports through the diffusion layer to the surface of the
cathode catalyst layer. The electrochemical reaction will result in H2O production.
Detailed chemical reaction Eqs. (7.1), (7.2), and (7.3) are shown as follows:

Anode reaction: CH3OH lð Þ þ H2O lð Þ ! CO2 gð Þ þ 6Hþ þ 6e� (7:1)

Cathode reaction : 3=2O2 gð Þ þ 6Hþ þ 6e� ! 3H2O lð Þ (7:2)

Total reaction : CH3OH lð Þ þ 3=2O2 gð Þ ! CO2 gð Þ þ H2O lð Þ (7:3)

However, the key challenges for the intensive research on DMFC lie in the
enhancement of DMFC performance. Current FC performance is suboptimal even
with laboratory-based stacks, whose performance rapidly deteriorates in real FC
industrial applications. There are a number of reasons for this suboptimal perfor-
mance. One of the disadvantages is cathode flooding related to water management.
After the water molecules on the surface of the cathode catalyst layer are generated,
the molecule migrates through the diffusion layer into the cathode flow channel;
however, if the gas flow rate is too low, some quantity of water molecules cannot be
efficiently discharged into the air, causing flooding. The cathode water-flooding
phenomenon will block both porosities of the porous diffusion layer and cathode
flow channel. This blocking will cause a serious impediment to oxygen transport,
and as a result, a shortage of the cathode gas supply will occur that, in turn, will lead
to an increase in polarization, lowering FC performance. Therefore, the water
generated in the cathode compartment should be discharged as quickly as possible.
But at the same time, the PEM should contain water content, in order to mitigate
mass transfer resistance. The DMFC cathode water management is a complex
process, which is one of the key factors in limiting FC performance. One method
to decrease cathode flooding is an introduction of high-speed airflow, which allows
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Fig. 7.1 Schematic of the basic structure of a DMFC [6]
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water to flow at increased velocities. This area of research can be tailored toward
design and construction of air-breathing DMFCs. To solve the key components of
the material and structure design, researchers must focus on the development of
nanostructured materials [7–14].

Methanol crossover is a second key problem hindering the development of
DMFC. In the internal DMFC, part of methanol molecules which was not involved
in the electrochemical reaction transmit through the PEM from the anode directly to
the cathode. This phenomenon is called the methanol crossover. (1) Methanol
crossover can cause degradation of DMFC performance, which mainly results
from oxidizing reaction of methanol molecules penetrating to the cathode that will
produce a mixed over potential, reducing the working voltage of DMFC; and
(2) methanol crossover is a waste of fuel, and produces excess heat, which also
degrades FC performance [15–19].

Low catalyst activity is the third technical DMFC obstacle especially under the
condition of low temperature. Herein, anodic oxidation catalyst activity needs to be
improved for optimal FC performance. If the anode catalyst activity increases, the
methanol consumption will also be increased; on the other hand, osmotic quantity
will be decreased. This process will also reduce the negative effect of methanol
crossover, improving FC performance.

With the increased development of nanometer-sized materials in recent years,
miniature DMFCs based on nanomaterials have received great attention. The nano-
structured materials used in DMFC include carbon nanotube paper (i.e., Bucky
paper), carbon nanotube (CNT) film, graphene (G) aerogels and hydrogel, etc..
Considering the nanostructure material, graphene which has an excellent physical
and chemical performance and stability is a suitable material for DMFC-based
catalyst.

7.2 Carbon Nanotubes (CNT) Used in Direct Methanol Fuel
Cells (DMFCs)

In an MEA, the gas diffusion layer has two major functions. First, the microporous
structure allows the reactants in the diffusion layer to spread into the catalyst layer.
Here, the reactants can also uniformly disperse on the catalytic layer, which provides
the effective area of the electrochemical reaction, and the layer arrangement gives the
highest surface area. The second function is to export the electrons from the anode
electrochemical reaction generated by the external circuit and import electrons from
open circuit potential (OCP) into the catalyst layer. Therefore, the selection of gas
diffusion layer material must be able to provide a conduction and is an important
consideration.

A novel MEA structure of DMFC controls water management and decreases
methanol crossover. The CNT paper replacing carbon paper (CP) as a gas diffusion
layer (GDL) enhances water back diffusion which passively prevents flooding in the
cathode and promotes low methanol crossover [20]. Generally, porous materials
such as CP or carbon cloth are chosen as components of the GDL. The FC produces
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water during operation, as working FC temperatures are below the boiling point of
water, so water always exists in liquid form in the compartment. When large amounts
of water are stored around the electrodes, the water-flooding phenomenon causes
increased oxygen mass transfer resistance and serious cathode polarization, leading
to a rapid decrease in FC performance. So as the GDL, CP or carbon cloth must be of
a certain hydrophobicity, and the general processing is to add poly-
tetrafluoroethylene (PTFE) in carbon paper to improve the GDL paper
hydrophobicity [21].

