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Abstract: Carbon nanotubes (CNTs) have drawn great attention as potential materials for energy
conversion and storage systems such as batteries, supercapacitors, and fuel cells. Among these energy
conversion and storage systems, the fuel cells had stood out owing to their high-power density, energy
conversion efficiency and zero greenhouse gasses emission. In fuel cells, CNTs have been widely
studied as catalyst support, bipolar plates and electrode material due to their outstanding mechanical
strength, chemical stability, electrical and thermal conductivity, and high specific surface area. The
use of CNT has been shown to enhance the electrocatalytic performance of the catalyst, corrosion
resistivity, improve the transmission performance of the fuel cell and reduce the cost of fuel cells. The
use of CNTs in fuel cells has drastically reduced the use of noble metals. However, the major drawback
to the utilization of pristine CNTs in fuel cells are; poor dispersion, agglomeration, and insolubility of
CNTs in most solvents. Surface engineering of CNTs and CNT nanocomposites has proven to
remarkably remedy these challenges and significantly enhanced the electrochemical performance of
fuel cells. This review discusses the different methods of surface modification of CNTs and their
nanocomposite utilized in fuel cell applications. The effect of CNTs in improving the performance of
fuel cell catalyst, membrane electrode assembly and bipolar plates of fuel cells. The interaction
between the CNTs catalyst support and the catalyst is also reviewed. Lastly, the authors outlined the
challenges and recommendations for future study of surface functionalized CNTs composite for fuel
cell application.
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1. Introduction

The increase in the global energy demand and the environmental challenges associated with the
use of fossil fuel, which has been the highest source of energy in the world. The world has been faced
with high global warming, economic and political instability caused by fossil fuel depletion which has
led to increased attention and exploration of renewable sustainable energy system [1]. Among
sustainable energy systems, Fuel cell system has been considered as energy storage technology that
can drastically tackle these issues. Fuel cell system has been considered as a good replacement for
batteries, steam turbines and combustion engines. Fuel cells are widely employed in small- and large-scale
power plant, back-up power source for buildings and in portable electronics [2].

The material selection in fuel cell design is critical and strongly determines the durability,
electrochemical performance, and the efficiency of the fuel cell system [3]. A typical fuel cell is
basically made up of two electrode (anode and cathode), fuel source and electrolyte.

The electrocatalyst is a key component of the water-splitting process, which is a significant energy
storage system for the efficient production of hydrogen in fuel cells. Electrode materials for fuel cells
are typically metal hydroxide-based electrode catalysts. However, they have several drawbacks that
limit their ability to contribute to energy storage technologies, including high cost, poor accessibility,
and short service lives [4].

CNTs have found great application in energy conversion and storage systems such as electrode
materials for batteries, supercapacitors, and fuel cells. CNTs can be used to efficiently store hydrogen
energy as it allows the flow of electrons and enhance the activity of catalyst. In a fuel cell system, CNTs
have been added to carbon anode with metal catalyst to enhance the electrocatalytic reaction in the
fuel cell. The major drawback in the full utilization of CNTs in energy system is their poor solubility
in solvent (aqueous and organic solvent) caused by the strong Van der Waal bond between the carbon
nanotubes. In addition to the poor dispersibility of CNTs, they have high surface inertness [5,6].
Studies have revealed many ways to solve these challenges such as surface modification of CNTs by
introducing chemical moieties [7]. Functionalized CNT nanocomposite with polymer, noble metals
and other compound have been explored by researchers as electrocatalyst support materials [5].

Hence, this review study tends to discuss different synthesis of CNTs, surface engineering of
CNTs, CNT nanocomposite and their application in fuel cell systems. The concepts, and cyclic stability
of fuel cells are also covered, along with challenges and prospects in the utilization of CNT composite
in the construction of functional fuel cells.

2. Overview of carbon nanotube

CNTs are a nanostructured allotrope of carbon. It is a seamless rolled-up sheet of graphene in a
tube. CNT has a two dimensional (2D) structure and a hexagonal lattice crystal structure with high
aspect ratio [8]. It was first discovered in 1991 by Sumio Iijima [9]. CNTs have recently attracted great
attention from researchers due to their unique electronic and electrical properties, high stability, and
high surface area (700-1000 m?g~!"). CNTs find many applications in electronics, nanotechnology,
optics, energy storage and transformation [10] due to their unique thermal conductivity, chemical
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stability, mechanical properties, and electrical and electronic properties. The chemical characteristic
of CNT strongly depends on the diameter of the nanotube. The smaller the diameter of CNT the high
the chemical reactivity due to the high curvature of the nanotube [11]. There are two basic types of
CNT: single-wall carbon nanotube (SWCNT) and multiwall carbon nanotube (MWCNT) as shown in
Figure 1. SWCNT is CNT with a single wall of diameter 1-2 nm. It has a mixture of metallic and
semiconducting properties. This type of CNT mostly finds application in miniaturized electronic
systems. MWCNTs are nanotubes with multiple rolled layers of graphene sheet with a diameter in the
range of 2—100 nm [12]. The spacing between the walls of MWCNTs is approximately the spacing
between two graphite planes (about 0.334 nm). The length, diameter structure and shape of CNTs
strongly determine their characteristics [12]. CNTs can possess different structures such as Zigzag,
chiral, and armchair nanotube structures based on the angle the graphene sheets can be rolled into tubes.
These structures determine the electrical and electronic properties for instance zigzag and chiral CNTs
can be either semiconducting or metallic, while armchair CNTs are metallic.

Figure 1. A schematic representation of (a) single wall carbon nanotube SWCNT and (b)
multi wall carbon nanotube MWCNT [12].

2.1. Methods of synthesizing CNT

A lot of CNT synthesis methods have been reported in the literature, but three major techniques
use for CNT preparation arc discharge, chemical vapor deposition, and laser ablation. Other synthesis
methods such as plasma, hydrothermal/sononchemical, microwave, solvothermal, liquid phase synthesis,
plastic pyrolysis methods, and flame synthesis have also emerged [13,14]. However, these methods
are complex to control and produce a very low yield of CNTs. The method of synthesis of CNT greatly
determines the type of CNT produced, and it influences the properties and potential applications of
CNT [15].

Arc discharge method: it is the first synthesis method used by Iijimi in 1991 for CNT production.
CNTs are produced in a vacuum chamber or inert atmosphere by applying direct current (dc) arc
discharge between two graphite electrodes. The use of vacuum or inert (He or Ar) environment is to
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prevent the oxidation of the carbon at elevated temperatures. The anode is made of graphite and a small
amount of catalyst whereas the cathode is made of pure graphite. The synthesis takes place at
temperatures between 2000 and 3000 °C. At this temperature carbon (graphite) evaporates from the
anode and condenses at the cathode surface producing CNTs and soot [16]. These products are
collected and purified to obtain only CNTs. The type, morphology, and properties of the CNTs
produced using arc discharge method strongly depends on synthesizing parameters such as pressure of
the inert gas, the stability of the dc arc, growth temperature, morphology of the graphite electrodes and
catalyst type. The production of SWCNTs requires the use of a catalyst, and the SWCNTSs grow and
cluster between the anode and the cathode. Some of the catalysts used in arc discharge synthesis
include Fe, Ni, Co, Ag, Fe-No, Co-Ni, Co-Cu, and Ni-Ti. In MWCNTs production catalyst is not
required and MWCNTs growth takes place strictly on the cathode. This synthesis technique is highly
efficient and produces CNTs with high crystallinity. However, Arc discharge synthesis produce low
yield of CNTs accompanied with impurities such as fullerenes, amorphous carbon, carbon sooth and
particles from the metal catalyst used in the synthesis [17]. Another disadvantage of this method is that
the CNTs are highly misaligned and contain a high presence of amorphous carbon. Additionally, this
method is quite costly due to its high energy consumption and the requirement of a large quantity of
graphite [17].

Laser ablation method: the laser ablation method is an eco-friendly, simple, and reliable method
to produce high yield. It offers other advantages such as being inexpensive, providing high purity of
the product, requiring no vacuum, and not needing a catalyst for production [18]. This method, graphite
target is vaporized using pulse and laser energy at a temperature of about 1200 °C and subsequently
followed by cooling and condensation of carbon onto a substrate to produce CNT. This method also
utilizes catalysts to enhance the growth of the CNTs [19]. Studies had shown that the quality of the
CNTs is optimum at the temperature of 1200 °C, below this temperature the structural quality of CNTs
decreased with increased defect [20]. Also, the properties of the CNTs produce in the laser ablation
method depend on the morphology of the carbon agglomerates, the interaction of catalyst with the
graphite, and the laser parameters such as repetition rate, pulse width, laser fluence and wavelength [21].
CNTs grown through laser ablation method has very low metallic impurities [22]. The utilization of
this method is limited by the high cost of the machinery, as well as by large particle agglomeration and
aggregation, and high energy consumption [21,23].

Chemical vapor deposition (CVD): chemical vapor deposition has been widely used as a CNTs
synthesizing method. It is used in depositing thin films of pure materials on a substrate. It involves the
thermal decomposition of gaseous precursors in a reactor chamber at a certain applied pressure and
temperature. Growing CNT using CVD involves the vaporization of carbon sources using thermal
sources from either a resistive heated coil or plasma [24,25]. During this process, the substrate is
prepared with a metal catalyst (e.g. Fe, Ni and Co) and then heated to a temperature between 600
to 700 °C. The carbon-containing gas decomposes at the surface of the catalyst and is thereafter transported
to the edge of the substrate where CNTs are formed. Hydrocarbons such as acetylene, ethylene, xylene,
methane, toluene, and methane are the most utilized carbon sources for this process. Some of the most
used substrate include zeolite, alumina, Si, quartz, and silicon carbide [24,26]. The properties of CNT
produced using CVD depend on the carbon source, reaction temperature and gas flow pressure. The
CVD technique is majorly divided into two: thermal chemical vapor deposition (TCVD) and plasma
enhanced chemical vapor deposition (PECVD) [26]. Low temperature TCVD is carried out by using
reaction species that can decompose at low temperature. Study has shown that low temperature TCVD
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produce short and tangled CNT and contain many structural defects [27]. PECVD makes use of plasma
from sources like inductive coupled radio frequency, capacitive coupled radio frequency, and direct
current. This method was introduced to address the challenges of high-temperature TCVD by utilizing
plasma to facilitate the decomposition of the carbon source at significantly lower temperatures. It
operates at low temperatures and can be used to grow well-aligned CNTs. Some advantages of CVD
over other methods include the ability to control the reaction and direct the deposition of thin films
onto the substrate to the desired region. Consequently, there is an improvement in controlling the
properties of the CNTs, such as diameter, length, and chirality [26,28].

CVD produces well-aligned CNTs. Additionally, the CVD method allows carbon source materials
to be inserted into the reactor chamber from an external reservoir without contaminating the growth of
CNTs on the substrate. However, this process has several disadvantages: it involves the use of
flammable and explosive liquids and gases, as well as high temperatures. Furthermore, the CVD
process is associated with the production of metallic CNTs, which limits their utilization in flexible
electronics [26,29,30]. Figure 2 shows the schematic representation of the three major techniques use
in the production of CNTs.
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Figure 2. Diagrammatic representation of major CNT synthesis techniques: (a) arc
discharge process, (b) laser abrasion and (c) chemical vapor deposition method [31].
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2.2 Surface modification of CNTs

The major drawback in the full utilization of CNTs in energy systems is their poor solubility in
solvent (aqueous and organic solvent) caused by the strong Van der Waal bond between the carbon
nanotubes. In addition to the poor dispersibility of CNTs, they have high surface inertness [32]. Studies
have revealed many ways to solve these challenges such as surface modification of CNTs by
introducing chemical moieties [7]. Surface modification of CNTs mostly utilizes sidewall and
open-end functionalization of CNTs. This functionalization strongly determines the dispersion,
nanotube solubility and stress distribution and so is very important for the processability and potential
application of the CNT composite. Surface functionalization is categorized into two groups: physical
and chemical modification. Physical technique utilizes mechanical means such as crushing, milling,
ultrasonication and friction to modify the surface chemistry of CNTs [32]. These physical techniques
boost the internal energy and surface activity of CNTs, causing the tubes to interact with or attach to
other substances to achieve the goal of surface modification. In these techniques, CNTs are dispersed
using strong shear forces or ultrasonic processing [32,33]. Additionally, high-energy surface modification
of CNTs using energy sources such as ultraviolet, plasma beam, electron beam, high-energy corona
discharge, and p-ray has been employed as effective surface functionalization technique [33—35]. The
chemical functionalization method is subdivided into two namely: covalent functionalization and
non-covalent functionalization. Figure 3 shows the different classifications of CNTs functionalization.

