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ARTICLE INFO ABSTRACT

Keywords: Global reduction of traditional fuel sources such as natural gases, coal, and petroleum has led researchers to seek

Carbon prominent and beneficial energy conversion devices. Fuel cells are a newfound and upcoming energy generation

EuellCell systems that have progressed rapidly. Fuel cells are popular eco-friendly devices among different energy con-
atalyst

version devices due to their cost-effectiveness and high output. In a fuel cell composed of a cathode, anode, and
electrolyte, the electrical energy is produced through chemical reactions. Various fuels such as Hj, alcohols,
especially ethanol and methanol, and formic acid are applied in fuel cells. Large scale application of this tech-
nology mainly depends on two aspects, including one is the possibility to produce on a large scale and accessible
cost-efficient catalytic materials (anodic and cathodic), and second is the stable and high performing membrane
in fuel cells. Among various investigated materials, carbon supports and metal-free carbon materials are widely
used in fuel cell devices, which increases their overall electrochemical surface area (ECSA) and performance.
Carbon-based materials with high surface area, excellent electrical conductivity, and high porosity is known to be
a primary substrate for electrochemical energy storage applications such as batteries, supercapacitors, and fuel
cells. Herein, we have reviewed the efficacy of carbon-based materials on electrocatalytic activity, stability, and
output performance of different fuel cells.

Energy Storage

1. Introduction

Fossil fuels are the most significant energy source worldwide, leading
to problems such as the rapid decline in fossil fuel reserves and
increasing environmental impacts. Over the past few decades, the pro-
duction of green fuels has been a significant challenge due to increasing
global energy demand with the concomitant dramatic increase of envi-
ronmental pollution and climate change. Hence, developing renewable
systems for energy production is one of the most attractive categories for
researchers. Fuel cells introduce as a conversion system, in which the

chemical energy is converted to electrical energy by the oxidation of
fuel. Fuel cells have the main advantages of high energy density,
excellent efficiency, cost-efficient, and controllable emission [1]. Sir
William Robert Grove invented the first fuel cell in 1838; however, the
exploitation of fuel cells started in the 1950s by General Electric (GE)
Company [2]. Hydrogen (H>) is an abounded earth’s element, and it is
employed as fuel in fuel cells because of its high reactivity tendency.
Furthermore, Hy can derive from the electrochemical oxidation of hy-
drocarbon fuels such as methanol, formic acid and formaldehyde [1,3].
Hj can quickly oxidize at the fuel cell’s anode, and its chemical product
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is only water [3]. However, H, must be produced sustainably, not from
fossil fuels [4,5]. In a fuel cell based on Hj fuel, Hy enters the anode
electrode and oxidizes by losing electrons. In this reaction, H' ion and
electron generates. The transform of H' ions and electrons is carried out
via electrolyte and an external circuit, respectively. The oxygen con-
tained in the cathode reacts with the H' ions and the electrons, pro-
ducing water [6]. Fuel cells can be classified based on their electrolyte
and fuel used. Proton exchange membrane fuel cells (PEMFCs), phos-
phoric acid fuel cells (PAFCs), solid oxide fuel cells (SOFCs), alkaline
fuel cells (AFCs), and molten carbonate fuel cells (MCFCs) are the main
categories of fuel cells as depicted in Fig. 1 (a) [2]. Among all fuel cells,
PEMFCs possess high power density and faster response. Based on fuel

Y.

used, PEMFCs classify into two direct liquid fuel cells (DLFCs) and
Hy-fueled PEMFCs [7]. Besides, biological fuel cells, including enzy-
matic biofuel cells (EFCs) and microbial fuel cells (MFCs), are attractive
categories for researchers. Henceforth, the overall performance of
carbon-based materials for PEMFCs, DAFCs, SOFCs, DFAFCs, and bio-
logical fuel cells are being examined in this review. Fuel cells has possess
significant applications in vehicles, telecommunication, and portable
electronic systems and devices of low power [3].