In this work, the water transmittal layer is CNT paper made from an aggregate of
CNTs. The CNTs are allotropes of carbon with a cylindrical nanostructure which is
supplied by Suzhou Creative-Carbon Nanotechnology Co. Ltd., China. For purifi-
cation and chemical modification, the multi-walled carbon nanotubes (MWNTs) are
dispersed into concentrated sulfuric acid (98%) and concentrated nitric acid (70%)
mixture solution of 3:1 v/v by ultrasonication for 8 h. The mixture solution is diluted
by large quantities of water to remove acid and filtered by polyvinylidene fluoride
(PVDF) membrane. After chemical modification, the MWNTs have oxygenated
functional groups which make MWNTs hydrophilic, and the wetting angle is
73.5�. The mixture of 100 mg of purified MWNTand 1 g Triton X-100 (a surfactant)
was dispersed into 100 mL of deionized water by ultrasonication for 2.5 h [22]. The
as-prepared MWNTsuspension was filtered through the wetted PVDF membrane by
a positive nitrogen gas pressure of 500 kPa to produce a well-known Bucky paper.
Due to the van der Waals forces, the interaction of CNT surface and surfactant can be
strong and stable. Subsequently, the produced Bucky paper is flushed in an effective
solvent (2:1 v/v, water to methanol) to remove residual Triton X-100 surfactant after
being rinsed by deionized water. Afterward, the produced Bucky paper is dried in a
vacuum oven for 5 h and then peeled off from the PVDFmembrane. The thickness of
the CNT papers is controlled by the concentration of the MWNTsuspension. Finally,
the CNT paper is cut into 10 � 10 mm as a water transmittal layer. A piece of five-
layered MEA with an active area of 10 � 10 mm is fabricated in a self-breathing
DMFC by the catalyst-coated membrane (CCM) and hot press method. The hydro-
philic catalyst layer is prepared to utilize the decal transfer method to form the CCM,
with an anode catalyst layer of platinum-ruthenium (Pt-Ru) black (4.0 mg�cm2) and a
cathode catalyst layer of Pt black (2.0 mg�cm2) and a Nafion 117 membrane between
them. Then, for forming the GDL, CP (TGPH-090, Toray Inc.) is prepared by the
hydrophobic (10 wt. % PTFE for the anode and 30 wt. % PTFE for the cathode,
respectively) and pore-formed (ammonium hydrogen carbonate, NH4HCO3) pre-
treatment. Finally, the CCM is sandwiched between two GDLs and hot-pressed
under the condition of 130 �C and 4 MPa for 120 s. The CNT is embedded between
the five-layered MEA and cathode current collector which serves as a collector and
distributor layer of water and electron as shown in Fig. 7.2. Figure 7.2 is from Deng
et al., with permission License 4153540257896 [20].

Stainless steel plates with a thickness of 300 μm are chosen to fabricate the anode
and cathode current collectors, and the structure of anode and cathode is fabricated
by MEMS technology. A 500 nm layer of gold (Au) is deposited on the current
collectors by the magnetron sputtering ion plating (MSIP) to reduce contact
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resistance and avoid chemical corrosion. A CNT paper with a thickness of 150 μm is
utilized to absorb water from the cathode which keeps MEA in a proper hydration
and prevent cathode flooding. From the SEM image of CNT paper shown in Fig. 7.3
(from Deng et al., with permission License 4153540257896) [20], we can see that
the CNT paper contains a high porous ratio structure which causes it to have a
capillary phenomenon, and the high porous ratio structure also makes the oxygen
diffuse through CNT expediently. The CNT paper is hot-pressed on the cathode side
of MEA at 130 �C and 4 MPa for 120 s to form the CNT-MEA compound structure.

As the radius of self-breathing openings on the cathode current collector is very
small, long-term operation of the self-breathing DMFC will cause cathode flooding
easier than conventional designs. In order to determine the flooding behavior of
DMFC with and without CNT-MEAwhich uses the CNT paper as water transmittal
layer, a short-term voltage assessment with 3 M methanol solution and flow rates of
1 mL/min was conducted at ambient conditions. A measurement comparison of cell
potential as a function of time between the DMFC without and with CNT as the
water transmittal layer is summarized in Fig. 7.4 (from Deng et al., with permission
License 4153540906158) [21].

The output voltage versus time measurements is recorded for 2000 s at a current
of 120 mA. It can be seen that the voltage of the DMFC composed of CP-MEA is
higher than that of DMFC composed of CNT-MEA during the first 150 s. After this
time point, the voltage of DMFC composed of CNT-MEA constantly increases and
exceeds that of DMFC composed of CP-MEA. It was also found the voltage of
DMFC composed of CP-MEA decreases at 430 s of operation and then improves.
The performance of DMFC composed of CNT-MEA is inferior to that of the DMFC
composed of CP-MEA at the beginning of operation because oxygen needs time to
diffuse through the CNT layer which leads to an oxygen starvation for a short time
period. At the same time, the DMFC composed of CP-MEA is flooded, leading to
voltage declination and then voltage inclination after 430 s due to DMFC which

Cathode current collector

Cathode GDE(CNT paper)

Membrane

Anode GDE(CP)

Anode current collector

Fig. 7.2 The CNT embedded
between the five-layered
MEA and cathode current
collector [21]
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produces heat that aids the activity of catalyst and the water evaporation rate. The
voltage of the DMFC composed of CNT-MEA is more stable within about 400 min
than the DMFC composed of CP-MEA. This stability is in part due to CNT layer
transport of water from GDL to the outside, which avoids flooding in GDL. The
lower likelihood of flooding ensures the cathode reaction areas to remain active for
longer periods. The DMFC composed of CNT-MEA produces more heat, which
improves the mass transport velocity of oxygen. In spite of CNT-MEA gas blockage
and limited gas penetration into GDL, the performance of the DMFC composed of
CNT-MEA is superior to that of the cell composed of CP-MEA. The above gas

Fig. 7.3 Morphological analyses. (a) Carbon paper and (b) carbon nanotube paper [21]

Fig. 7.4 Output potential of traditional and μ-DMFC based on CNT [20]
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blockage was found to dissipate in a short time. A large quantity of water is
generated on the surface of GDL by chemical reaction and then condensed on the
surface of the GDL in a liquid phase, during the long-term operation of the
air-breathing DMFC. When the rate of water generation is higher than that of
water evaporation, water will be condensed as droplets on the GDL surface which
can be seen through the openings on the cathode. Flooding in the cathode prevents
oxygen from entering into the GDL and decreases reaction area which leads to low
efficiency and inhomogeneous distribution of oxygen mass transport in GDL,
hindering performance advancement of air-breathing DMFC.