2.2.1. Covalent functionalization of CNT

Covalent functionalization involves the covalent attachment of chemical moieties on the
conjugate skeleton of the nanotubes. Covalent functionalization can be carried out on the sidewall of
the nanotube or at the end caps which will produce different effects on the CNT [36]. The end caps of
CNTs structure are the most reactive and mostly contain fullerene structure. Chemical functionalization
mostly involves an oxidative treatment of the CNT with acid (mostly nitric acid and sulfuric acid).
When the CNT undergoes oxidation, it yields oxygen-containing functional group such as hydroxyl (-OH)
and/or carboxylic acid (-COOH) functional group at the sidewall and the ends of the nanotubes. These
functional groups serve as chemical derivatization sites. For instance, -COOH groups allow the
covalent coupling of molecules through the formation of ester and amide bonds [37]. Hence, research
has shown the greater the cylindrical curvature of the nanotube sidewall the higher the chemical
reactivity of the functionalized sidewall CNTs. The chemical reactivity of the CNTs also depends on
the defects present on the ends and the sidewall of the CNTs. For instance, the stone-wale defect
present on the sidewall of SWCNTs resulted in an increased chemical reactivity of the nanotube
structure [38]. A lot of studies have been reported on the covalent functionalization of CNTs (SWCNT
and MWCNT) over the past decades [39,40]. Goyanes et al. [41] functionalized MWCNTs with nitric
acid and a mixture of nitric acid and sulfuric acid (at the ratio of 1:3 by volume) using ultrasonication
treatment. The result obtained showed the formation of C—O functional groups on the surface of the
CNTs at ultrasonication time of 2 h. However, at a longer ultrasonication time of 6 h, the regular
structure of the nanotube is destroyed leading to shortening of the nanotube films. The concentration
of functionalized group on the surface of SWCNT is in direct proportion with the reflux time. The
open-end functionalization of SWCNTs using concentrated HNO;3 revealed an effective functionalization
in 4 h without compromising the characteristics and electronic nature of CNT. At functionalization
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treatment above 4 h, the concentration of the -COOH functional group increased and this eventually
damages the structure of CNT. Also, the CNTs begin to lose their electronic nature due to an increase
in defects [7]. Malikov et al. [42] used two different strong oxidizing agents HNO3 and KMnOy to
functionalize MWCNTs and observed that KMnOs has more oxidation potential than nitric acid.
Sidewall functionalization of CNTs using halogen (Cl, F and Br) and hydrogen has been studied and
reported to effectively increase the reactivity and dispersibility of CNTs in polar solvents [43—45].
Fluorination of CNTs increases the compressive strength, thermal conductivity properties and
dispersibility of CNT in polymer solution [46]. Hydrogen functionalization of oxidized CNTs has been
employed using gas phase surface modification technique to increase the active sites on CNTs and
reduce unselective oxidation of the nanotube catalyst for oxygen dehydration process [44]. The
chemical functionalization of CNTs makes it possible for them to be dispersed in a variety of polar
solvents including water. Additionally, the covalent attachment of these functional groups reduces the
Vander Waals interaction between the CNTs by altering the hydrogen bonding which encourages the
disentangling of CNT bundles and reduces the stacking and layering of the CNTs [47]. Covalent
functionalization converts the hydrophobic nature of CNT to become hydrophilic thereby improving
phase adhesion of the nanotube with the matrix material. Chemical covalent functionalization can also
be used to attach polymer material (epoxy, polyamide, polyhedral oligomeric silsesquioxane [48], and
inorganic materials such as ceramics (TiO2, Fe3O4 and TiCls) on CNTs to form nanocomposite with
enhance physical and chemical properties for numerous applications [49-51].

The drawbacks in covalent functionalization of CNTs are firstly, the damaging effect of the strong
acid and ultrasonication process especially when done at a longer duration, which creates large defects
on CNTs and destroys the regular graphene-type structure of the nanotube. It also involves the
transition from sp? hybridized state to sp®> hybridized state accompanied by loss of the p-conjugate
system which is detrimental to the mechanical properties of the CNTs. It also results in disruption of
© electrons which adversely affects the electronic and thermal conductivity of the CNTs. Secondly,
covalent functionalization mostly involves the use of concentrated strong acids as oxidants which are
very toxic to the environment [47].

2.2.2.  Non-covalent functionalization

It involves the wrapping or supramolecular adsorption of different functional molecules onto
CNTs. In noncovalent functionalization, CNTs can be wrapped with aromatic compounds, polymers,
surfactants, or biomolecules [52]. The non-covalent functionalization of CNTs is achieved by n—n
noncovalent interaction, between the 7 bond of the sp? hybridized orbital of the carbon atom and the
n—bond of the functional polymer, macromolecules, aromatic compound, or surfactants utilized as the
activators. Supramolecular complexes are formed on the CNTs surfaces which will result in an
improvement in the solubility and dispersion of the CNT in many conjugate polymers [53,54]. The
non-covalent functionalization of CNTs is accomplished either through enthalpy-driven interactions,
such as CH—mt, n—mt, and NH—x, between the CNT surface and the dispersants, or through entropy-driven
interactions, or hydrophobic interactions employing surfactants [47,52]. Some of the surfactants studied
for the dispersion of CNTs include sodium dodecyl benzene sulfonate, sodium dodecyl sulphate,
cetyltrimethylammonium bromide, and sodium cholate [55-58]. Non-covalent functionalization unlike
the covalent functionalization does not affect the structural and electronic properties of the CNTs [59].
However, due to a potential weak force acting between the wrapping molecules and the nanotube
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surface, the efficiency of the CNT load transfer capacity may be reduced. There are several non-covalent
methods for nanotube functionalization, including polymer wrapping, surfactant-assisted dispersion,
and the polymerization-filling method. Non-covalent functionalization of CNTs with polymers is an
effective way to disperse the tubes in aqueous and non-aqueous solvents without damaging their
unique structure and thus preserving their intrinsic properties. For instance, MWCNT functionalized
with poly(3-hexylthiophenes) (P3HT) yielded a composite that can disperse in chloroform (CHCI3)
solvent and possessed improved mechanical and electrical conductivity. P3HT-MWCNT
composite (10 wt.% of MWCNT) prepared by ultrasonication method was found to be photochemically
stable in not degrade easily upon exposure to ultraviolet light. It also showed increased conductivity
when compared with pristine P3HT and MWCNTs [60]. A study of pyrene functionalized with P3HT
wrapped SWCNT produced an SMCNT/pyrene-P3HT composite with m—m noncovalent interaction
between the SWCNT and the pyrene which prevented the direct interaction between SWCNT and
P3HT. The clusters of SWCNT in the composite were drastically reduced while the dimension increased
than pristine SWCNT. The microstructural examination revealed a smooth film and well-dispersed
SWCNTs in the composite [61]. In a similar study, poly (3-octyl-2,5-diyl thiophene) (P3OT) matrix
reinforced with SWCNT using the alcoholic chemical vapor deposition (ACCVD) technique produced
a composite with increased mechanical properties [62].

Functionalization of CNTs

A 4 v

Covalent functionalization Covalent functionalization

. Surface
End & defect Side wall

Polymer wrapping attachment of
surfactants

functionalization functionalization

Figure 3. Diagrammatic representation of classification of CNT functionalization.
2.3. Functionalized CNT/polymer nanocomposite

The use of CNTs as a filler has been shown to increase the thermal conductivity and mechanical
properties of the composite even at low concentrations of CNT [63]. Polymer/CNT composites have
improved mechanical properties because of load transfer from a low elastic modulus polymer to a high
modulus CNT filler. CNT has a high aspect ratio of about 106 and a high interfacial area (>1300 m?g™")
which favor reinforcement and electrical percolation at a low volume fraction [64]. Polymer/CNT
composite has improved electrical conductivity, low thermal coefficient of expansion, elastic modulus,
and stiffness at low concentrations of CNTs [63,65]. The incorporation of CNTs into polymer matrix
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has been widely studied. There are diverse ways of incorporating CNT fillers into polymer composite
to achieve fine dispersion of the fillers in the polymer matrix with drastically reduced agglomeration
and entanglement. Some of the techniques explored for the synthesis of polymer/functionalized CNT
include solution mixing, layer-by-layer assembly, melt processing and melt blending technique and in
situ polymerization. Hong et al. [64] prepared functionalized MWCNT/epoxy composite via three roll
milling process. The CNT was functionalized with carboxylic acid. Thereafter, uncured epoxy was
premixed in various concentrations to create a CNT paste. The CNT pastes were then three-rolled for
several minutes as the distance between the rolls gradually shrunk. Mixed CNT pastes were used for
curing, and they were placed on a sample holder, heated for 24 h at 60 °C. Results show that the
functional group was responsible for the effect on CNTs which enhance the isotropic bonding with the
polymer and homogeneous dispersion of the nanotube in the epoxy matrix. The shear force exerted
during the three-roll milling enhanced the thermal and mechanical properties of COOH-CNT/epoxy
composite. Polymer/CNT composite synthesized by mechanical blending and solution casting showed
high electrical conductivity and improved thermal and mechanical stability possibility of the composite.
SWCNT/poly (ethylene succinate) synthesized by solvent casting and ultrasonication: the CNT was
responsible for the enhanced crystallinity of the polymer composite [66]. Roy et al. [67] prepared
HNO:s functionalized SWCNT reinforced in polyvinylidene fluoride (PVDF) via ultrasonication. The
ultrasonication enhanced the chemical interaction of the PVDF matrix and the acid functionalized
SWCNTs. It also provides the energy required to transform the non-electroactive a- phase of PVDF to
the electroactive y-polar phase. The presence of the C=0O on the CNT filler surface resulted in the
proper dispersion and interaction which promoted the 3 phase growth and subsequently resulted in the
improvement in electrical, thermal, and mechanical properties of the composite. Ultrasonication time
affects the crystallization of the composite. There was a strong interaction between the oxygen atom
with 7 orbital in COOH-SWCNT and the hydrogen atom with positive charge PVDF which resulted
in an increased mechanical and electrochemical property. Functionalization time plays a key role in
the SWCNT structure. The author reported an optimum functionalization time of 4 h. When
functionalization is carried out at quite a short duration, there is not enough time to attach the functional
group to the polymer matrix. However, when the duration of functionalization is extended beyond the
optimum time excessive damage is done to the nanotube structure thereby reducing the mechanical
and other physical properties of the SWCNTs. In a certain study, it was reported that the reinforcement
of high-density polyethylene (HDPE) matrix with 2 wt.% functionalized CNT resulted in a 35%
increase in the elastic modulus of the HDPE/CNT nanocomposite due to the strong interfacial bonding
between the polymer and the CNT. The enhanced mechanical properties of the HDPE/CNT composite
were attributed to the uniform dispersion of CNT in the polymer matrix which result in the effective
transfer of load from the CNT fillers to the polymer matrix [68]. Zadehnazari and Takassi [69]
synthesized 3,5-diamino-N-(1,2,4)-(triazole-3-yl)-benzamide (DTB) functionalized MWCN/poly
(benzimidazole-imide (PBI) composite and examined the thermal, mechanical, and morphological
characteristics. The composite was synthesized via solvent evaporation technique. The composite was
prepared with 1, 2 and 5 wt.% of DTB functionalized MWCNT. The amorphous and rigid structure of
PBI was modified by the addition of functionalized MWCNT into a crystalline structure based on the
formation of hydrogen bonds. DTB-MWCNT adhered strongly to PBI polymer matrix which
increased the polarity caused by the functional group on the composite surface. There was an increase
interaction between the surface of polymer matrix and the functional groups on the surface of the
DTB-MWCNT filler. The DTB functionalization reduced the interspace between the MWCNTSs and
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modified the surface morphology of the MWCNTs increasing the aggregated structure due to the
improved interaction between the functionalized MWCNTs. DTB acts as a crosslink for adjacent
MWCNTs. DTB-MWCNT/PBI exhibit high thermal conductivity as the filler prevents the
accumulation of heat at different points on the polymer backbone. Also, the thermal decomposition of
the functionalized composite was drastically reduced compared to the pristine PBI. The increase in
tensile strength and elastic modulus of DTB-MWCNT/PBI composite was due to the strong interaction
between the PBI matrix and DTB-MWCNT and the introduction of hydrogen bonds and other
secondary bonds. It was affirmed DTB-MWCNT was an effective reinforcing material as it effectively
absorbed the load from the polymer. The improved solubility of the composite material in
dimethylacetamide (DMA), dimethylformamide (DMF) and dimethyl sulfoxide (DMSQO) was as result
of the chemical interaction between the benzimidazole group, polar amide and triazole ring functional
group with the polymer matrix backbone.