Nanomaterials or metal nanoparticles (MNPs) are one of the most
promising materials which can be applied as efficient catalysts or ma-
terials in various fields [9-23]. Among them, MNPs such as platinum (Pt)
and palladium (Pd) are widely employed as catalysts in fuel cell
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Fig. 1. (a) Diagram representation of fuel cell types. Modified from ref. [8]. (b) Publications recognized by search for “carbon materials for fuel cells” from 2004 to

2021 (Source: Web of Science core database).



applications [24-27]. However, catalytic activity enhancement is one of
the most critical issues in fuel cell systems, and it is dependent on
suitable catalyst supports. Support materials play a crucial role in
determining the performance, cost of the electrocatalysts, and the
overall fuel cell. Porosity, surface area, surface functional groups, elec-
trical conductivity, and electrochemical stability are the main parame-
ters for the investigation of support efficiency to prepare the appropriate
electrocatalysts as anode or cathode materials for any type of fuel cell.
With the increased surface area of the catalyst support, the dispersion of
metallic NP grows on the suitable substrate, which enhances the cata-
lytic activity [25,28,29]. However, owing to the features of high surface
area, excellent porosity, chemical and mechanical stability, good con-
ductivity, great interaction between catalyst and support, and signifi-
cant biocompatibility of carbon-based materials such as graphene,
carbon black (CB), carbon nanofibers (CNFs), and carbon nanotubes
(CNTs) are suitable candidates for the loading of metallic NPs [30-40].
Superior interaction between the catalysts and the carbonaceous sup-
ports boosts the catalyst performance and reduces catalyst loss besides
that controlling charge transfer [41-43]. They can enhance the catalyst
dispersion and form an underlying structure to conduct electrons and
gas diffusion. The underlying support improves the electrocatalytic
properties because of affecting the form, size, and dispersion of the
electrocatalysts and electronic interactions between catalyst and sup-
port [44,45]. The carbon support is made distinctive by segments of
basal and edge planes exposed to the surface. Surfaces built up exclu-
sively of basal planes are steady energetically and are known as homo-
geneous surfaces; however, the combination of the edge and basal
planes is known as a heterogeneous surface [46,47]. These supports can
also assist in adequately improving the electrocatalyst efficiency and
stability by decreasing catalyst poisoning. In specific cases, they can
influence the size of catalyst particles. To overcome the challenge of
corrosion or oxidation of transition-metal electrocatalysts and their
weak stability, carbonaceous materials could be employed to coat the
surface of catalysts which prevent the direct contact between the tran-
sition metals and electrolyte, and also keep active sites, the catalytic
performance, and so warranty the long-term durability of the electro-
catalysts [48].

During the past decade, attention to the carbonaceous materials was
increased in the field of fuel cells as a key material. Fig. 1 (b), plainly
represents the significance of the carbon materials in the field of fuel
cells and the increment of research in this field which is taken from the
web of science with the keywords search “carbon materials for fuel
cells”. In addition, carbon materials are also known as potential metal-
free catalysts for fuel cells due to their high surface area and specific
electrical structure. The presence of surface heteroatoms like nitrogen in
carbon catalysts can improve 2D structures, which is essential for the
catalytic process [49]. Thus, it is worth noting that defective carbon
catalysts are more cost-efficient than metal catalysts and can quickly
fabricate from organic waste materials and natural sources. Despite the
advantages of carbon-based catalysts assisted by platinum-group-metal
(PGM) material, PGM-metals such as Pt, Pd, or their alloys are expen-
sive and scarce, which limits their usage in fuel cells. Therefore,
non-precious materials in particular PGM-free catalysts can be replaced
by those of PGM and develop the performance of fuel cells by designing
new morphology, nanostructure, and doping of carbon materials [50].
In the past decades, different types of low-cost non-PGM catalysts were
applied as ORR catalysts in either alkaline or acidic electrolyte. Among
them, the catalysts fabricating by transition metal (Me: Fe, Co, Mn) and
nitrogen species on carbon supports (introduced as Me-N-C) got more
attention and were used in practical fuel cells owing to high ORR activity
comparable with commercial Pt/C catalysts [51,52]. In 1989, pyrolysis
approaches of metalloporphyrins were introduced as a cost-effective and
easy synthesis method for increasing the activity and durability of ORR
catalyst [51]. Me-N-C catalysts are often prepared by pyrolysis of metal,
carbon, and nitrogen precursors such as polyaniline, metal salt, and
metal-organic framework (MOF) [51,53]. Great efforts have been made