Figure 7.5 (from Deng et al., with permission License 4153540906158) shows
the visual degradation of the surface phenomenon of cathode based on the voltage
profile shown in Fig. 7.4. The DMFC was operated for 15 min and examined for
degradation. Figure 7.5 (a) presents the cathode surface phenomenon of DMFC
composed of CNT-MEA, which uses the CNT paper as water transmittal layer.
Figure 7.5 (b) presents the cathode surface phenomenon of the DMFC composed
of CP-MEA. We can see that the cathode surface of DMFC composed of CP-MEA
has a degree of hydration (seen as droplets of water); but the DMFC composed of
CNT-MEAwater transmittal layer appears anhydrous at the cathode surface, which
proves that using the CNT-MEA structure can prevent cathode flooding. Moreover,
the unique structure of CNT paper can also enhance the efficiency of oxygen mass
transport and catalyst utilization. The DMFC composed of CNT-MEA exhibits
significantly higher performance than DMFC composed of CP-MEA and can oper-
ate in high methanol concentration, showing a peak power density of 23.2 mW cm2.
The energy efficiency and fuel utilization efficiency are obviously improved from
11.54% to 22.7% and 36.61% to 49.34%, between MEAs composed of CP and
CNTs, respectively. The water transport coefficient is 0.47 (dimensionless) from
CNT-MEA, which is lower than previously reported DMFC composed of CP-MEA.

Fig. 7.5 Cathode surface of traditional and DMFC based on CNT after the long-term operation.
(a) Traditional DMFC and (b) CNT-based DMFC [20]
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7.3 Graphene Applied in Direct Methanol Fuel Cells (DMFCs)

7.3.1 Graphene Used as Barrier Layer

In this section, the authors discuss the development of a novel anode mass transfer
barrier layer for a DMFC to mitigate methanol crossover. The novel barrier layer was
a composite material of stainless steel fiber felt (SSFF) and reduced graphene oxide
(rGO), which was prepared by dipping a piece of SSFF plate into the graphene oxide
solution and subsequently experiencing a reduction process. Using this composite
material as dual-use anode barrier layer and current collector, respectively, a passive
DMFC was fabricated and tested. The results showed that the novel barrier layer
effectively increased the methanol mass transport resistance, lowering methanol
crossover, and thus allowed the cell to operate at a higher methanol concentration.
In addition, the cell fabricated with the novel barrier layer showed higher
discharging stability and lower inner resistance at the same time when compared
with a traditional cell.

In previous work, sintered stainless steel fiber felt (SSFF) was studied in a new
anode structure, in which the anode diffusion layer also played an important role as a
current collector [23]. To improve current collector efficiency, reduced graphene
oxide (rGO) is proposed due to graphene hydrogels’ excellent electrical properties,
and porosity was constructed composed of rGO and SSFF composite structure to
reduce the porosity and increase current, as a novel barrier layer for DMFC. A
procedure previously described in the fabrication of graphene and foam-nickel
composite was adopted [24]. Briefly, GO was scattered in deionized water, using
ultrasound, in order to expel any residual air out of the SSFF, and a wafer of SSFF
(0.62 mm thick) was also ultrasonically vibrated. Then GO was deposited into SSFF
by leaching, with 5 mol�mL� 1 GO solution. The resulting SSFF-G hydrogel
composite film was then immersed in vitamin C (VC) solution (10.0 mg�mL�1)
overnight and subsequently heated at 60 �C for 2 h. During this process, GO sheets
were reduced to generate rGO. Then the composite sheets were placed into a freeze
dryer at �20 �C for 48 h after a rapid freezing by immersion in liquid nitrogen.

After the rGO-SSFF composite was generated, it was evaluated as an anode gas
diffusion backing and current collector by fabricating an MEA for a DMFC. The
MEAwith an active area of 1 � 1 cm was fabricated by traditional procedures. Both
the anode and cathode GDEs are purchased from Johnson Matthey, Inc. Nafion
117 membrane utilized had a width of 170 μm, which was sandwiched between the
anode GDE and cathode GDE by 18 MP hot-pressing for 5 minutes. The methanol
capacity of both the new cell (SSFF-rGO) and the conventional cell was 2 mL whose
performance was compared and contrasted to each other [25]. After testing the FC
performance, the internal morphology of the obtained SSFF-rGO was evaluated
using scanning electron microscope (SEM) and structural modifications compared
with a piece of unprocessed SSFF. The SSFF-rGO performance under different
methanol concentrations was also evaluated.

The physical picture of SSFF-rGO produced using the above procedure is shown
in Fig. 7.6a (from Zhang et al., with permission License 4153541289218 [25]).The
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micrograph indicates that the graphene hydrogels successfully covered the surface of
SSFF. The scanning electron micrographs of the SSFF-rGO composite are shown in
Fig. 7.6b, c. The SEM image of SSFF-rGO (Fig. 7.6b) shows that graphene has been
successfully deposited in the micropores of the whole SSFF (Fig. 7.66c). As shown
in Fig. 7.6b, the SSFF-rGO with the graphene hydrogels is distributed evenly in
holes of SSFF, which can potentially hinder methanol transport. The SEM images
confirm that the composite possesses uniform porous inner configuration, which
makes the SSFF-rGO a suitable substitute for the mass transfer barrier layer for
DMFC at high methanol concentration and also guarantees high mechanical strength
and superb ductility [25].

To evaluate the stability of the two materials, the fabricated cell was discharged
under a constant current density of 80 mA�cm�2 at room temperature, with the novel
cell at 7 M and traditional cell at 3 M shown in Fig. 7.7 (from Zhang et al., with
permission License 4153541289218) [25]. It can be seen that besides a long
discharging time, the novel cell has a higher and more stable cell voltage profile

Fig. 7.6 Photograph of the (a) SSFF-rGO and SSFF, SEM of the (b) SSFF-rGO and (c) SSFF [25]
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compared with conventional DMFC. The differences between discharging results
demonstrate and confirm the ability of the rGO-SSFF material in reducing methanol
crossover under high concentration condition by taking advantages of its internal
porous structure.