2.4. Functionalized CNT/metal oxide (CNT/MQO) nanocomposite

Metal oxides (MOs) have been actively studied due to their high strength and modulus of elasticity.
However, their application is challenged by their low fracture toughness, brittleness, and poor intrinsic
conductivity. Hence the development of CNT/MO nanocomposite by dispersing MOs particles on a
CNTs conductive matrix which has a higher surface area to produce novel materials with unique
functionalities in terms of mechanical, optical and electronic performance [70]. CNT/MO nanocomposite
such as CNT/SnO,, CNT/Co304, CNT/Fe304, and CNT/Cr203 has drawn the interest of researchers in
energy storage and conversion system due to their long cyclability and rate capability [71,72].
Depending on the amount of CNT in relation to the ceramic oxide. CNT/MO can be grouped either as
MO decorated on CNT or Mos reinforced with CNT. The preparation of CNT/MO nanocomposite
mostly involve 3 stages which include: (i) surface functionalization of pristine CNT using strong
oxidizing agent, (ii) decoration or deposition of metal nanoparticles on the CNT surface, and (iii)
thermal treatment of the nanocomposite [73]. In CNT/MO nanocomposite, the metal oxide provides a
large surface area for the adsorption of electrolyte while the CNT provides a conductive network for
electron mobility and accommodation for volumetric changes that might occur during use as an
electrode material [74]. In the study of CNT/MO composite, their two kinds of bonds are mostly
considered which are metal-carbon (M—C) bond and metal-oxygen-carbon (M—O—C). Research have
proved that the type of chemical bond and the interfacial bonding between the constituent material
greatly affects the mobility or charges along the material and the overall electrochemical performance
of the composite electrode material [75]. Cheng et al. [72] examined the effect of adjusting the
interfacial bonding of CNTs/SnO, composite synthesized through hydrothermal technique on the
electrochemical performance of the nanocomposite. The research outcome showed that the
CNTs/SnO; composite with more Sn—C bonds has higher reversible capacity than the composite with
more Sn—O—C bonds. This is due to the fast electron transfer path of CNTs/SnO> composite with more
Sn—C chemical bonds. Liu and co-workers’ [76] used Fenton reaction synthesis to produce
Fe;O3/MWCNT and NiFe-LDH/MWCNT composite. The Fenton process uses H»O» and Fe** to
trigger oxidation of MWCNT which resulted in the attachment of hydroxyl functional groups on
MWCNTs and the adsorption of Fe?" on the surface of the MWCNT via electrostatic bonding. The
product suspension is subsequently sonicated, sintered and filtered to produce the composites.
FeoO3/MWCNT nanocomposite utilized as an anode for Li-ion battery exhibited high capacity, high
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cyclability and rate performance. NiFe layered double hydroxide (LDH)/MWCNT employed as an
oxygen evolution reaction (OER) electrocatalyst exhibited excellent chemical and mechanical stability
and high oxygen evolution reaction electrocatalyst performance. The improved electrochemical
performance of the FeO3/MWCNT and NiFe (LDH)/MWCNT composites was ascribed to improved
electron and mass transfer cause from the conducting functionalized MWCNT scaffold's large surface
area. High mechanical and chemical stability of the composites was caused by the strong interaction
between the MWCNT and the metal oxide [76].

It has also been reported that CNTs produce a bridging effect when the composite is subjected to
tensile loading which results in low electrical percolation threshold and enhanced fracture toughness.
When CNTs are incorporated into metal oxide, the nanocomposite shows improved electrochemical
performance, lower equivalent series resistance (ERS) and improve power density. Research has
shown that CNT fillers can be used to modify membranes to enhance their thermal stability, flame
resistance and electrical properties [77]. Some of the field applications of CNT/MO composites are
schematically illustrated in Figure 4.
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Figure 4. Application of CNT/metal oxide nanocomposite [78].
3. An overview of fuel cells

Fuel cells are energy systems that convert chemical energy to electrical energy. It involves the
chemical reaction between fuel and oxidant to produce electricity, water, and heat energy. The
efficiency of energy conversion in a fuel cell is accompanied by very low chemical emissions. It has
been considered and studied as an alternative replacement for steam turbines, combustion engines and
conventional batteries. This unique consideration is because of their high electrical efficiency,
emission-free reaction, and high durability due to the absence of mechanical parts and no materials
transformation during the operation [79]. Fuel cells have found application in automobile industries,
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back-up power sources for buildings, small electronic and power plants. A fuel cell is made of two
high porous electrodes (anode and cathode) and an electrolyte sandwiched in-between the electrodes
which ensure that the two-half-cell reaction process takes place in isolation from each other. Figure 5
shows a schematic representation of fuel cell. The fuel source is supplied at the anode while the cathode
is provisioned with oxygen (oxidant). Protons and electrons are generated in the anode; the electron
migrates to the cathode through an external load, while the proton arrives at the cathode through the
electrolyte. At the cathode, the electron combines with oxygen and proton to produce water [80]. These
chemical reactions take place at the interface between the electrode and the electrolyte.

The general electrochemical reaction that take place at both the anode and the cathode are shown
in Eqs 1-3:

At the anode

2H, =4H" + 4de” (1)
At the cathode
0> + 4H" + 4¢- = 2H,0 ()
Overall chemical reaction
2H; +02 = 2H,0 3)

Electric circuit (40-60% efficiency)

Anode inlet Cathode inlet

H, - 2H* + 2e~

1
502+ 2H* +2¢” > Hy0

heat

Cathode outlet
Anode outlet

Gas channel
Membrane Catalyst

Gas diffusion layer
layer

Figure 5. A typical representation of a unit fuel cell [81].
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3.1. Type of fuel cell

Based on the type of electrolyte, fuel cells are classified into different types which includes alkaline
fuel cell (AFC), polymer electrolyte membrane fuel cells (PEMFC), solid oxide fuel cells (SOFC),
molten carbonate fuel cells (MCFC) and phosphoric acid fuel cells (PAFC). The characteristics of
different types of fuel cells are summarized in the Table 1 below.

Table 1. Different types of fuel cells and their characteristic based on data extracted from
works of literature [1,79,82—86].

Types of fuel Electrolyte Anode Cathode Charge Operating Fuel Oxidant  Efficiency
cells carrier  temperature
0
AFC Alkaline- Ni AC OH- 65-220 Hydrogen Oxygen  60%-70%
potassium
hydroxide
Phosphoric Phosphoric acid H* 150220 Hydrogen  Air 40%
acid fuel cell
(PAFC)
PEMFC Polymer Pt Ni H* 40-80 Hydrogen  Air 60% with
membrane hydrogen,
40% with
reformed
fuel
Direct Alkaline polymer H* 20-90 Methanol  Air 40%

methanol fuel membrane
cell (DMFC)

SOFC Ceramic Ni & Yttria- Perovskite O 600-1000 Hydroen,  Air 55%—-65%
membrane stabilized Methane
(Y203-Zr0O2) zirconia (YSZ)
cermet
MCFC Alkali carbonate  Ni, Al, Cralloy = PorousNi  CO3* 650-700 Hydroen, Air 50%
Methane

4. Application of surface modified CNTs and CNTs composite in fuel cell
4.1. CNT as support material for platinum metal catalyst in fuel cell