to enhance the activity of new Me-N-C materials toward ORR, including
the more creation of active sites with high density, the high durability in
the acidic electrolyte, and the adjustable synthesis of active sites. The
N-doped C or only N incorporated in metal could form various potential
active metal-sites such as MeNy, which are necessary to obtain high ORR
performance in acidic media [50,51]. Hence, different Me-N-C catalysts
are optimized by various strategies for improving fuel cells’ perfor-
mance, and we have reviewed some of them in this paper.

However, carbon supports or carbon catalysts are not thermody-
namically stable and can physically and chemically degrade at high
potential, leading to carbon corrosion. Carbon corrosion usually hap-
pens due to potential changes at the high oxidizing potential. Carbon can
electrochemically oxidize at the potential of > 0.207 V by the water
vapor as following reaction [54]:

C + 2H,0 — CO; + 4H" + 4e (0.207 V at 25°C)

In addition, carbon corrosion can occur by water flooding. The
produced water through water flooding in the PEMFCs cannot be
removed in time, causing a barricade of contiguity of reaction gas with
catalyst (starvation area). At the cathode, a hydrogen evolution reaction
performs in the O, starvation area, creating heat. Penetrating O to the
anode through a proton membrane provides hydrogen-oxygen jointing,
leading to high potential in the cathode, increasing carbon corrosion.
Accordingly, carbon oxidation under water flooding increases compared
with normal operation. Besides, the carbon corrosion advances by
loading Pt NPs on a carbon support, causing the shedding of Pt NPs and a
high electrolyte resistor [55-57]. In the presence of Pt NPs, the electrode
potential is > 0.6 V due to providing hydroxyl groups to the
oxygen-consisting carbon surface groups and their fast transformation
into CO,. Although the carbon corrosion due to the normal operation is
not serious compared to water flooding, it has an effect on the fuel cells
performance during long-term operation. It is worth mentioning that the
carbon oxidation increase with increasing operating temperature, water
content, and the current density/potential [58]. However, the carbon
corrosion is a strong dependence on the carbon materials properties such
as the surface area and pore volume. Carbon modification is an impor-
tant strategy for enhancing carbon corrosion resistance [59]. In addi-
tion, carbon materials can possess considerable impurities, changing
their electrochemical behavior toward important reactions, e.g., oxygen
reduction reaction (ORR) [60]. For instance, the electron-transfer rate in
electrochemical responses is highly dependent on graphitic impurities
on the electrode surface [61]. Among all carbon materials [62-77], the
presence of impurities in CNTs and graphene have been widely studied
because they are known as outstanding "metal-free" electrocatalysts [78,
79]. Commonly, synthetic methods lead to substantial metallic and
carbonaceous impurities in the CNTs, containing remaining metal
catalyst impurities, nano graphitic impurities, and amorphous carbon
impurities [80,81]. The CNTs usually synthesized by chemical vapor
deposition (CVD), and carbon structure forms on the metallic catalysts
such as Ni, Fe, Co, and Mo. Carbon diffusion from carbon precursor
creates tubular structures and nanotubes that encompass the metallic
catalyst as metal impurities during the production process.

Meanwhile, nanocarbon such as nano graphite and amorphous car-
bon may be formed, which introduces as carbonaceous impurities [82].
Besides, graphene is typically synthesis by a top-down process of
oxidation of graphite, exfoliation, and reduction steps. The used
graphite as the primary precursor can obtain naturally or synthetic.
Although the purification process can remove some purification of
natural graphite, intercalation within graphite or graphene layer cannot
remove. After purification, graphite is milled to acquire grain sizes.
Hence, metallic mills are possibly caused to impurities in graphite par-
ticles. Synthetic graphite is commonly produced from carbon materials
such as coal tar and petroleum cokes. According to precursor materials,
synthetic graphite has 98-99.9% purity. Accordingly, synthetic graphite
also consists of impurities graft to graphene layers [83,84]. Metallic