7.3.2 Graphene Used in Catalyst

AsMEA is the core of PEMFC, the catalyst layer is the core of MEA, which makes it
a significant parameter in evaluating the output performance of PEMFC. The current
low efficiency, poor stability, and high cost of the catalyst remain as the biggest
hurdles for the commercialization of PEMFC. In order to maintain high catalytic
activity and good stability, metal particles are usually dispersed onto a support
material. The catalyst support material not only determines the dispersion of metal
nanoparticles but also interacts with metal particles, which in turn affects the activity
and stability of the catalyst [26]. Catalyst support used in PEMFC should have the
following characteristics:

1. High specific surface area, which would enhance the dispersion of metal nano-
particles and improve the catalyst surface utilization

2. Excellent conductivity that can quickly transfer the electrons of electrode reaction
3. Reasonable pore structure, which makes rapid transfer and diffusion of reactants

and products

Fig. 7.7 Transient discharging curves of the μ-DMFCs under a constant current density of 80 mA
cm�2 at 298 K [25]
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4. Strong corrosion resistance, to prevent catalyst performance in the electrolyte
from rapid degradation

In summary, the most suitable material for PEMFC catalyst support currently is
carbon. Graphene, an intriguing member of the carbon material family, was discov-
ered in 2004 [27] and is a possible replacement for carbon as a structural support
material. With its unique two-dimensional, single-atom layer thickness structure,
graphene exhibits a large theoretical specific surface area (up to 2600 m2�g�1), high
electrical conductivity, high thermal conductivity, and excellent mechanical proper-
ties. In addition, chemically transformed graphene has an interlayer structure
containing lattice defects (vacancies, holes) and surface functional groups (carboxyl,
epoxy, and hydroxyl) that can anchor metal particles on their surface. This strong
interaction between the metal and the substrate can improve the stability of the nano-
catalyst [28, 29]. Fampiou et al. [28] used density functional theory (DFT) and bond-
order potential calculations to prove that the defects of the surface of graphene can be
a strong confinement trap of Pt nanoclusters, making Pt-graphene hybrid show
excellent long-term stability. Besides, the charge transfer between the catalyst and
the graphene substrate increases, and the catalytic activity of the catalyst is
enhanced. Therefore, much work has been done to investigate the issue, and
experiment results show graphene-based catalysts have better catalytic activity and
stability than their traditional counterparts.

7.3.2.1 Graphene-Supported Catalyst for Methanol Oxidation Reaction
(MOR)

Direct methanol fuel cell plays a dominant role in all kinds of P. Its fuel, methanol,
has a low molecular weight, high energy density, and simple structure, which makes
it one of the most suitable fuels of all kinds.

Platinum/Graphene Catalyst
Although other metal-based and nonmetal catalysts have been discovered and
studied, platinum (Pt)-based catalyst still remains one of the most widely used
species due to their high Pt activity toward methanol. There are three general
methods to prepare Pt-based graphene hybrid. One is a chemical reduction
[30–32]. Herein, Pt or other metal precursors, such as hexachloroplatinic acid
(H2PtCl6), ruthenium (III), and chloride (RuCl3), are mixed with graphene or
GO. Then reductants, such as hydrazine hydrate (N2H4), sodium borohydride
(NaBH4), or hydroiodic acid (HI), are carefully added to the mixture. The reduction
reaction will take place either at room temperature or at higher temperatures,
depending on the chemical reductant utilized. The reduced sample is then filtered,
washed, and dried under vacuum, yielding the catalyst sample which is applied on
DMFC. The second method is electrodeposition [33, 34]. By applying cyclic
voltammetry (CV), square wave scanning, chronoamperometry, and other electro-
chemical methods to electrolyte solution of precursors, the corresponding catalyst
can be obtained. Potential, current density, and deposition time are parameters to
control the synthesis procedure. However, the particles prepared by
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electrodeposition are large, and using this method, it is difficult to fabricate materials
on a large scale. The third method is microwave-assisted synthesis [35–37]. Here,
the new catalyst preparation method has the advantages of simplicity, short prepa-
ration period, simple reaction control, and uniformity of the produced particles.
Microwave irradiation can generate homogeneous and rapid heating of the reaction
mixture that can take from seconds to one minute of reaction time. In addition, the
microwave heating technique can also promote the formation of a large number of
initial nuclei in the reaction, generating synthesized nanoparticles that exhibit
uniform and small diameters.

Among the three synthesis methods, microwave-assisted heating with ethylene
glycol (EG) method is the widely used technique [37]. Herein, a certain amount of
GO is dispersed uniformly into the mixture of ethylene glycol (C2H6O2) and
isopropyl alcohol (C3H8O with the ratio of 4:1 v/v) using ultrasound dispersion.
The chloroplatinic acid-ethylene glycol (H2PtCl6-EG “ink”) solution is added and
stirred for 3 h. The pH value of the ink is adjusted by sodium hydroxide (NaOH)
generating an alkaline NaOH-EG solution through drop-by-drop addition until pH of
the ink is >7. Using 1 M NaOH, this corresponds approximately to the addition of
12 drops of the base. To the ink argon (Ar), gas is fed to expel (O2) oxygen. The
oxygen-depleted ink is microwave heated between 1 and 3 minutes. After cooling
down to room temperature, dilute nitric acid (HNO3) solution was added to the
mixture to adjust pH value to 4. The mixture was continually stirred for 12 h, and
then the product was washed repeatedly with ultrapure water until no chloride anion
(Cl�) was detected. A solid catalyst was generated after the drying process.