Catalysts are a major component of PEMFC. It greatly determines the durability of the energy
conversion system. Over the years Pt has been considered as one of the most suitable cathode catalyst
materials for fuel cell application due to its electrocatalytic performance. However, the high cost of Pt,
poor stability and poor Pt loading per unit area has hindered fuel cell commercialization [87]. For
instance, the commercialization of PEMFC requires that Pt content in the 100 KW stack be reduced
from 30 g to less than 10 g [88]. Nonetheless, the use of support materials can enhance the potential
of the catalyst. A good catalyst support material should possess qualities such as: (i) a high specific
surface area for distributing the catalyst, (ii) good electrochemical stability under fuel cell operation
conditions, (iii) chemical stability at appropriate temperatures, and (iv) high electrical conductivity [89].
There has been substantial effort in research for good catalysts that will enhance electrocatalytic
reaction kinetics and reduce the amount of Pt used for PEMFC. The efficiency of an electrocatalyst
strongly depends on its particle size, particle distribution and the type of catalyst support [90]. The
physical and chemical properties of the support material greatly affect the stability and dispersibility
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of the metal catalyst which consequently influence the electrochemical performance of the catalyst [91].
Some of the catalyst support materials reported in literatures include carbon black, graphene, carbon
gel, carbon nanofiber, reduced graphene oxide, CNTs and other forms of carbon [92—97]. Carbon black
has been mostly employed as support material because of its electrical conductivity, large surface area
and low cost. Pt-based nanoparticle supported on carbon black (Pt/C) has been utilized as cathode
catalyst because of their good catalytic ability, low cost, and stability [98,99]. Pt/C showed. The major
challenge in the commercialization of Pt/C cathode catalysts is their gradual loss of performance over
time. Some of the causes of this degradation include: (i) carbon support corrosion, (ii) sintering of
catalyst particles, and (iii) dissolution of the catalyst [100]. The dissolution of Pt is typically negligible
at both low and high potentials. At low potentials, noble metal dissolution in acid is minimal. Conversely,
at high potentials, exposure to air results in the formation of PtO, which acts as a protective film,
preventing further dissolution of Pt particles. However, at intermediate potentials, Pt experiences a
high rate of dissolution in acid [101-103]. The carbon support used in electrocatalysts often reacts
with oxygen and/or water at elevated temperatures, forming CO and CO,, which are released from the
cell as gases. Carbon corrosion also occurs during cell start-up and shutdown, which happens at high
potentials (1.1-1.5 V) [100]. The oxidation of carbon renders the cathode surface hydrophobic, leading
to poor mass diffusion. As carbon corrodes, noble metal agglomeration increases, causing a rise in
ohmic resistance, structural collapse, and eventual degradation of electrochemical active surface
area (ECSA) [101,104-106]. The discovery of CNTs and the study of the characteristics of CNTs
rapidly increased the interest of researchers to give more consideration to the use CNTs as a more
popular alternative material for catalyst support. CNTs have a unique structure, which provides them
with high surface area, high electrical conductivity and chemical stability which results in an improved
chemical interaction between the noble metal catalyst (Pt) and the CNTs. CNTs have fewer impurities
than carbon black that can poison the metal catalyst and are free of deep cracks that limit catalytic
activity. When compared to other forms of carbon, CNT are completely distinct due to their tubular
structure which makes a sort after support material for heterogeneous catalysis [107]. CNTs have high
resistance to fouling when compared to carbon fiber which makes it a potential material for membrane
electrode assembly (MEA) [108]. CNTs (both SWCNT and MWCNT) have been widely explored as
carbon nanostructure catalyst support in fuel cells. Pristine CNTs are chemically inert and hydrophobic
which makes it very difficult for metal nanoparticle attachment [109,110]. Hence CNTs used in a PEM
fuel cell are first modified via doping to make it more hydrophilic and enhance the dispersion of metal
catalyst particles. For instance, Tang et al. [111] Pt nanodot deposited on CNT prepared by in situ
CVD on carbon paper was used as a gas diffusion layer (GDL) and the catalyst delivered a high-power
density of 595 mW-cm™ with Pt loading of 0.04 mg-cm~2. Microstructural examination revealed a
well-dispersed Pt nanodot on highly porous CNT. Jha et al. [112] prepared SWCNT functionalized
with carboxylic acid SWCNT-COOH as catalyst support for PEMFC with a Pt group metal loading
of 0.16 mgpt/cm? which was below the benchmark value of 0.125 mgpt/cm? set by US department of
energy in 2017. In the study, the SWCNTSs were synthesized by the electric arc method followed by
functionalization using conc. HNOs3 as oxidizing agent to introduce -COOH functional group on the
surface of the SWCNT. Subsequently, Pt nanoparticles were attached to the -COOH functionalized
SWCNT by in situ reduction process using ethylene glycol. Lin et al. [113] Prepared MWCNT
functionalized with citric acid and used it as catalyst support for Pt. The study revealed that
Pt/MWCNT nanocomposite as catalyst drastically reduced the MEA degradation as strong bond
between Pt nanoparticle and MWCNT functionalized with citric acid (CA) was obtained. Tian [114]
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prepared vertically aligned carbon nanotube (VACNT) grown on aluminum (Al) via enhanced
chemical vapor deposition. The CNT/Al was used as catalyst support in PEMFC. Pt nanoparticle was hot
pressed into VACNT/AI and was able to achieve a great Pt reduction to 35 pg-cm=2. Zhang et al. [115]
prepared Pt/CNT as electrocatalyst support for PEMFC. The vertically aligned CNT was first purified
via plasma treatment and functionalized with poly (dially dimethyl ammonium) chloride. Thereafter,
Pt nanoparticles where electrostatically adsorbed on the surface of aligned CNT. The Pt/CNT was hot
pressed into Nafion 115 membrane electrode. Pt/CNT used as cathode catalyst support for oxygen
reduction reaction (ORR) exhibited high mechanical stability, high electronic conductivity, high gas
permeability and enhanced rapid water removal from the cathode than Pt/unaligned CNTs catalyst
support. Guo and Li [116] prepared Pt-SWCNT composite as an electrocatalyst for methanol oxidation
and studied the electrocatalytic and cyclic stability of the composite. The authors employed three
stages in the preparation of the composite. Firstly, the oxide functional was introduced on the sidewalls
and the ends of CNTs by treating the CNTs with 0.5 M NaSOg4 solution. Secondly, cyclic voltammetry
at potential window of +0.3—1.3 V was used on Pt octahedra complexes from 2.5 mM PtCls + 0.1 M
K>SOs4. Finally, the Pt complexes formed on SWCNT were reduced to Pt nanoparticles using 0.1 M
H>SO4. The result showed that Pt-SWCNT composite exhibited high electrocatalytic activity and good
stability for the oxidation of methanol. The excellent performance of the composite was attributed to
the nanoparticle size of the Pt and the good dispersion of the noble metal on the SWCNT surface.
Besides using carbon as support for noble metals such as Pt, research has also explored the use
of carbon-based metal-free (CBMF) electrocatalysts for the ORR in PEMFC, gaining attention due to
their potential to exhibit improved ORR activity and electrochemical stability compared to Pt-based
electrocatalysts [117]. This is attributed to the presence of active sites both in the basal plane and edges
of the carbon material. For instance, graphene-based catalysts, owing to their 2D structure and electron
conductivity, enhance electron mobility through both the basal and edge regions of the catalyst. The
use of CNTs or graphitized CNTs increases exposed active edge sites and causes the ORR to proceed
with a more positive onset potential. Carbon materials exhibit high electron density and diffusion
current density, with more rapid electron transport at the edges than on the plane due to the low contact
resistance exhibited at the edge sites of graphene [117,118]. To address the challenge of chemical
inertness of carbon material, functionalization and doping of carbon with heteroatoms has been shown
to create defects and utters the surface energy, atonic structure and enhance the reactivity of carbon. Doping
carbon materials with heteroatoms further enhances the ORR and hydrogen evolution reaction (HER)
activity due to electron interaction between adjacent carbon atoms and the heteroatom (e.g., N, B, P,
and S) [117,119]. For example, boron doping of pristine CNTs transforms semiconducting carbon
nanotubes into conductive tubes by lowering the Fermi energy level into a valence band, thus altering
the stiffness and crystallinity of CNTs. The presence of boron dopants increases the number of defects
on the CNT walls, resulting in increased reactivity, making it viable as an electrocatalyst [120]. In the
study conducted by Jarrais et al., the doping of graphene flakes and MWCNTs with N, P, S, and B via
a mechanochemical process followed by subsequent thermal treatment was investigated. The
assessment revealed that the doped carbon materials exhibit improved chemical reactivity than their
pristine counterpart and can be utilized as CBMF electrocatalysts for 4-Nitophenol reduction [121].
Akula et al. examined the structural properties and electrochemical performance of MWCNT co doped
with N and F (N-F/MWCNT). It was revealed that doped MWCNTs transformed to folded graphene
structure with numerous active open edge sites that enhance ORR. The N-F/MWCNTs electrocatalyst
exhibited no degradation after 10000 cycles in acidic medium. The excellent durability and high ORR
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activity of N-F MWCNTs electrocatalyst was attributed to the high charge dislocation density on CNT
matrix caused by the wide electronegativity gap between the N and F [122]. A comparison between
nitrogen doped carbon material and fluorine doped carbon material reveals that F-doped carbon exhibit
better ORR activity and corrosion resistance than N doped carbon both in basic, acidic environment
and high potential. It was also reported that F-doped carbon showed improved catalyst resistance to
degradation during start up and shut down operation of the PEMFC. The outstanding performance of
F doped carbon was due to its high electron affinity and ability to effectively utter the electronic band
structure of carbon [123].

4.2. CNT as corrosion inhibition material in PEMFC

Under PEMFC operating condition carbon support present in the Pt/C electrode catalyst is
electrochemically unstable and usually undergoes carbon corrosion at open circuit potential (OCP)
near 1 V. Also, when gas flows are turned on and off during start-up and shut-down condition, reverse
current situations, and extraordinarily high potentials of more than 1.5 V at the cathode may result to
corrosion damage [100]. Although, the gas exchange events only last for a short while, the
accumulation of it reduces the lifespan of a fuel cell system. It has been proven that extensive corrosion
causes the porous cathode microstructure in PEMFCs to collapse, and it is assumed that this is the
cause of the substantial mass-transport voltage losses seen in polarization data [124]. The main side
effects of carbon corrosion on fuel cell electrodes are the dissociation and deactivation of Pt
nanoparticles from their support and the collapse of the porous framework, which restricts the mass
transfer of reactants (oxygen and proton) and generate water in the cathode electrode [125-127]. The
electrochemical carbon degradation is represented by the reaction in Eq 4:

C+2H,0 —~ CO2 +4H" +4e7, U0 =0.207 V 4)

Before oxidation to carbon dioxide, various carbon-oxide surface constituents may form. Also,
catalytic interaction between the electrocatalyst, carbon-oxides, and ionomer occur which influences
the kinetics, potentially accelerate the corrosion reaction. This corrosion is frequently accompanied by
a loss in ECSA, unusual accumulation of negative charges on the surface of the electrode [124].

Research has shown that the utilization of modified CNTs as catalyst support reduces carbon
corrosion especially at high potential. Oxygen and nitrogen functionalized multiwall carbon nanotube
as support for Pt catalyst exhibited improve ORR electrochemical performance and durability over
commercial Pt/C [126]. Numerous studies have investigated the doping of CNTs, either through
substitution or endohedral doping with elements such as K, I, Cl, Li, and N. This modification results
in CNTs with enhanced electrical conductivity and improved dispersion, both in solution and during
CVD growth processes [128]. For instance, Karthikeyan et al. [129] studied the carbon corrosion
stability of Pt deposited on nitrogen doped functionalized MWCNT support (N-f-MWCNT) and nitrogen
doped functionalized MWCNT/few layers graphene (FLG) hybrid support (N-f-(MWCNT/FLG)). The
MWCNTs were synthesized with conc. HNO3 and H2SO4 (1:3 (v/v)) via ultrasonication. The doping
was done using high temperature nitrogen plasma treatment and finally Pt incorporation in the
modified catalyst supports via modified polyol reduction technique to develop Pt/N-f-MWCNT and
PtN-f-(MMWCNT + FLG) electrocatalyst with Pt loading of 30 wt.%. The electrochemical investigation
result revealed that Pt/N-f-MWCNT and Pt/N-f-(MWCNT+FLG) utilized as electrocatalyst in PEMFC
showed about 30% enhancement in durability in carbon corrosion durability test, mass specific
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activity (MSA), area specific activity and an overall improvement on ORR performance than what was
obtained with Pt/C catalyst. The author attributed the outstanding performance of electrocatalyst to the
presence of nitrogen and oxygen functional group which greatly enhanced the corrosion resistance of
Pt/N-f-MWCNT and Pt/N-f-(MWCNT + FLG) at wide potential range and extensive graphitization that
occurred during nitrogen plasma treatment. The high electrostatic attraction of oxygen and nitrogen
functional groups on carbon support structure exist as strong binding sites for Pt atoms, leading to reduced
particle agglomeration all through the extended cycles. In a recent study by Kanninen et al. [126]
carbon corrosion performance of Pt supported on MWCNT, and nitrogen modified MWCNT was
investigated as fuel cell electrode in PEMFC and compared with commercial Pt/Vulcan catalyst. The
result showed that Pt/MWCNT and Pt/N-MWCNT exhibited high corrosion stability than the
conventional Pt/Vulcan, with initial corrosion rate of 1.1, 3.4 and 4.7 ugc (mg Ctot)~!/cycle respectively.
The carbon corrosion inhibition properties of popular electrocatalyst and CNT based electrocatalyst
are listed in Table 2.

Table 2. Carbon corrosion durability study of some electrocatalyst.

Electrocatalyst Carbon Potential ~ Atmosphere Electrolyte Number of Temperature ECSA Ref.
loss range (V) cycles retention (%)

Pt/Vulcan XC 72 1.0-1.5 N2 0.1 M HCIOg4 60000 36.3 [130]

Pt/Vulcan XC 72 0.85-1.4 0.1 M HCIO4 1800 314

Pt/Ketjen black 1.0-1.5 N2 0.1 M HCIOg4 60000 2.1 [130]

Pt/nano graphite 0.85-1.4 0.1 M HCIO4 1800 53.1 [131]

PUYMWCNT 09, 7 N2 0.5 M H2SO04 60 °C 63.0 [132]

days

Pt/N-f-MWCNT 1.0-1.5 N2 0.1 M HCIO4 60000 60 °C 91.5 [129]

Pt/N-f- 1.0-1.5 N2 0.1 M HCIO4 60000 60 °C 90.4 [129]

(MWCNT+FLG)