impurities are one of the vital contamination in natural and synthetic
graphite. These metal impurities can consist of Fe, Ni, Co, Cu, etc. [85,
86]. The produced amorphous carbon during graphene construction is
another significant impurity in graphene. In addition, remaining oxygen
groups on reduced graphene oxides (RGOs) are introduced as point
impurities during the production of graphene [83]. However, the
metallic impurities effects on graphene’s catalytic activity and elec-
tronic features [87]. The carbon-based materials, including some metal
impurities, have indicated better catalytic activity than metal-free car-
bon materials in electrochemical reactions. ORR is an essential reaction
in fuel cells, and the most impressive and widely used catalyst for this
reaction is Pt which has limited availability and high cost. Recently,
carbon-based materials have been proposed as efficient alternative
catalysts for catalytic reactions such as ORR. Several types of research
confirm the presence of metallic impurities in carbon materials such as
CNTs and graphene, which enhances the ORR activity [60,78,82,88,89].

In this context, the metal-free carbon catalysts and metallic catalysts
supported on carbon-based materials are reviewed briefly for fuel cell
applications. Firstly, we overviewed the basics of fuels cell performance
to understand their electrochemical reactions. A brief explanation about
PEMFCs, DAFCs and biological fuel cells properties was brought. In the
main section, researchers about applying these carbon-based materials
in different fuel cells discussed in detail. The essence of this review is to
identify the potential role of various carbon materials for fuel cell ap-
plications. The performance of Pt catalyst supported carbon based ma-
terials was compared with commercial Pt/C catalyst. In addition, the
performance of the supported affordable metallic catalyst on the carbon
based materials was investigated and compared with carbon supported
Pt catalyst. The effect of bimetallic catalysts supported carbon based
materials on the fuel cell output was also reported. Subsequently, this
review aims to summarize the applied research of carbon-based mem-
branes for fuel cell applications. Current challenges and anticipated
future outlooks are discussed in the end of this paper.

2. Basic fuel cell performance

A fuel cell acts as a factory with fuel input and electricity output
which converts the chemical energy of the fuel to electrical energy. A
fuel cell consists of cathode, fuel input at anode, and electrolytes [90].
Two positive and negative terminals introduce as cathode and anode,
respectively. The fuel is perfused to the anode and an oxidant supplies to
the cathode. Pure Hy or gaseous hydrogenated compounds such as
methanol and ethanol as fuels and pure Oy or oxygenated gaseous
compounds such as air or halogens like chlorine as oxidant use in fuel
cells [2].

Three basic reactions (Rex) have happened in a fuel cell with acidic
electrolytes [3], which are as following Rex (1) to (3). More specifically,
at the anode, H" and electrons ions are released by the oxidation of H,
[Rex (1)]. However, at the cathode, the water is formed by the combi-
nation O, with a gain of electron from the electrode and reduces the H"
ions, which is derived from the electrolyte [Rex (2)]. Indeed, the overall
reaction is presented in Rex (3).

At Anode 2H, — 4H" + 4¢” (@)
At Cathode O, + 4¢” + 4H" - 2H,0 2
Overall reaction: 2H, + O, — 2H,0 + heat 3

It is noted that electrons produce at the anode and move to the
cathode. Moreover, H" ions pass through electrolytes since an acidic
electrolyte contains free HT, and this reaction is easily carried out. Some
polymers, Nafion being the most investigated and ceramics materials,
could be used as compounds containing mobile H', called proton ex-
change membrane (PEM).

Although the overall reaction in a fuel cell with an alkaline electro-
lyte is similar to the acidic electrolyte, the oxidation (anodic) and

reduction (cathodic) reactions are different [3]. The basic reactions in a
fuel cell with alkaline electrolyte are given in Rex (4) to (6). In an
alkaline solution the hydroxyl ions (OH) are freely and mobile, these
ions react with Hy and produce water, energy as heat and electrons
losses at the anode. However, at the cathode, the reaction between O,
and electrons obtained from the electrode, and water is performed, that
produces the OH" ions back into the electrolyte. The overall reaction is
represented in Rex (6).