During the preparation of the catalyst, aggregation between GO sheets by van der
Waals forces can decrease the high intrinsic specific area of graphene and thus limit
the enhancement of catalytic activity. To reduce the degree of aggregation, polymers,
such as poly(diallyl dimethyl ammonium) chloride (PDDA) [38, 39], chitosan [40],
and N-acetylcholine (N-ACh) [41], have been used to modify graphene nano-sheets.
Experimental results show that the functionalized graphene sheets have excellent
efficiency and increased dispersion of noble metal nanoparticles. In our previous
work, aniline (C6H5NH2) was utilized to form nitrogen-doped carbon layer (NCL) to
prevent the aggregation among graphene nano-sheets [42]. Typically, aniline mono-
mers in 0.5 M H2SO4 were added to the GO solution and stirred for 3 h. The GO was
subsequently reduced by sodium borohydride (rGO). The above solution was further
mixed with ammonium persulfate (APS, (NH4)2S2O8), and polymerization was then
carried out for 20 h at room temperature. Afterward, the sample was filtered and
dried, and the resulting product was heat treated under 500 �C with argon gas flow
for 3 h. The Pt nanoparticles were dispersed onto the composite obtained above via
chemical reduction by sodium borohydride. The catalyst prepared was denoted as Pt/
NCL-rGO. Figure 7.8 (from Zhang et al., with permission License 4153550310970)
[42] shows transmission electron microscope (TEM) images of the synthesized Pt/
NCL-rGO and Pt/rGO composite catalysts. The distribution of Pt nanoparticles on
the NCL-rGO was more uniform than that on rGO. The electrochemical surface area
(ECSA) of the Pt/NCL-rGO estimated by the cyclic voltammetry (CV) curves
obtained in 0.5 M sulfuric acid (H2SO4) was 58.72 m2�g�1, which was larger than
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the ECSA for Pt/rGO. These results were further confirmed by generating
corresponding CV curves for methanol oxidation (MOR) and are shown in
Fig. 7.9 (from Zhang et al., with permission License 4153550310970) [42]. Both
curves have two oxidation peaks. The one located at 0.2 volts (V) in the positive
scanning direction is for MOR, and the other located at 0 V in the negative direction
is for the oxidation of intermediate product(s). It can be seen that the peak current
density of Pt/NCL-rGO is almost twice that of Pt/rGOs. The greater ECSA of the Pt/
NCL-rGO catalyst indicates better dispersal of Pt nanoparticles into the NCL-rGO
layer exhibiting higher electrocatalytic activity than in the Pt/rGO catalyst layer.

Binary Pt-Based/Graphene Catalyst
The MOR process involves the adsorption of methanol and subsequent dissociation
into adsorbed intermediates such as adsorbed carbon monoxide (COads), carboxylate
(COOHads), and aldehyde (CHOads) intermediary products [43]. These products will
poison the Pt particles and lead to a sharp decrease of DMFC performance. To
overcome this poisoning hurdle, a bifunctional mechanism has been proposed in
which other metals or metal oxides are added to form the binary catalyst, which may
be more tolerant to potential poisoning. So far, various binary Pt-based/graphene
catalysts have been reported, and they exhibit excellent electrocatalytic activity for
MOR, such as Pt-ruthenium (Ru)/graphene [44, 45], Pt-palladium (Pd)/graphene
[46, 47], Pt-nickel (Ni)/graphene [48, 49], Pt-iron (Fe)/graphene [50], and Pt-tin
(Sn)/graphene [51]. Ruthenium is the most widely used co-metal in commercial
catalysts. Dong et al. [44] used EG reduction method and dispersed Pt particles and
Ru particles onto graphene sheets. Their as-obtained catalyst showed better effi-
ciency and activity than the commercial Pt-Ru/Vulcan XC-72R, the catalyst used
in DMFC.

Fig. 7.8 TEM images of (a) Pt/NCL-rGO and (b) Pt/rGO [42]
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Among those widely used metal oxides, the rare earth cerium oxide (CexOy)
attracted considerable interest because of its fluorite structure whose action (where
x = 2 and y = 3 corresponding to +3 and x = 1 and y = 2 corresponding to +4
oxidation states for Ce, respectively) added advantage of Ce acting as an oxygen
buffer [52]. We prepared Pt nanoparticles on the cerium (IV) oxide (CeO2)-graphene
composites by a fast and efficient one-step microwave-assisted EG method [37]. In
the method, EG is regarded as a reducing agent for the metal salt compounds and a
protecting agent for the metal nanoparticles. Pt/graphene was also prepared for
comparison. Figure 7.10 (from Zhang et al., with permission License
4153550689598) shows the TEM images of Pt/graphene and Pt/CeO2-graphene.
Compared with Fig. 7.10b, the sizes of platinum particles, shown in Fig. 7.10a,
become smaller and are better dispersed on graphene support owing to ceria incor-
poration. High-resolution (HR) TEM analyses suggest that the reduced Pt particles
have successfully adhered to the ceria particles deposited onto the graphene sheets.
Figure 7.11 (from Zhang et al., with permission License 4153550689598) [37]
images demonstrate electrochemical evaluation of the Pt/CeO2-graphene and
Pt/graphene catalysts. The CV curves reveal that the former has a larger ECSA
and better activity toward methanol electrooxidation than the latter catalyst. This
improved catalysis is due to facile desorption of the COads electro-oxides from the
catalyst surface due to the effect of CeO2 as a co-catalyst and oxygen storage
material. The adsorbed hydroxyl (OHads) species on CeO2 can transform (fully
oxidize) CO-like poisoning species to CO2, releasing the bound active sites on Pt
surface for further MOR catalysis. Figure 7.11c shows CO adsorption-oxidation
curves. Compared to the Pt/graphene catalyst, the onset and the peak potentials for
adsorbed carbon monoxide (COads) oxidation on Pt/CeO2-graphene catalyst were