PUYMWCNT 29% after 0.1-1.6 N2 70 80 °C 100.0 [126]
70 cycles

PUN-MWCNT 28% after 0.1-1.6 N2 70 87.0 [126]
70 cycles

Pt/Vulcan 30% after 0.1-1.6 N2 70 18.0 [126]
70 cycles

4.3. Pt-alloy with CNTs as electrocatalyst

In the past few years, researchers’ interest in Pt-alloy catalyst support on CNTs has grown as a
result of this nanocomposite material’s exceptional ability to boost fuel cell performance and reduce
the overall cost of the fuel cell [133]. A good electrocatalyst characteristic requires that the binding
energy between the catalyst and the reaction species should not be too strong. Hence, the introduction
of another metal (rare earth and/or transition metal) will alter this bonding strength and increase the
durability and electrocatalytic performance [134,135]. Borghei et al. [136] compared the performance
of different carbon support such as MWCNTs, graphitized carbon nanofiber (GNF) and Vulcan on
PtRu-alloy catalyst. PPRu/MWCNT, PtRu/GNFs and PtRu/Vulcan electrocatalyst delivered 20.0, 13.1
and 3.5 mW-cm respectively. While PtRu/Vulcan had the highest power density which showed the
highest durability as it retained 91% of its power density after 72 h. The outstanding electroactivity of
PtRu/MWCNT electrocatalyst was due to the unique structure of functionalized MWCNTs that
improve the electron mobility in the electrode. However, PtRu/MWCNT experienced high current
decay in the 72 h durability test which was linked to loss and migration of bigger particles from the
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support to the ionomer, which would mean that they lost contact with the support and stopped
participating in the electrochemical reaction. Lopez-Rosas et al. [137] prepared Pt-Ni/CNT cathodic
catalyst for ORR using ethylenediamine. CNT was functionalized with H>SO4/HNO3 (1:3 molar ratio).
Ni was deposited on the surface of CNT via direct chemical reduction using ethylenediamine.
Pt-Ni/CNT was synthesized by in situ electrolytic displacement reaction. Pt-Ni/CNT cathode catalysts
with low Pt and Ni content of 2.23 and 1.98 wt.% respectively show an improved electrocatalytic
performance and power density for PEMFC. At high metallic content, MEA poisoning occurs as
de-alloyed metal deposit on the MEA surface and prevents fuel diffusion across the membrane.
Wang [138] synthesized 3D graphite oxide-exfoliated carbon nanotube (GO + e CNT) via homogeneous
mixing and used it as support for the Pt-Pd catalyst. The e CNT served as a carbon spacer and prevented
the restacking of graphene oxide. Pt-Pd-GO + ¢ CNT was fabricated using the chemical co reduction
method. Garapati et al. [139] developed novel partially exfoliated CNT (PECNT) cathode support on
Pt3Sc alloy catalyst for PEMFC. The CNTs was synthesized by CVD and partially oxidized using
KMNO4 via modified hummers method and further annealed to reduce the O-functional group to
produce partially exfoliated carbon nanotube (PECNT). The Pt3Sc was then dispersed on PECNT
surface by polyol technique to form Pt3Sc/PECNT cathode electrocatalyst. Through half-cell
investigations, it was reported that Pt3Sc alloy was responsible for accelerated ORR with faster kinetics
while PECNTSs’ mesoporous structure and high pore volume reduced mass transfer losses. PECNT
incorporation drastically reduced the cathode catalyst loading. Pt3Sc/PECNT delivered a high-power
density of 760 mW-cm™2 at 60 °C operating temperature due to the high mass activity of the
electrocatalyst. PtsSc/PECNT electrocatalyst showed excellent durability and efficiency. The improved
electrocatalytic performance of Pt3Sc/PECNT was attributed to the synergistic effect of Pt3Sc alloy
nanoparticles and PECNT support which has 1-dimensional CNT and 2D graphene morphology and
can adsorb oxygen with less binding energy than Pt. He et al. [140] decorated MWCNT with bimetallic
Pt-Ru nanoparticles to produce Pt-Ru/MWCNT composite via electrochemical deposition for use as
an electrocatalyst in DMOFC. The introduction of Ru reduced the poisoning effect of CO on the Pt
catalyst, which is the by-product of methanol electrooxidation. The MWCNT was oxidized with 0.5 M
H>SO4. Pt:Ru ratio of 4:3 in the composite gave the best electrocatalytic activity for methanol oxidation
and better stability than Pt-MWCNTs.

The heteroatom functionalization of CNT is one of the ways to influence the physiochemical
properties of CNT. Heteroatom such as nitrogen alters the electron density and increases the catalytic
activity of the material [141]. Most of the Pt/CNT electrocatalysts, despite showing exceptional
performance in alkaline media, showed poor performance in acid media which limits the utilization in
fuel cells. Researchers are paying more interest to closing this gap by doping CNT with one or two
heteroatoms such as nitrogen [142], phosphorus [143] and sulphur [144]. Such modification of CNT
is expected to increase the synergistic effect and catalytic activity of the electrocatalyst and
consequently enhance performance in both basic and acidic media. Most of these studies used
precursors such as polymer resin, amine, and organic polymer as dopants to introduce these
heteroatoms into CNTs. The hydrophilicity of carbon-based materials can be increased by the
formation of nitrogen groups on their surface. The addition of nitrogen groups strengthens the bond
between the catalyst and the support, increasing the activity and catalytic stability while decreasing
the Pt loading [145]. For instance, Shi et al. [146] prepared Nitrogen-doped MWCNT and supported
it on Pt-Co catalyst via pyrolysis using zeolitic imidazolate frameworks (ZIF) to produce
Pt-Co/N-MWCNT electrocatalyst. The comparison of Pt-Co/N-MWCNT and Pt/C electrocatalyst
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showed that Pt-Co/N-MWCNT electrocatalyst has an improved power density of 690 mW-cm™
at 70 °C, very low Pt loading of 0.12 mg and good durability while Pt/C under same condition delivered
power density of 560 mW-cm. The improved performance of the Pt-Co/N-MWCNT electrocatalyst
was attributed to the proper dispersion of Pt-Co alloy on N-MWCNT which also inhibited the CO
poisoning. The N-MWCNT increased the ORR. Mardle et al. [143] prepared Pt nanorod catalyst
supported on well-aligned nitrogen doped CNTs which was used to develop thin film electrodes for
PEMFC. The nitrogen doping was done using screen plasma treatment, while the growing of the Pt
nanorod was done via PECVD. When compared to standard Pt/C catalysts, an increase in power
density was achieved with less than half of the Pt loading of the Pt/C catalyst. The authors suggested
that the thin open catalyst layer was responsible for the improved mass transfer performance. It is also
confirmed that the nanorods' high structural stability and the enhancing effects of the N functionalized
CNT support result in improved durability. Roudbali et al. reported the improved performance of
Pt/N-MWCNTs over Pt/MWCNT composite cathode electrocatalyst for ORR in PEMFC. In the study,
the author introduced N on the surface of the MWCNTs using diethylenetriamine (DETA),
triethylenetetramine (TETA), and malononitrile (MN) precursors. The nitrogen functional group on
CNT’s surface enhances the alkaline characteristic of the CNT. These alkaline sites enhance the
interaction and bonding of Pt nanoparticles on the support and allow the uniform dispersion of Pt on
N/MWCNT support. The N-functional group on the CNT greatly influences the particle size of the
catalyst. The strong interaction between the N-MWCNT and the Pt during nucleation and catalyst
production was attributed to the lone electron pair present in the N-group. The authors concluded that
Pt supported on N-doped MWCNT (Pt/N-MWCNT) showed greater electrocatalytic behaviour and
higher stability than PYMWCNT [147]. Hoque et al. [144] utilized modified solvothermal technique
to synthesize a sulphur-doped carbon nanotube (S-CNT) supported on Pt nanowire (Pt/S-CNT) to
fabricate an electrocatalyst with weblike 3D architecture. The 3000-cycle acceleration durability test
carried out on Pt/S-CNT revealed that the composite electrochemical activity retention, stability, and
mass activity was much higher than commercial Pt/C catalyst. Pt/S-CNT delivered a specific activity
of 1.61 mA-cm~2 whereas Pt/C has 0.24 mA-cm™. These enhancements were attributed to the fewer
surface defect present in the composite, the strong interaction of sulphur functional group in S-CNT
and the Pt nanoparticles which resulted to strong bonding of the Pt nanowires and improved stability.
However, the ORR is reduced drastically by Pt/S-CNT cathode catalyst. The structure of CNTs can
also be changed by co-doping with heteroatoms, which increases the catalysts’ activity and stability [148].

CNT nanocomposite has also been employed as a noble metal-free electrocatalyst in fuel cells.
For instance, Zhao prepared manganese cobalt oxide/nitrogen-doped multiwalled carbon nanotube
MnCo,04@NCNTs with superior ORR activity, high current density, and durable and tunable catalytic
activity for OER with a very low overpotential of 0.930 V [149]. Dual-phase spinel dp-MnCo0,04/CNT
hybrid composite performed excellently well as OER and ORR catalysts. MnCo02O4/CNT composite
was stable after 768 h of charge-discharge process whereas Pt/C retain stability only for 108 h of
charge-discharge processes of the Zn-air battery [150]. In another study, Xing et al. [151] synthesized
bimetallic nanocomposite by the combination of Manganese and Vanadium with nitrogen/sulfur doped
MWCNT. The Mn/V-functionalized N/S doped MWCNT composite when compared with commercial
Pt/C showed increased electrical conductivity, improved stability and enhanced ORR/OER
electrocatalytic activity. Iron single atom (FSA) supported on CNT synthesized by template free
method and studied as a possible replacement for Pt/C cathode catalyst for high temperature PEMFC.
The study revealed that FSA with 3.5 wt.% Fe content showed half wave potential of 0.8 V in 0.1 M
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HCIOs4 electrolyte and improved ORR performance compared to commercial Pt/C. the excellent
performance was attributed to the high conductive network of CNTs and the high-density atomic site
present in the composite. The FSA/CNT composite also delivered a high-power density of 266 mW-cm™2
and high electrochemical stability at 240 °C. Also, CNT was responsible for the enhanced
electrocatalytic performance and corrosion resistance. This was in support of the report by Li et al.
CNTS support on FSA catalyst increased charge transfer and improved ORR activity and the overall
durability of the catalyst particularly at elevated overpotential [152].

Moreso, the addition of metal oxides, such as MoOx, RuO2, NbO; and TiOz, to Pt/CNT has been
found to enhance electrochemical stability and reduce carbon corrosion, particularly under harsh
working conditions, thereby extending cycling longevity and open circuit potential (OCP). This
addition of metal oxides provides a robust interfacial bond between the noble metal and the carbon,
improving the catalytic band for the ORR [153]. Pt nanoparticles deposited on NbO and supported on
MWCNTs exhibited increased durability under accelerated stress testing (AST) compared to Pt/CNT
during load cycling, start-up, and shut-down processes. The Pt/NbO/CNT composite demonstrated
high electroactivity of 57 mA-mgPt! and exceptional stability at 0.15 mg-cm~? Pt loading. The
electrocatalyst delivered a power density of 772 mW-cm and experienced only a 4% loss in power
density when operated at a temperature of 80 °C. The overall excellent performance of the hybrid
composite was attributed to the effective adherence of Pt nanoparticles on the CNT/NbO support [154].