At Anode 2H; + 40H™ — 4H,0 + 4e @
At Cathode O, + 4e” + 2H,0 — 40H" 5)
Overall reaction: 2H, + O, — 2H,0 + heat 6)

The schematic representation of these fuel cells with acidic and
alkaline electrolytes are depicted in Fig. 2a and 2b, respectively.

3. Application of carbon-based catalysts and membranes in
different types of fuel cells

3.1. Proton exchange membrane fuel cell (PEMFC)

Proton exchange membrane fuel cell (PEMFC) is one of the most
practical fuel cell types due to their advantages of high efficiency, high
energy density, low pollutant and having fast response rate and thus
widely used in vehicles and mobile applications [90,91]. PEMFCs device
can be operated at low temperature, it is in the range of 60-80 °C [92]. It
is worth noting that PEMFCs are known as polymer electrolyte mem-
brane fuel cells. In PEMFCs, a solid polymeric membrane (as electrolyte)
employs to transition protons from the anode to the cathode, and Hy or
gaseous hydrogenated compounds use as fuel [93]. At the anode, the H*
ions and electrons produce by H, splitting. In the electrolyte, the
hydrogen ions are transferred from the anode to the cathode. An
external circuit utilizes for electrons transfer. At the cathode, water
molecules form by combining hydrogen ions and electrons with Oy [92,
94]. The anodic and cathodic reactions that occur in a PEMFCs are
described as follows [92,94]:

At anode 2H, — 4H" + 4e @
At cathode O, 4+ 4H' + 4e” — 2H,0 (8)
Overall reaction: 2H, + O, — 2H,0 9

In PEMFCs, the membrane electrode assembly (MEA) is the fuel cells’
central core, which produces an electrical current. MEA is including of
two parts of electrocatalyst and membrane. Perfluorosulfonic acid,
named "Nafion," is a standard membrane in PEMFCs due to its specific
conductivity and lifetime. Nafion with hydrophilic sulfonated groups
can absorb water. In addition, proton conduction can create by splitting
H* from sulfonated groups [95]. However, Nafion membrane is
expensive, and hence, developing cost-efficient membranes with
outstanding performance is needed [94]. Several studies have reported
the use of carbon in PEMFCs [96-101].

Loading Pt catalysts on the porous carbon supports, including Vulcan
carbon (VC), has a positive efficacy on the ORR catalytic activity in
PEMFCs. However, coating Pt dispersed metal oxide on the VC showed
better performance. A new oxygen reduction catalyst, Pt on a phase
supported on VC (Pt/(TaOPQ4/VC)), was introduced for ORR [102]. The
presence of the tantalum oxide phosphate provided more sites to
perform the reaction by barricading OH adsorption on the Pt. In com-
parison with Pt/C, the Pt/(TaOPO4/VC) presented better stability and
lower loss of ECSA, probably due to the less Pt oxide formation on the
Pt/(TaOPO4/VC). The high area-specific activity led to the higher
mass-specific activity of Pt/(TaOPO4/VC) (0.46 A/mgp,) than Pt/C (0.20
A/mgpy). However, the supported Pt catalyst on the VC possibly causes
reduced performance toward ORR, possibly due to the reduction of the
free surface area of Pt nanonetwork (Pt NN) by strong adsorption of Pt
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Fig. 2. Schematic representation of electrode reaction in the fuel cell with (a) acidic electrolyte and (b) alkaline electrolyte. Modified from ref. [3].

NN over the surface of the carbon [103]. In order to compare, the Tafel
slope was investigated, suggesting 125 mV/dec and 135 mV/dec for Pt
NN and Pt NN/VC catalysts. The Pt NN’s agglomeration on VC by carbon
corrosion led to high ECSA loss of Pt NN/VC. Nonetheless, the stability
and catalytic activity of Pt NN/VC was preferable compared with Pt/C.