Fig. 7.9 CV curves of Pt/NCL-rGO and Pt/rGO in 0.5 M H2SO4 and 0.5 M methanol [42]
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shifted to a more negative potential, indicating that the addition of CeO2 contributed
to weakening the CO adsorptive bond on the Pt active sites. The ECSA from CO
stripping voltammetry can directly reflect the CO-oxidizing ability of the catalysts,

Fig. 7.10 TEM images of Pt/CeO2-graphene (a) and Pt/graphene (b) [37]

Fig. 7.11 Electrochemical properties tests. (a) CVs in 0.5 M H2SO4. (b) CVs in 1 M
CH3OH + 0.5 M H2SO4. (c) COads stripping voltammograms. (d) Chronoamperometric curve [37]
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assuming the formation of a monolayer of linearly adsorbed CO and the Columbia
charge required for oxidation of COads to be 484 μC cm�2. The calculated ECSA for
the two catalysts were 16.3 m2 g�1 and 11.4 m2 g�1, respectively, by using the COads

oxidation charge after subtracting the background current, which implies that CeO2-
metal oxide can improve catalytic activity for COads electrooxidation. Figure 7.11d
shows typical current density-time responses for MOR measured at a fixed potential
of 1.02 V. The Pt/CeO2-graphene catalyst shows better stability than its non-metal
oxide counterpart.

Non-Pt-Based/Graphene Catalyst
As one of the most expensive noble metals, the high cost and short storage of Pt
impede the full commercialization of DMFC. To solve this problem, researchers
used other metal particles as substitutes for Pt, among which Pd, which is either
replaced or alloyed with other noble metals such as gold (Au) and silver (Ag) and the
composite catalyst used for MOR process. Palladium (Pd) is one of the most
promising alternatives to Pt, due to its similar physical and electrical properties but
with the added advantage of lower procurement cost. The Pd-based catalyst in the
anode of DMFC reveals stronger resistance to CO poisoning. The preparation of
Pd-based/graphene is similar to Pt/graphene. The modification of graphene and
bifunctional mechanism also helps to boost the activity and stability of Pd-based/
graphene catalyst. The electrochemical test results suggest that Pd-based/graphene
catalyst possesses better catalytic performance and durability than traditional carbon
materials supported Pd nanoparticles [53, 54].

In recent years, Au- and Ag-based/graphene catalysts also have attracted increas-
ing attention [55–58] due to lower cost of usage, but with similar physical and
electrical properties. The most common preparation process is a chemical reduction
of metal precursors in the presence of graphene or GO. Goncalves et al. [58] used a
simple chemical method in an aqueous medium and successfully prepared
Au/graphene. It should be noted that no Au particles can be formed on totally
reduced graphene nano-sheets since the oxygen functionalities at the graphene
sheets provide reactive sites for the nucleation and growth of Au nanoparticles.

7.3.2.2 Graphene-Supported Catalyst for Hydrogen Oxidation Reaction
(HOR)

Proton exchange membrane fuel cells with hydrogen as a fuel have the advantages of
high energy density and zero emission and generation of water as a by-product. The
FCs are widely applied in large devices such as cars; however, the widespread usage
is hampered by availability, access, and storage of hydrogen, as well as the size
(dimensions and mass) of the onboard PEMFC system.

Platinum-based catalysts have the highest performance for HOR with low mass
fuels, due to the lower redox potential. Since the kinetics of hydrogen oxidation is
more facile than the corresponding ORR, the kinetics of the HOR are usually faster
at lower potentials than for the ORR, reflecting the lower Pt load (mass % of the
catalyst) at the anode in PEMFC. Different types of carbon materials have been
studied as the support materials for the HOR to further lower Pt load on the anode
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catalyst [59]. In a pure hydrogen atmosphere, Pt/carbon black shows similar electro-
catalytic activities for HOR to either Pt-Ru/carbon black or Pt/graphene in spite of
the addition of Ru and the difference of supporting materials. However, at the
PEMFC front-end hydrogen fuel supply is obtained through hydrogen generators,
such as methanol reformer, which also produce carbon monoxide at low parts-per-
million concentrations. Therefore, catalyst tolerance to CO is an essential factor in
evaluating catalyst performance for the HOR. Incorporation of the sub-nano-dimen-
sion of Pt clusters supported on graphene reported by Yoo et al. exhibited better CO
tolerance than the catalyst supported on carbon black [60]. The activity of the former
catalyst for HOR was determined to be 52% in the presence of H2 and 11% with H2

containing 500 ppm of CO.

7.3.2.3 Graphene-Supported Catalyst for Oxygen Reduction Reaction
(ORR)

The ORR, which takes place at the cathode of PEMFC, has a slow electrochemical
kinetics compared to HOR, due to the higher potential load requirement, necessitating
higher Pt catalyst loading. Therefore, fabrication of a high-efficiency catalyst for theORR
at lower Pt loading is essential for wide-scale commercialization of an FC, providing
similar FC performance can be obtained to FCs using current Pt loading of 0.4 mg� Pt.
The ORR is different from the MOR and HOR, in that the mechanism of catalysis can
proceed by two reaction pathways depending on the reaction conditions. One is the four-
electron reduction of O2 to water as the end product (O2 þ 4Hþ þ 4e ! 2H2O) and
the other is a two-step, two-electron reduction procedure, involving the formation
of H2O2 as an intermediate ( O2 þ 4Hþ þ 2e ! H2O2 þ 2Hþ þ 2e ! 2H2O )
[61]. The former reaction pathway is more efficient than the latter one.