4.4. Functionalized CNT-polymer composite membrane for PEMFC

The proton exchange membrane is one of the major components of PEMFC. It allows the passage
of protons from the anode to the cathode. There are different types of membranes which include
membranes based on (i) poly (perfluoro sulfonic acid) such as Nafion-based membrane, (i1) membrane
based on sulfonated aromatic polymer such as sulfonated poly (ether ether ketone) (SPEEK) and
poly (arylene ether ketone) (SPAEK), (ii1)) membrane based on heterocyclic aromatic polymer such as
derivative of polybenzimidazole (PBI) [155]. Nafion-based membranes have been the most studied
and successfully utilized for fuel cells due to their good mechanical, thermal and chemical properties.
Nafion has low proton conduction resistance and rapid oxygen reduction potential. They find
applications at temperatures below 90 °C and operate under humid conditions. The ionic conductivity
of Nafion is greatly influenced by the water content, that is the higher the water content of the
membrane the higher the ionic conductivity [156]. However, excessive water within the membrane
can lead to water flooding, an undesirable phenomenon particularly for PEMFCs operating at high
current densities, high temperature and humidity levels. The hydration of the membrane consequently
leads to loss of the functional group which is responsible for proton conductivity. Therefore, it is not
feasible to continuously increase the water content to achieve higher ionic conductivity. Hence Nafion
membrane based PEMFC is usually operated at low temperature (below 90 °C) [156,157]. All the
above-mentioned membrane was found to still suffer some drawback ranging from acid leaching,
operating temperature, and poor proton conductivity at elevated temperature. These limitations had
prompted a shift in research focus to the introduction of inorganic and/or organic fillers into the bulk
polymer materials to produce mixed matrix composite membranes that will combine the benefiting
properties of the constituent and deliver a more efficient proton exchange membrane. Some of the
fillers that have been studied include CNT, metal-organic framework, and ionic liquids. Among these
filler materials, CNTs have been greatly considered because of their outstanding mechanical properties,
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large surface area, low density, and high aspect ratio [65,158]. When CNT is used as a filler strong
interaction is observed between the CNT and the Nafion polymer chain which effectively will aid
packing and significantly improve the gas diffusion [159]. For example, Asgari et al., [160] prepared
Nafion/histidine functionalized CNT (Nafion/Im-CNT) composite membrane for application in
DMFC. The surface modification of the CNT with the imidazole acid group produced an electrostatic
interaction at the interface of IM-CNT and Nafion. The membrane exhibited an increased power
density and high proton conductivity compared to Nafion 117. Steffy et al. [161] fabricated
Nafion/sulfonic acid-MWCNT (Na/s-MWCNT) hybrid membrane with low humidity for PEMFC
application. The functionalization of the MWCNT filler with sulfonic acid increased the number
of —SOsH groups on the surface, which enhance the compatibility of the sS-sMWCNT with the Nafion
matrix. The incorporation of the sS-sMWCNT resulted in enhanced mechanical and thermal stability of
the hybrid membrane. Moreso, the hydrophilic property of ssMWCNT improved the proton conductivity
and the water intake capacity of the Na/s-MWCNT. Na/s-MWCNT employed as a membrane in
PEMFC delivered higher power density than pristine Nafion membrane. Kim et al. [162] prepared
sulfonated deblock copolymer (s-DBC)/sulfonated CNTs (s-DBC/s-CNT) composite membranes by
solution casting method. The study was carried out with different wt.% of s-CNT fillers (0, 0.5, 1, 1.5
and 2 wt.%). The incorporation of s-CNT improved the water intake capacity and proton conductivity
of the composite membrane. The high volume of sulfonic acid group on the membrane was responsible
for the increase in the conductivity of the composite. The addition of the filler enhanced the thermal
stability and mechanical properties of the composite membrane. This increase was due to effective
interfacial interaction between the s-CNT and the polymer backbone of the composite through n—n
interaction and hydrogen bonding which inhibit the mobility of the polymer chain segment. However,
at higher filler content (S-DBC/s-CNT-2 wt.%) the mechanical property of the composite membrane
drastically drops which was attributed to phase separation and agglomeration. Chemical degradation
is regarded as one of the most serious membrane degradation processes that can take place during
actual fuel cell operations. Peroxide (HOO-) and hydroxyl (HO-) radicals produced by the incomplete
ORR at the cathode have been identified as the main causes of the considerable degradation of
membrane components. The normal process of membrane degradation begins with the addition of
radicals to the aromatic backbone, which sets off a series of chain reactions that continue until the
entire polymer backbone is broken down [163]. s-DBC/s-CNT composite membrane when subjected
to Fenton’s test showed high chemical stability and resistance to oxidation. The incorporation of
s-CNT fillers retarded the deterioration process. By first reacting with the radicals, the s-CNTs served
as barriers that stopped the polymer’s backbone from breaking down too quickly. The few oxygens
functional groups that SCNTs contain on their surface, which were created during their initial oxidation
before being sulfonated, interacted with the incoming radicals, and defended the polymer backbone
from the attacks. Also, the C—F bond from the hydrophobic oligomer was also a crucial factor in the
defense of membranes against radicals was the robust, inert. The s-DBC/s-CNT-1.5 composite
membrane had the best enhanced mechanical, electrochemical properties, proton conductivity and
thermal stability than pure s-DBC and Nafion 117. s-DBC/s-CNT-1.5 delivered maximum power
density of 171 mW-cm™2 at load current density of 378 mA-cm~2. Table 3 shows a summary of the
electrochemical, mechanical, and chemical stability of the pristine s-DBC and s-DBC/s-CNT
composite membranes.
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Table 3. A summary of the electrochemical, mechanical, and chemical stability of the
pristine s-DBC and s-DBC/s-CNT composite membranes of different wt.% s-CNT
composition [162].

Properties Pristine s-DBC  s-DBC/s-CNT- 0.5  s-DBC/s-CNT-1 s-DBC/s-CNT- 1.5 s-DBC/s-CNT- 2
Young modulus (MPa) 625 625 1262.5 420.8

Tensile strength (MPa) 26.8 26.8 454 22.5

Elongation at break (%) 6.4 6.4 9.6 6.4

Oxidation stability (%) RW  90.5 91.0 92.6 93.2

Water uptake (%) 11.5 16.2 21.0 29.1 27.5

Swelling in volume ratio (%) 11.8 18.7 242 314 29.2

IEC (meq/g) 1.21 1.39 1.58 1.91 1.72

Power density (mW/cm?) 119 171

Ahmed et al. [164] synthesized sulfonate functionalized MWCNTs by 1,3-propane sultone (PS)
method and distillation polymerization (DP) method respectively and incorporated them into
chitosan (CS) to develop chitosan/MWCNTS (CS/s-MWCNT) nanocomposite membrane for PEMFC.
It was reported that the presence of the sulfonated MWCNTs homogeneously dispersed in the CS
matrix inhibited the mobility of the CS polymer chain which resulted in enhanced thermal and
mechanical properties of the composite compared to pure chitosan. The addition of functionalized
MWCNT inhibit and terminated crack propagation in the composite membrane. The water uptake and
swelling decrease with the introduction of s-MWCNT from (0 to 5 wt.% of the s-MWCNT) of the
CS/s-MWCNT membrane. An increase in water uptake in CS caused methanol oxidation and a
reduction in mechanical stability due degradation of the chitosan chain [165]. CS/s-MWCNT-5 wt.%
composite exhibited an improved proton conductivity of 0.025 S-cm™! compared to pristine CS which
was 0.011 S-cm™!. This development was attributed to the formation and electrostatic interaction
between the —NH> functional group from CS and the —SOsH functional group from sulfonated
MWCNT. The authors investigated the effect of the two methods of functionalization (DP@s-CNT
and PS@s-CNT) on the properties of the MWCNT and the performance of the nanocomposite
membrane. Sulfonated functionalized MWCNT showed a slight weight reduction in the thermal
stability at 500 °C as shown in Figure 3d, when compared with pristine MWCNT due to the
decomposition of the polymer grafted chains. However, at 750 °C, the char residue yield of the
DP@s-CNT and PS@s-CNT were 48.6 and 28.87 wt.% respectively due to enhanced char formation
of MWCNT by the functionalization which was higher than pristine MWCNTs that was 15.42 wt.%.
Morphological examination revealed that pristine MWCNT showed clear tubular structure while
sulfonated MWCNT by 1,3-propane sultone method showed homogeneous distribution of granular
structure of sulfonated group along the MWCNTs. Sulfonated MWCNTs by distillation polymerization
method displayed grafted polymers which show strong electron affinity as can be seen in Figure 6a—d.
The fabricated CS/s-MWCNT composite membrane exhibited improved mechanical and thermal stability.
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Figure 6. TEM micrograph of (a) pristine CNT, (b) PS@CNT, (¢c) DP@CNT and (d)
thermal gravimetric analysis curve of pristine CNT, PS@CNT, and DP@CNT [164].

Functionalization of CNT using histidine produces an increased electrostatic interaction between
Nafion membrane and CNTs, which when deployed as a proton exchange membrane (PEM) will exhibit
high proton conductivity, electrochemical performance, and reduced methanol permeability. Asgari et al.
examined the performance of Nafion supported by 0.5 wt.% histidine modified CNTs (Im-CNT) as
membrane for DMFC application. The result obtained when compared to commercial Nafion showed
that Nafion/Im-CNT exhibited enhanced power density, water uptake capacity and low methanol
crossover [160]. SWCNT covalently functionalized with naphthoic acid group from amino acid and
supported on Nickel bis-diphosphine complex and deployed as anode catalyst in hydrogen biofuel cell
PEMFC. The composite showed high interfacial electron transfer kinetics and potential to be utilized
as hydrogen oxidizing electrocatalyst [166].

4.5. CNT-based nanocomposite as bipolar plate used in the fuel cell

Bipolar plates (BPs) are one of the key components of PEMFC. They are used in joining several
single cells together while collecting and moving the current generated from one cell to another. They
ensure the even distribution of reactant gas on the electrode and the removal of water and unused
gases [167,168]. Therefore, a good BPs material must possess high corrosion resistance, low cost,
good thermal and electrical conductivity, ease of machining, low gas permeability, high mechanical
stability and lightweight [167,169]. Graphite has been the most widely employed material for BPs
because of its good electrical conductivity (104 S-cm™'). However, it is expensive and has low ductility.
Metallic BPs have been considered in the past decades because of their good electrical conductivity
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and structural properties. But the high humidity environment of the fuel cell causes the deterioration
and easy corrosion of the metallic BP. Hence researchers have focused on the investigation of alloy
and composite materials with requisite characteristics for this application. The polymer matrix
reinforced with carbon composite has received great interest as BP material due to their light weight,
mechanical strength, and good conductivity. The superior properties of CNTs have made them good
reinforcement materials as their addition increases electrical conductivity and the overall performance
of BP. Daricik et al. [170] used MWCNT to modify carbon fibre/epoxy composite for BP material in
PEMFC. The effect of different compositions of MWCNT (0.25-1.25 wt.%) reinforcement on the
mechanical and electrical performance of CNT/CF/epoxy. The authors reported that CNT/CF/epoxy
with 1.25 wt.% CNTs achieved an increased electrical conductivity of 120 S-cm~2. The inclusion
of 1.25 wt.% CNTs were responsible for the increased flexural modulus and flexural strength of the
composite BP. In another study, Ramirez-Herrera reported that the flexural strength, tensile strength,
elastic modulus, and microhardness are all improved by 30%, 56%, 47% and 71% respectively when
up to 20 wt.% of MWCNT is incorporated in polypropylene matrix via melt mixing technique.
PP/MWCNT-20 wt.% nanocomposite showed increased electrochemical stability and very low
deterioration when used as BP in PEMFC [171]. Polypropylene/milled carbon fibre/CNT (PP/MCF/CNT)
composite BP fabricated via extrusion process was investigated by Radzuan et al. [172]. In the study,
CNT was added to PP/MCF composite as a secondary filler and the effect of the secondary filler on
the mechanical and electrical properties was examined. 25PP/70MCF/CNTS5 composite gave the best
BP characteristics with electrical conductivity of 14.8 S-cm™' flexural strength of 99.6 MPa and
hardness of 83.4 and has potential application in PEMFC. The addition of 1 wt.% of CNT to
polymer/graphite composite bipolar plate increased the through-plane thermal conductivity of the
composite from 1 to 13 W-(mK)~!. The increase was attributed to an increase in electron mobility
caused by the presence of the CNT. While improved bending strength was due to the random
orientation of MWCNT in the composite matrix [173]. Witpathomwong et al. [174] prepared
polybenzoxazine (PBA) composited highly reinforced with graphene, graphite and MWCNT. The
PBA/graphite/graphene/CNT composite has 84 wt.% of the total composite. The polymer composite
containing 2 wt.% of CNTs achieved a thermal conductivity 44 times greater than the conductivity of
a composite devoid of CNTs. Additionally, this composite demonstrated electrical conductivity
of 364 S-cm™!, flexural strength of 41.5 MPa, and modulus of 49.7 GPa. In a certain study of the effect
of CNT filler loading (1,2,3..,10 wt.%) on the mechanical and electrical properties of
PP/graphite/carbon black (PP/G/CB) composite as BP for PEMFC conducted by Bairan and
coworkers [175]. It was confirmed that the increment in CNT content in the composite gave a
synergistic effect that enhanced the flexural strength, electrical conductivity, hardness, and bulk
density of the composite. However, at CNT composition >5 wt.%, the mechanical properties of the
composite began to deteriorate which was suggested to be caused by the poor bonding between the
CNTs and other composite constituents. Also, with CNTs concentration above 6 wt.% a gradual
decrease in electrical conductivity of the PP/G/CB/CNT composite was observed which was due to
the critical agglomeration of CNTs. This finding was consistent with the research finding by Selamat et al.
and Suherman et al. that affirm that excess incorporation of CNTs filler decreases the electrical
conductivity of nanocomposites due to the aggregation of the CNTs particles [176,177]. 5 wt.%
MWCNT filler content in PVDF/graphite/MWCNT composite BP achieved good flexural strength,
good hydrophobicity, and high electrical conductivity. The MWCNT and graphite conductive fillers
dispersed selectively in the polymer resin created a segregated conducting network in the polymer
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matrix which resulted in the enhanced conductivity of the composite BP. The morphology and distribution of conductive filler (MWCNT and
graphite) significantly affect the conductivity of the polymer composite BP. With the addition of different compositions of MWCNT (1, 3, 5, 7 wt.%)
while maintaining the total filler composition of 40 wt.%, the MWCNT gradually covers the surface of the polymer resin and graphite flake thereby
providing a conductive network which helps improve the conductivity of the composite. However, at 7 wt.% MWCNT loading the conductivity
was adversely affected due to aggregation. The increase in mechanical properties of the composite was attributed to the high aspect ratio of the
MWCNTs and the excellent network structure of MWCNTSs which effectively transferred the load applied to the BP on the MWCNT. The increase
in MWCNTs content increased the corrosion current density and decreased the corrosion resistance of PVDF/G/MWCNT composite BP in 0.5 M
H>SO4 acid at a temperature of 70 °C. The authors ascribe the reduction in corrosion resistance after addition of MWCNT to increased active sites
on the BP composite surface, was responsible for minor side effects [178]. This was also in agreement with the assertion made by Oliveira et al. [179]
in their study on the thermal and corrosion stability of polymer/graphite/MWCNT composite BP.