VC support has a low surface area incapable of incorporating high
metal catalyst content with good dispersion. Hence, the active surface
area of the deposited catalyst reduces at high catalyst deposition. Porous
carbon with a high surface area and large pore size is an excellent
alternative to VC for loading metal catalysts, enhancing ORR. The
fabricated mesoporous carbon (MC) by soft colloidal template approach
was showed 3.4 times the larger surface area and 2.3 larger pore volume
than VC [104]. The ECSA of commercial Pt/Vulcan and Pt/MC catalysts
was calculated in 0.5 M HySO4 solution by investigating hydrogen
adsorption/desorption, indicating 20 wt.% Pt/MC have higher ECSA
(82.5 m?/g) due to its smaller particles size. In addition, CO stripping
analysis was performed by CO adsorption measurement on Pt/MC,
showing 20 wt.% Pt/MG has the most ECSA (78.9 m?/g). Although CB is
the most usable support for loading metal catalysts due to its high sur-
face area and its high ability to dispersion of metallic catalysts, it has
non-uniform and hidden pores that enmesh catalysts. Application of
anodic electrode the synthesized porous carbon loaded with various
content of Pt in PEMFC indicated better performance due to the easy
diffusion of Pt NPs inside the channels and limits the agglomeration of
the particles [105]. The combination of Pd with Co can improve ORR
catalytic activity, which is affordable compared with Pt-based catalysts.
The examination of the ORR ability of carbon-supported Pd-Co elec-
trocatalyst (Pd32-Coes/C and Pdga-Cosg/C) suggested that the annealed
samples at 300 °C have high ECSA due to lower particles size and
agglomeration degree compared to the modified samples at 300, 500,
and 700 °C [106]. Further, the tiny particles size of the annealed
Pd3,-Cogg/C at 300 °C led to higher surface area and maximal catalytic
activity toward ORR. Besides, alloying Pt NPs with metal oxides such as
WOs3 and TiO, ameliorates CO tolerance than Pt alone. For instance, the
application of Pt-WO3/C, Pt-WO3-TiO2/C, and Pt/C anode catalysts in
PEMFC indicated that Pt-WO3/C anode has the highest power density of
221 mW/mgp;, which was better than commercial 10% Pt/C (111
mW/mgp,) and experimental 10% Pt/C (128 mW/mgp;) [107]. The
ECSA of Pt-WO3/C and Pt-WO3-TiOy/C was higher than Pt/C due to
their small size of Pt NPs and high surface area. Both Pt-WO3/C and
Pt-WO3-TiO5/C catalysts exhibited excellent stability after a 200 h po-
larization study. The structural modification of CB into carbon micro-
spheres causes good Pt NPs deposition, leading to increase catalytic
activity. The as-prepared microspherical carbon with controlled
morphology by spray-drying followed by impregnating of 10 wt.% of Pt
NPs represented better ORR performance than commercial Pt/C [108].
Carbon-supported Pt NPs catalysts (Pt/C) with the erythrocyte-like and
hollow-porous-microsphere structures named as dense-erythrocyte-like
(DEL) and hollow-porous-microsphere (HPM), respectively. The ECSA
of Pt/Cypy (54.18 m%/ g) was higher than Pt/Cpgy, (40.98 m2/ g), possibly

due to its high specific surface area of 91.45 m%/g and porous structure.
In addition, the ORR mass activity of Pt/Cypy was 239.57 mA/mgpy,
whereas the Pt/Cpg, and Pt/C displayed values of 86.80 and 155.01
mA/mgpy, respectively [108].