Like all the other reactions in PEMFC and DMFC, Pt-based catalysis requires the
highest Pt load for viable activity for the ORR, and current investigators are focused
on reducing the Pt loading without reducing catalytic efficiency, through either use
of new forms of structural support materials or lower Pt as composite materials
(coating with metals oxides, forming composite alloys, hollow shells using sacrifi-
cial Si, or as two- or three-dimensional structures are examples of how the Pt loading
could be reduced without reducing the Pt catalytic efficiency for the ORR). Kou et al.
[62] found that Pt nanoparticles supported on the functionalized graphene sheets
exhibit larger ECSA, higher ORR activity, and enhanced stability in acid solution
compared to the commercial Pt/C catalyst. Their research gave additional evidence
that graphene sheets could enhance the performance of Pt catalyst at lower Pt loading
than in a conventional Pt/C FC. The Pt/graphene support for ORR faces technical
challenge of high cost and low durability due to the methanol crossover. The Pt
alloys/graphene and other metal-based catalysts such as Pd/graphene have been
fabricated as catalysts for ORR [63–66]. Yue et al. [64] found that Pt-cobalt (Co)/
graphene exhibited higher ORR catalytic activity than pure Pt in alkaline solutions.
Zhang et al. [65] dispersed the acid-treated Pt-Ni alloy on graphene and found that
Pt-Ni/graphene had higher ORR activity than that of pure Pt catalysts in both acidic
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and alkaline solutions. Liu et al. [66] synthesized Pd-Ag nano-rings supported on
graphene nano-sheets (Pd-Ag/GNs) and studied their ORR performance under
alkaline circumstances. The Pd-Ag/GNs not only showed higher ORR catalytic
performance but also revealed higher methanol tolerance when compared to Pd/C
and Pt/C catalysts, respectively. Unlike the MOR or HOR, non-noble metal-based
catalysts for use in ORR are a second major area of focus by investigators
[67–70]. Among them, iron (Fe) or cobalt (Co) metal (M) incorporated onto
nitrogen-doped (N) carbon (C) [M-N-C] catalysts is one promising class of
cathode-supported catalyst [71]. Byon et al. [69] prepared Fe-based catalyst on
rGO (Fe-N-rGO), in which the dopant nitrogen was derived from pyridine
(C5H5N). The Fe-N-rGO exhibited higher ORR mass activity and improved stability
than the Fe-N-C catalysts prepared from carbon black (CB) or oxidized CB in acid
solution. Jiang et al. [72] modified graphene with iron phthalocyanine (C32H16FeN8,
FePc/G) through π-π interaction. The as-obtained FePc/G was studied as a catalyst
for ORR in alkaline solution. Figure 7.12 demonstrates rotating disk electrode
(RDE) and rotating ring-disk electrode (RRDE) measurements of ORR at FePc/G
and Pt/C catalyst in O2-saturated 0.1 M KOH. The electrochemical results indicate
that the graphene support can significantly improve the ORR performance of the
FePc catalyst, and the FePc has a better ORR activity than the carbon-supported
FePc catalyst (FePc/C).

Recently, researchers found out that N-doped graphene itself can serve as ORR
catalyst without any metal particles involved [73–75]. Geng et al. [76] prepared
N-doped graphene with different content of three types of nitrogen at different
temperatures. It was found that the optimum temperature was 900 �C. The resulting
catalyst had a very high ORR activity through a four-electron transfer process in
O2-saturated 0.1 M KOH.

Fig. 7.12 (a) RDE and RRDE measurements of ORR at FePc/G and Pt/C catalyst in O2-saturated
0.1 M KOH. The ring electrode is polarized at 0.5 V (vs Ag/AgCl) with a rotation rate of 1600 rpm
and a potential scan rate of 10 mV/s. (b) Comparison of the RDE polarization curves of FePc,
graphene, FePc/G, and FePc supported on carbon (FePc/C) in O2-saturated 0.1 MKOH at 1600 rpm
[72]
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7.4 Other Nanomaterials Applied in PEMFC

Apart from carbon nanotubes (CNT) and graphene, there are other nanomaterials
applied in DMFC and PEMFC. The research mainly focused on the metal catalyst
supported on CNTs or graphene structured as dimensional surfaces summarized in
the next sections.

7.4.1 Zero-Dimensional Nanomaterials

In the past few years, stabilizing Pt nanoparticle clusters through forming zero-
dimension structures had attracted researcher as potential low-loading Pt catalyst for
PEMFC applications. The clusters stabilizing Pt nanoparticles are formed in order to
maximize the active number of surface versus the inactive number of Pt atoms.
Bimetallic clusters have also been investigated, not only to enhance CO tolerance of
catalyst but also to decrease the Pt loading. By optimizing the synthetic conditions, a
very thin surface layer of Pt can be generated [77]. Chen et al. [78] reported the
synthesis of a Co-Pt catalyst with a hollow sphere structure via a simple thermolytic
procedure (Fig. 7.13). The as-fabricated catalyst performance was compared with Pt
nanoparticle and Co-Pt nanoparticles, respectively. The Co-Pt catalyst was generated
in the form of hollow spheres which exhibited a superior electrocatalytic activity
toward the MOR at the same Pt loading as the Pt catalyst.