Table 4. Summary of mechanical and electrical properties of CNT composite BP and the US DOE requirement for BP.

BP composite material Fabrication method Flexural Shore Tensile Modulus Bulk Thermal Electrical Ref.
strenth hardness (MPa) (GPa) density conductivity  conductivity
(MPa) (g'em™) W-(mK)™! (S-cm™)
DOE BP target properties >25 >50 <5 >10 >100 [175]
MCF65/PP30/CNT5S Extrusion 165.075 81.42 1.326 11.52 [172]
MCF70/PP25/CNT5 Extrusion 99.6205 83.4 1.378 14.77 [172]
PP/20MWCNT Melt mixing 46.5 28.3 [171]
PP/1SMWCNT/15CNF Melt mixing 453 29.5 [171]
PBA/graphite/graphene/CNT-2 wt.% 41.5 49.7 213 364 [174]
35Phenolic Compression 56 57 14 1.82 50 145 [183]
resin/63graphite/2MWCNT mouding
PP/G/CB/CNT-6 wt.% Compression 27 81.5 1.64 158.32 [175]
moulding
PVDF/35G/%MWCNT Structural design and 42 161.57 [178]
Compression
moulding

CNTs incorporated in a conducting polymer can also serve as a coating on metallic bipolar plates of PEMFC to enhance the corrosion
resistance of the polymer used as a coating on the plate in an acidic environment. CNT increases the electrical conductivity of the coating film on
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BP [167]. CNT/PTFE composite used as coating for SS304 BP achieved a reduction in the contact
resistance between the BP and the MEA of the PEMFC and subsequently resulted in an increase in the
output power [180]. Deyab reported an optimum corrosion inhibition efficiency and electrical
conductivity of PANI coating on an aluminum bipolar plate by the addition of 0.8% CNT. CNT fillers
in the polymer matrix improved the pore and charge transfer resistance of the coating [181]. The
addition of CNT in composite polymer/graphite composite for BP increased the electrical conductivity
by filling the pores in graphite and creating a more conductive path. In general CNT/polymer
composite BP exhibit improve electrical and mechanical properties [182]. Table 4 shows the US
Department of Energy (DOE) property requirement for PEMFC bipolar plates and other CNT-based
composite BP.

In a typical PEMFC, the gas diffusion backing layer (GDBL) is in physical contact with the ribs
of the bipolar plate. However, this interfacial contact is imperfect due to the porous nature of the GDBL,
resulting in the generation of contact resistance at the interface between them [184]. Makharia et al.
reported that the contact resistance between the GDBL and the bipolar plate contributes over 22% of
the total electrical resistance of a typical PEMFC. The nanoporous structure of CNTs, along with their
large surface area and electrical conductivity, has drawn the interest of researchers in utilizing the
material as a cathodic interlayer in PEMFCs [185]. For instance, a comparative study conducted by
Kim et al. in 2021 investigated CNT sheets fabricated via floating catalyst CVD and commercial
carbon fiber employed as a functional microporous layer (MPL) in PEMFCs. The results showed that
PEMFCs with CNT MPL (15 pm thickness) exhibited a 50.9% increase in power density compared to
those with commercial carbon black MPL [186]. In another study by Kwon and colleagues, MWCNTs
were synthesized by direct spinning and deployed as a functional nanoporous layer to improve
membrane electrode (ME) hydration and interfacial contact between the cathodic gas diffusion backing
layer (GCBL) and the bipolar plate. The MEA with CNT interlayer delivered a power density
of 364 mW-cm~2 at a potential of 0.7 and an increased pressure of 1.0 bar. Moreover, the MEA with
CNT interlayer used in PEMFCs showed a 42% reduction in electrical resistance compared to
conventional MEA due to improved interfacial contact and better hydration [184]. Holzapfel et al.
prepared noble metal-free Mo3S13-NCNT as HER catalysts for use in PEM water electrolyzer. The
chemical affinity between the nitrogen functional group of N-CNT and Mo enables their fabrication
via self-assembly. The results showed that MEA using M03S13-NCNT catalyst loading of 3 mg-cm
exhibited a high current density of 4 A-cm™ at a cell voltage of 2.36 V, which was the highest obtained
for a noble metal-free cathode catalyst used for HER to date. Moreover, the MEA using M03S13-NCNT
catalyst only degraded by 83 pV-h~! after a 100 h stability test at I A-cm™2. The overall electrochemical
performance of the catalyst was attributed to the role of the nitrogen-functionalized CNT support in
increasing porosity and electronic transport, thereby making more active sites available and resulting
in improved electrochemical activity [187].

4.6. CNT-based nanocomposite as anode material for fuel cell

A microbial fuel cell (MFC) is an eco-friendly and renewable type of proton exchange membrane
fuel cell which utilizes a bio-electrical process (electroactive bacteria) to convert organic compounds
or microbial metabolic energy into electricity [ 188]. However, the limitation in the commercialization
of MFC is their low power density and low extracellular electron transfer (EET). Studies have shown
that the anode material and its architecture strongly determine the adsorption of organic compounds
and EET and in turn the performance of MFCs [189]. A high-performing anode is expected to show
high corrosion resistance, biocompatibility, high electrical properties, and low electrical resistance [188].
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The EET is determined by the interface between the anode and outer membrane cytochromes (OMCs).
Commercial anodes of MFCs are usually made of carbon material (such as cloth, brush, paper).
However, these carbon materials suffer from poor biocompatibility and surface reactivity [190]. CNTs
have also been studied as an anode material for MFC because of their unique structural, high surface
area and electrochemical properties which will enhance electrical energy generation in MFC [191].
Also, CNT has large aspect ratio and an ease for heteroatom doping which play a significant role in
bacteria attachment and interfacial electron transport [192,193]. Studies have revealed that the use of
functionalized CNT in MFC anode material resulted in an increased surface area to volume ratio which
is desired anode property for higher power density in MFC. Ren et al. [194] examined the use of
spin-spray layer-by-layer (SSLBL) CNT, vertically aligned CNT (V-CNT) and randomly aligned
CNT (R-CNT)-based composite as anode materials. The report showed that all the surface-modified
CNT exhibited improved volumetric power density and lower electrical resistance than bare gold
anode electrodes. MFC cell with SSLBL-CNT-based anode achieved a maximum power density
of 3320 W-m™. The introduction of nitrogen-functionalized CNT into conducting polymers such as
polyaniline (PANI) and polypyrrole (PPy) produced nanocomposites anode for MFC with a maximum
power density 0£202.3 and 167.8 mW-m~2 for CNT/PANI and CNT/PPy composites respectively. The
enhanced power generation capacity of the MFC was due to the synergistic effect of the electrical
conductivity and high surface area of nitrogen-doped CNT and electrochemical properties of the
conducting polymer. The nitrogen functional group in the composite improved the charge transport
across the electrode [195]. The major challenge that affects the application of CNTs as anode materials
is their cellular toxicity on electricigens growth which affect the generation of electric energy.
Vertically grown CNT/polypyrrole on carbon fibre as MFC electrocatalyst anode delivered increased
electrical energy with a power density of 1876.62 mW-m= which is over 2.5 times higher than
conventional carbon fibre anode. The high electrical energy generation of MFC made with VCNT/PPy
composite anode was ascribed to the conductive network structure of VCNT on the CF which enhanced
the mobility of electrons produced by electricigens to CFs surface. The presence of conducting PPy
increases the biocompatibility of the anode and enhances the energy generation of the MFCs [191]. A
combination of MWCNT and transition metal oxides such as SnO;, MnO», and TiO; produce a
composite anode material with improved surface wettability, biocompatible, enhanced kinetic activity,
and high rate of electron transfer and power density [196—198]. Table 5 summarizes the power density
of some CNT-based nanocomposite anode materials for MFC systems. Nickel based anode catalysts
have been utilized in fuel cells such as SOFC, AFC and MFC due to their low cost, high thermal
stability, high corrosion resistance and high electrocatalytic kinetic for ORR in a basic environment.
However, in an operating environment of AFC, the Ni anode tends to disintegrate due to hydrogen-induced
embrittlement of Ni, which drastically reduces the electrochemical performance of the fuel cells during
operation. In addition, Ni surfaces suffer from partial passivation due to nickel oxide formation [199].
In hydrocarbon fuel cells, the Ni anode has high activity for carbon cracking [200]. Hence the
modification of nickel catalysts with materials such as carbon nanotubes to improve long-term stability
and increase resistance against hydrogen-induced embrittlement of Ni has been investigated. For
instance, Mink et al. [201] synthesized vertically aligned forest functionalized MWCNT via the
vapour-liquid-solid self-assembly method. The MWCNT was integrated into nickel silicide to form
NiS/MWCNT and the supported-on silicon substrate to produce an anode for MFC. MFC fabricated
using the electrode delivered high current density and high-power generation. The presence of
MWCNT increased chemical stability, biocompatibility, electrocatalytic activity and inhibit the
decomposition of the anode. In another study, Zhang and coworkers compared the performance of the
Ni/C electrode with a novel porous Ni/CNT loaded sponge (Ni/CNT@sponge) fabricated as an anode
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electrode for urea microfluidic fuel cell. Ni/CNTs showed an improved electrical conductivity than
Ni/C due to the presence of CNT. The Ni/CNT anode material exhibited increased surface area and
homogeneous dispersion on the surface of the sponge after coating, this enhanced the fast penetration
of the electrolyte ions and increased electrode reaction kinetics [202]. Tesfaye et al. [203] synthesized
Ni-Co/MWCNT aerogel nanocomposite as an anode catalyst in urea fuel cells. The Ni-Co bimetal
decorated on MWCNT aerogel delivered improved electrocatalytic activity with enhanced urea
oxidation reaction. This was ascribed to MWCNT aerogel which provided a high surface area for the
adsorption of the urea and 3D structure that allow a homogeneous distribution of Ni-Co nanoparticles.
The Co metal decreased the start-up potential at which Ni*" and OH transformed to Ni** OH and
reduced the obstruction of catalyst by the products and controlled the oxygen evolution reaction.
Gonzalez and co-workers [204] proposed Ni supported on CNT as a good electrocatalyst for
ammonium oxidation reaction compared to Ni supported on carbon black. In their submission, CNT
provided stability, higher surface area with enhanced surface oxidation which served as an anchor
point for Ni nanoparticle attachment. The Ni/CNT catalyst also exhibited enhanced electrical
conductivity. Ni@Pd/MWCNT composite electrocatalyst synthesized via two-step reduction process
used as anode material in direct methanol fuel cell (DMFC). The composite electrocatalyst exhibited
high catalytic activity toward the oxidation of methanol in alkaline electrolytes. Abrari et al. [205]
developed Ni@Pd/MWCNT anode electrocatalyst prepared by a similar technique but using Na3;C¢Hs07
and NaBH34 as stabilizer and reductant agents respectively. The Ni@Pd/MWCNT composite was used
for formate oxidation reaction in a basic medium in a direct formate hydrogen peroxide fuel
cell (DFHPFC). The metal nanoparticles (size range of 5-10 nm) were uniformly dispersed on
MWCNT without agglomeration. Carbon cloth coated with NiO/CNT/PANI composite when
employed as an anode material in MFC showed about 26.6% improvement in current density, 22%
reduction in the internal resistance and 61.88% increase in the power density compared to conventional
carbon cloth anode. The presence of CNT and PANI enhanced electron mobility from the bacteria cell
to the anode electrode and was responsible for the improved electrochemical performance of the MFC.
The high electric power generated was attributed to the strong hydrogen bond formation between
the -COOH group in functionalized CNT and the N-group in the PANI which led to the overlapping
of m—m* electron clouds [206]. MWCNT supported by Ni/Cu/Mo trimetallic nanocomposite as an
anode catalyst in direct methanol fuel cell (DMFC) exhibited high electroactivity for the methanol
oxidation reaction [207]. Nazal and group reported that MWCNT/metal composite synthesized at
different temperatures (900 and 1100 °C) revealed different levels of dispersibility of metal
nanoparticles on MWCNTs. Microstructural analysis revealed that the composite synthesized
at 1100 °C showed reduced agglomeration of metal nanoparticles, higher surface area and had smaller
nanoparticle size (10—50 nm) compared to nanocomposite synthesized at 900 °C. An electrocatalyst
made of Ni/Cu/Mo@MWCNTs composite showed better electroactivity and provided increased
surface area for methanol oxidation reaction and methanol adsorption which consequently resulted in
the reduction in charge transfer resistance at the electrode surface [207]. Integrated cobalt
ferrite (CoFe2O4) nanofiber into CNT developed by electrospinning, pyrolysis and in-situ hybrid
technique and employed as MFC anode delivered excellent extracellular electron transfer boost.
CoFex04/CNT composite showed power density of 2290 mW-m~2 which is far higher than the power
density of CoFe2O4 and carbon cloth that were 1458 and 497 mW-m2 respectively. Additionally, the
CoFe>04/CNTs anode equipped MFCs displayed a coulombic efficiency of 30.5%, which was greater
than those with CoFe>04 (25.9%) and the carbon cloth (CC) anodes (22.8%). The outstanding performance
of the composite electrocatalyst was due to the synergistic effect of CNT and hollow CoFe>Os. The
large surface area of the composite ensured enhanced bacterial loading and increased extracellular
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electron transfer. The CoFe>O4/CNT composite anode exhibited high charge storage capacity and
charge transfer rate which resulted in the improved electrochemical performance of MFC [208].