Carbon graphitic structures with high stable sp? hybridized carbon
have been displayed more stability to carbon corrosion. Carbon nano-
networks (CNNs) are one of the 3D hyperbranched graphitic carbon,
which has shown attractive features as catalysts for fuel cells. High
surface area, excellent electrical conductivity, and excellent oxidation
resistance are some of the significant properties of graphitic carbon. The
graphitic nature of CNNs can reduce or prevent carbon corrosion and no
changes did not observe in reduction/oxidation CV tests before and after
corrosion of CNNs. In comparison with commercial catalysts of PESA-Pt/
CNTs and Pt/C, the deposited Pt NPs stabilized perfluorosulfonic acid
(PFSA) on CNNs presented suitable catalytic activity toward ORR.
Although, ECSA of PFSA-Pt/CNNs (39 m?%/g) was lower than PFSA-Pt/
CNTs (68 m?%/g) and Pt/C (59 m?/g), probably due to Pt NPs agglom-
eration [109]. Comparison to Pt/C catalyst (19 mA/mg), the
PFSA-Pt/CNNs catalyst had the higher mass activity of 29 mA/mg.
However, its value was lower than PFSA-Pt/CNTs (37 mA/mg) due to its
lower ECSA. The specific activity and Tafel slope of PFSA-Pt/CNNs
catalyst were achieved 0.75 mA/cm? and -103 mV/dec, respectively,
which were the maximum values compared with commercial catalysts.

Poly(2,2'-(2,6-pyridine)-5,5'-bibenzimidazole) (PyPBI) is a good
candidate for dispersion of carbon supports and provide uniform sites
for Pt NPs. In 2015, the ECSA, durability and high-temperature PEMFC
performance of 3-dimensional nanoporous carbon/poly(2,2'-(2,6-pyri-
dine)-5,5'-bibenzimidazole)/Pt (NanoPC/PyPBI/Pt) catalyst were
compared with CB/Pt and CB/PyPBI/Pt catalysts [110]. TEM images
indicated that Pt NPs were greatly dispersed on PyPBI wrapped NanoPC
with a smaller diameter range of 2.2 + 0.2 nm (Fig. 3a). The PyPBI as a
proton conductor has been employed to create anchor sites for the Pt
NPs after Pt NPs adding (Fig. 3b). In comparison to CB/Pt (60.6 mz/gpt)
and CB/PyPBI/Pt (46.8 m?/gp), the NanoPC/PyPBI/Pt catalyst
demonstrated a higher ECSA value of 63.7 m%/gp; due to the smaller
loaded Pt NPs. Moreover, the electrochemical carbon corrosion tests
showed the hydroquinone-quinone (HQ/Q) redox peaks at 0.5 V. The
durability test of catalysts was carried out during 10000 cycles in
Ng-saturated 0.1 M HCIO4 electrolyte, showing the ECSA of Nano-
PC/PyPBI/Pt was similar to the beginning value due to the deposition of
more Pt NPs and larger micropores after carbon corrosion. While the
ECSA loss of CB/PyPBI/Pt and CB/Pt was found 32 and 46%, respec-
tively (Fig. 3c). Moreover, the power density polarization curves of
catalysts were displayed that NanoPC/PyPBI/Pt has the maximum
power density of 342 mW/cm? compared with CB/PyPBI/Pt (115
mW/cm?) and CB/Pt (183 mW/cm?), as shown Fig. 3d.

The application of Pt/C catalysts protected by nitrogen-doped carbon
was reported to be beneficial for ORR [111]. The NC/Pt/C catalyst with
an NC thickness of 1 nm (1.52 mA/cm?) represented higher catalytic
activity than 3 nm-thick NC (1.04 mA/cm?). In addition, the ECSA loss
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ECSAs of CB/Pt (black line), NanoPC/PyPBI/Pt (red line) and CB/PyPBI/Pt (blue line) as a function of the number of potential cycles in the range of 1.0-1.5 V vs. RHE
and (d) I-V and power density polarization curves of MEAs based on CB/Pt (black line), NanoPC/PyPBI/Pt (red line), and CB/PyPBI/Pt (blue line) at 120 °C under a
non-humidified atmosphere. Reproduced with permission from Ref. [110]. Copyright 2015, American Chemical Society.