Graphene quantum dot (GQD) has been used as a new zero-dimensional (0-D)
nanomaterial and has become a promising nanomaterial for fuel cell applications,
due to its excellent characteristics, such as high electrical conductivity, high surface
area, tunable photoluminescence, and excellent dispersion in various solvents
[79–82]. Recently, Hasanzadeh et al. reported a novel nano-catalyst based on
graphene quantum dot functionalized by chitosan (GQD-CS) and β-cyclodextrin
(GQD-β-CD) toward MOR in alkaline solution.
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Fig. 7.13 (a) CVs of Co-Pt hollow spheres, Co-Pt nanoparticles, and Pt nanoparticles in a 0.5 M
H2SO4 solution; (b) CVs of Co-Pt hollow spheres, Co-Pt nanoparticles, and Pt nanoparticles in a
0.5 M H2SO4 solution +1 M methanol solution [78]
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7.4.2 One-Dimensional Nanomaterials

One-dimensional (1-D) nanomaterials which form the basis of higher-dimensional
materials have been extensively studied. Apart from CNT, researchers have also
applied nanowires, nanorods, and nano-belts in the 1-D catalyst for PEMFC,
[83, 84]. Ksar et al. [83] synthesized Pd nanowires in a hexagonal mesosphere via
electron beam irradiation, which showed superior electrocatalytic activity and sta-
bility for ethanol oxidation. Liu et al. [84] fabricated the nano-porous Pt-Co alloy
nanowires by de-alloying electrodeposited Pt1Co99 nanowires in the presence of
porous aluminum oxide (AO) membrane in a mild acidic medium, and electrochem-
ical tests were conducted. Fig. 7.14 (from Liu et al., with permission License
501290469) [84] illustrates the preparation process. However, the specific surface
area of the 1-D nanomaterials was smaller than that of the two-dimensional material,
which limits their further improvement of catalytic performance.

7.4.3 Two-Dimensional Nanomaterials

Two-dimensional (2-D) nanomaterials represented by graphene have shown great
advantages in energy conversion and storage applications during the past few years.
For example, nanostructured transition metal sulfides have been explored as the
catalyst for HOR [85, 86]. Recently, there are several literature reports involving new
classes of 2-D materials being applied in PEMFC and DMFC, such as transition
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Fig. 7.14 (a–c) The schematic diagram explains the nano-porous Pt-Co nanowire fabrication
process; (d) enlarged view of the ligaments [85]
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metal compound arrays [87–89]. Due to the similarity of the electronic states to Pt at
the Fermi level, group VI transition metal carbides (TMCs) exhibit catalytic prop-
erties analogous to Pt [90]. He et al. report a successful synthesis of Pt nanoparticles
loaded onto the 2-D support of tantalum carbide (TaC)-nano-sheet and graphene
hybrid impregnated with Pt (Pt/TaC/G) as an efficient and durable electrocatalyst for
MOR. The catalyst was analyzed by X-ray photoelectron spectroscopy (XPS) and
X-ray absorption spectroscopy (XAS) which indicated synergetic chemical coupling
effects between the Pt and TaC/G that led to increased improvement in ORR
catalytic activity and catalyst durability.

7.4.4 Three-Dimensional Nanomaterials

Two-dimensional nanomaterials have a tendency to stack during the utilization
process, due to layer-to-layer interactions. To minimize stacking higher-order
three-dimensional (3-D) materials have been proposed and fabricated by researchers.
These nanomaterials hold unique morphologies that provide a larger surface area
which enhance the transfer of reactants and products. Graphene oxide aerogel
(GOA) and graphene aerogel (GA), as the 3-D constructs of graphene, have attracted
significant attention [91–93]. Graphene oxide aerogel can be obtained by supercrit-
ical CO2 drying or freeze-drying of GOA prepared by cross-linking graphene nano-
sheets with multivalent metal ions or amino groups. Moreover, GA can also be
prepared by supercritical CO2 drying or freeze-drying of graphene hydrogel that is
prepared by hydrothermal treatment of GO. The as-prepared GOA or GA not only

Fig. 7.15 Cyclic voltammetric curves of Pt/GOA, Pt/rGO, and commercial Pt/C in N2-saturated
0.5 M CH3OH + 0.5 M H2SO4 solution with a scan rate of 50 mV s�1
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maintain the intrinsic properties of 2-D graphene sheets but also exhibit other
excellent functions of GO with improved catalytic performance. Our group success-
fully dispersed Pt nanoparticles on GOA via chemical reduction and examined its
performance as a catalyst for DMFC [94]. The prepared Pt/GOA showed a low
degree of graphitization as ascertained by an analysis of XRD spectrum, indicating
that the graphene sheets did not stack. The SEM images also indicated that Pt/GOA
maintained excellent 3-D porous structure, which not only facilitated reaction mass
transfer but also avoided the detrimental influence of reduced active surface area of
Pt particles due to the stacking of the graphene sheets.

The CV results also revealed that the ECSA of Pt/GOA reached 95.5 m2�g�1,
which was twice that of commercial Pt/C. Fig. 7.15 (from Duan et al., with permis-
sion License 501290464) [94] demonstrated the CV curves of Pt/GOA, Pt/rGO, and
commercial Pt/C in N2-saturated 0.5 M CH3OH + 0.5 M H2SO4 solution. The peak
current density of Pt/GOA was 876 mA�mg�1

Pt, which was much higher than the
other two samples. The CV data demonstrate that the Pt/GOA catalyst exhibited
greater electrochemical activity (ESA) than either the Pt/rGO or the Pt/C catalyst,
which resulted in the higher ECSA of Pt nanoparticles on Pt/GOA due to lower layer
stacking and higher area. In addition, chronoamperometric measurements indicated
that the catalytic stability toward MOR was also strongly enhanced.

7.5 Conclusion

A diverse type and structuring of nanomaterials have played a significant role
enabling improved performance of PEMFCs and DMFCs by researchers during
the past decade. The wide application of 0-, 1-, 2-, and 3-D nanomaterials contrib-
uted to the decrease in FC cost due to lower Pt loading and increased improvement of
FC performance. Yet the performance of PEMFCs and DMFCs cannot meet the
expected demand through increased commercialization, due to Pt loading being the
limiting factor in FC design. With the emergence and development of new nano-
materials that greatly diminish Pt loading without loss of performance, FCs with
more innovative structure and lesser Pt loading are expected to lead to improved FC
performance, which in turn will lower FC cost and increase availability for a variety
of applications. The greater usage of PEMFCs and DMFCs will lead to reduced use
of fossil fuels mitigating the negative effects of global warming and increased access
to portable power to rural areas that are not electrified, benefiting rural societies.
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