Table 5. CNT and CNT nanocomposite anode materials and their power density for Microbial
fuel cell system.

MFC anode material Anode loading Cathode Cathode loading Power density Ref.
(mg-cm) (mg-cm) (mW-m)
CNT 1.2 40% Pt/C 0.705 1453 [195]
PPY/CNT 0.63 40% Pt/C 1.01 167.8 [195]
PANI/CNT 0.86 40% Pt/C 1.01 2023 [195]
CoFe204/CNT composite 2290 [208]
Nickel silicide (NiSi)/vertically aligned Carbon cloth 19.6 [201]
MWCNT
Ni/CNT@sponge Pt/C 39000 [202]
Ni-Co/MWCNT aerogel nanocomposite 17.5 [203]
CNT Gold foil 49 [209]
Graphite coated with MnO2 (50)/MWCNT Graphite 109.1 [197]
MWCNT Graphite 18.1 [197]
CNT/PANI on macroporous graphite felt Carbon cloth 257 [210]
3D carbon scaffold anodes from Air cathode 30.7 [211]
polyacrylonitrile
Glassy carbon/MWCNT/SnO2 Pt rod 1421 [196]
nanocomposite
Spin spray layer by layer CNT Air cathode 830 [194]
Vertically aligned CNT Air cathode 270 [194]
Randomly aligned CNT Air cathode 540 [194]
FeCo/NCNTs@CF Graphite fiber 3040 [190]
Co/Ni@GC/NCNTs/CNFs 0.5 Pt ring 5.29 2100 [212]
Nitrophenyl-CNT 1.2 40 wt% Pt/C 0.9 393.8 [193]

Moreso, apart from the functionalization of CNTs via oxidation and doping with heteroatoms,
nanostructured materials can be encapsulated into the hollow structure of CNTs. Compared to 0D, 2D,
and 3D nanomaterials, CNTs have a unique one-dimensional structure of graphite sheets, offering
numerous advantages. These include the ability to electronically interact with polarized electron
density due to the curvature of sp® carbons, the capability to interact electrically with d block
components, very high mechanical strength, and the presence of inner nano-scale restricted regions.
This inner restricted region has been utilized to encapsulate nanomaterials within CNTs, thereby
achieving novel materials with improved mechanical stability and high-strength walls. Confined
spaces not only facilitate catalytic reactions but also minimize the aggregation of nanomaterials,
thereby increasing the shelf life of the catalyst. The technique used in the encapsulation of materials
inside CNTs depends on the CNTs’ diameter, viscosity, and surface tension of the solvents, as well as
the boiling and melting points of the encapsulation materials. In fuel cell development, this confined
space in CNTs has been exploited to fabricate catalyst materials with enhanced electrocatalytic activity
and chemical stability [213]. For instance, Ni3Fe nanoparticle encapsulated into CNT and grown on
N-doped CNF via electrospinning exhibited improved electron transport capacity, gas diffusion, and
showed high HER activity and chemical stability [119].
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5. The challenges of CNT and its composites for fuel cell application and recommendations

CNTs, as nanoscale allotropes of carbon, consist of SWCNT or MWCNT cylindrical structures
rolled from graphene sheets. They are highly desirable for use in various applications due to their
remarkable one-dimensional electron conjugation, mechanical strength, and high chemical and thermal
stability. However, despite these unique characteristics, the utilization and commercialization of CNTs
have been greatly hindered by their hydrophobicity and insolubility in most solvents. This is attributed
to the presence of strong van der Waals interactions, causing CNTs to naturally aggregate into bundles
and clusters [33]. Additionally, the chemical interaction between pristine CNTs and other materials
and compounds, such as polymers, is very poor. Furthermore, the various synthesis techniques for
producing CNTs are accompanied by impurities such as carbon soot and residues from the catalyst
employed, which also limit the application of CNTs. Research has shown that surface modification of
CNTs using surfactants can enhance hydrophilicity and solubility of CNTs in many solvents, as well
as increase the chemical interaction between CNTs and other compounds and molecules. The
production of CNT/metal oxide (CNT/MO) nanocomposites involves three steps: functionalization,
adsorption of metal nanoparticles on CNTs, and heat treatment [71,196]. However, this synthesis
process is complex, alters the electronic structure of the composite, and is not environmentally
friendly [72]. The authors recommend a one-step or two-step solvothermal process that would not
involve the chemical degradation of composite constituents and would not pose chemical hazards to
the environment. Additionally, metal nanoparticle decoration and functionalization with polymer
would simplify the creation of new nanomaterials and nanodevices. The incorporation of metal oxide
as a spacer in Pt/CNT will also increase the poison tolerance and durability of the catalyst due to the
strong interaction between the noble metal, carbon nanotubes, and metal oxides [214]. The design,
fabrication, and commercialization of fuel cells as an eco-friendly and efficient energy source have
received considerable attention and found applications in portable electronics, automobiles, and
stationary power generation systems. However, the high cost of fuel cells, greatly contributed by the
cost of Pt noble metal catalyst, has limited the commercial development of this energy conversion
system. Besides cost, Pt dissolves and agglomerates under harsh operating conditions, exhibiting low
activity and instability [215,216]. Hence, researchers have considered CNTs, and their composites as
good catalyst supports that will not only reduce the amount of Pt used in fuel cell production but also
exhibit high electroactivity, thermal stability, and chemical performance. From the literature, many
researchers have reported that incorporating functionalized CNTs will enhance their chemical
compatibility and dispersion of other materials. The use of CNTs as reinforcement in the development
of bipolar plates will result in lightweight materials with improved mechanical strength compared to
the use of graphite, metal powder, and carbon fiber, making them excellent materials for fuel cell
applications. CNT loading in polymer-based composites utilized as bipolar plates in PEMFCs showed
a synergistic effect, improving electrical conductivity, bulk density, hardness, and flexural strength of
the composite. However, the application of functionalized CNT composites in fuel cells has still been
challenged with agglomeration, with poorly dispersed CNTs in the matrix material due to the high
surface energy of the nanotube, thereby preventing the creation of a conductive path that would
otherwise lead to improved conductivity [170,175]. However, functionalized CNT composite application
in fuel cells has still been challenged with agglomeration with poorly dispersed CNT in the matrix
material due to the high surface energy of the nanotube, thereby preventing the creation of a conductive
path that would otherwise lead to improved conductivity. Based on the reviews carried out and the
challenges observed, the authors recommend that great attention should be given to the development
of functionalized CNT composites with conducting polymer via the solution melt technique. Melt
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mixing with an internal mixer will drastically reduce the agglomeration of CNTs in the polymer matrix.
Proper dispersion of metal, bimetallic, and trimetallic alloy nanoparticles on the CNT matrix can be
employed as one of the prerequisites for obtaining high electrocatalytic activity for oxidation reactions
in fuel cells. Wet impregnation and subsequent careful heat treatment procedures can be used to
achieve this. The authors also recommend the exploitation of the confined space in CNTs and strategic
encapsulation of different nanoparticles into this restricted space. This encapsulation into CNTs
confined space is expected to drastically reduce agglomeration, increase stability, and enhance
electrocatalytic performance of CNT composite-based electrodes.

Furthermore, the commercial utilization of CNT composite especially for application in energy
storage and conversion system demands a careful study into the surface interaction between the CNT
and the reinforcing constituents in other to achieve optimum performance. Careful optimization of the
side wall and end wall functionalization of carbon nanotube with oxidizing agents such as acids must
be done to avoid the introduction of excessive defect and over-oxidation of CNT which will result in
the deterioration of the mechanical and electrical properties of CNT composite. It is also paramount to
consider other synthesis techniques, such as reduction expansion synthesis, that can deliver low
internal resistance, high ion and electron transport, a large contact surface area, ensure proper
homogenization, and reduce agglomeration.

6. Summary

Fuel cells are considered one of the most promising technologies to address prevalent energy
issues and environmental concerns due to their characteristics, such as excellent energy conversion
and reduced pollutant emissions. This review article presents CNTs, their functionalization, and CNT
nanocomposites, focusing on their applications in fuel cells. Functionalization enables the creation of
active sites that promote the dispersion of metal nanoparticles on the functionalized CNTs, making it
a useful method for enhancing both the interaction and reactivity of CNTs. The development of the
novel outstanding physical, electrical, and mechanical properties of CNTs has drawn significant
interest from researchers exploring their potential applications in energy storage and conversion
systems. The use of CNT composites as electrocatalyst support, MEAs, and bipolar plates was
reviewed, with emphasis on the effect of CNTs on the mechanical, corrosion, and electrochemical
performance of fuel cells. This review study highlights the significance of CNT composite support for
Pt and Ni catalyst electrodes and the influence of CNTs in enhancing the catalytic activity, stability,
and overall performance of fuel cells. Furthermore, the use of CNTs and CNT composites has
significantly reduced the utilization of Pt and noble metals, contributing to the cost reduction of fuel
cells. CNTs and their composites supported on metallic nanoparticles have demonstrated high
electroactivity and mechanical properties. Studies on the remarkable potential of CNTs as
reinforcements in polymer composites reveal that these composites not only exhibit distinctive
intrinsic features, including mechanical, electrical, and thermal capabilities but also cooperative or
synergetic effects. CNTs incorporated into conducting polymers can be used as a coating on bipolar
plates of PEMFCs to enhance corrosion resistance in acidic environments. However, increased CNT
content in the composite may lead to agglomeration, resulting in degradation of these outstanding
composite properties. Therefore, there is a need to optimize the amount of CNT in the composite
material to deliver optimum electrocatalyst performance. Additionally, there remains a gap in the
literature, and further research into the microscopic transport mechanisms of CNTs is still required,
necessitating highly capable molecular dynamic simulations.
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