of 1 nm-thick NC/Pt/C catalyst was lower than Pt/C, suggesting better
durability of the catalyst. The annealed 1 nm-thick NC/Pt/C catalyst at
400, 500, 600, and 700 °C was employed as a cathode in
low-temperature (75 °C) and high-temperature (120 °C) PEMFC in
H,0, indicating the highest current density of 1788 and 389 mA/cm?
was achieved at 75 and 120 °C PEMFCs, respectively for NC/Pt/C-500
°C. After 10000 cycles, the current density of 1nm-thick NC/Pt/C (500
°C) was received to 1471 and 123 mA/cm? in PEMFCs at 75 and 120 °C,
respectively. It is worth mentioning that the catalytic activity of
NC/Pt/C was significantly increased compared with Pt/C, which was
related to pyridinic N in the NC layers. Carbon aerogel (CA) is a highly
porous carbon category that has presented high electrical conductivity
and surface area. Loading of Pt NPs on the porous CA with various
porous diameters of 6, 8, and 19 nm (CA6, CA8, and CA19) was ho-
mogenous without any significant agglomeration [112]. At decompo-
sition temperature of 400 °C, Pt/CA19/400 showed the highest ECSA
(126 m%/g) in 10™ cycles, whereas Pt/CA6/400 displayed the lowest
ECSA (36 m2/g). The ECSA loss of Pt/CA6/400, Pt/CA8/400, and
Pt/CA19/400 were 19, 42, and 31% after 200 cycles. In addition, the
Pt/CA19/400 electrocatalyst had mass and specific activity of 0.05
A/mgp; and 0.06 mA/cm? respectively, which were higher than
Pt/CA6/400 (0.02 A/mgp;, 0.04 rnA/cmz) and Pt/CA8/400 (0.03
A/mgp, 0.03 mA/cm?). The Pt NPs size was increased with increasing
temperature from 400 °C (1.7 nm) to 1000 °C (5.3 nm). The ECSA, mass
activity, and specific activity of Pt/CA19 were 30 mz/g, 0.01 A/mgpy,
and 0.16 mA/cm? when the Pt NPs size was 5.3 nm.

To ORR efficiency enhancement of metal-free catalyst, three-
dimensional ultrathin N, P dual-doped carbon nanosheet (NPC-X-T; X
is the ratio of N/P and T is pyrolytic temperature) catalyst was fabricated
by Zhu et al. and then optimized using co-pyrolyzing with ZnCl; (NPC-X-

T-Zn) [113]. The beginning potential of NPC-4-900, NPC-4-1000, and
NPC-4-1100 were 0.82, 0.85, and 0.91 V, respectively, and NPC-4-800
demonstrated no ORR activity due to low graphitization degree and
insufficient electronic conductivity. The NPC-4-1100 with a half-wave of
0.775 V and good stability had the best performance. However, the
NPC-4-1100-Zn with a half-wave of 0.79 V exhibited better catalytic
activity than NPC-4-1100. The lowest Tafel slope was achieved in
NPC-4-1100-Zn catalyst, which was 56.9 mV/dec. In addition, the
maximum power density of NPC-4-1100-Zn (579 mW/cm?) was higher
than NPC-4-1100 (393 mW/cmz). After 72 h, the loss performance of
NPC-4-1100-Zn was 21.5%, showing great stability of the catalyst. The
above results were attributed to the porous structure and good electrical
conductivity of NPC-4-1100-Zn and more active sites. Another
metal-free ORR catalyst, nitrogen, sulfur, and fluorine tri-doped porous
carbon (N-S-F/KB), was produced by Akula et al. [114]. A more positive
shift (approximately 30 mV) was observed in the redox potential of
N-S-F/KB compared with nitrogen-sulfur-doped carbon (N-S/KB) cata-
lyst, which was attributed to synergistic between N, S, and F tri-doped
with C-C band to absorb O, molecules. A positive shift of 50 mV
appeared in half-wave potential (E1/2) of N-S-F/KB compared to
Ptoge,-C catalyst. The above results predicate the good ORR catalytic
activity of N-S-F/KB. The stability of N-S-F/KB was examined during
10000 cycles, demonstrating a negative shift of 20 mV in its E; » which
was lower than that of Pt/C (160 mV). Therefore, N-S-F/KB had good
stability. The mass activity, kinetic current density (ix), and specific
activity have been shown in Fig. 4a and 4b; it is clear that the loss of
mass activity and iy in N-S-F/KB was lower than Pt/C. According to MEA
results (Fig. 4c), the power density of alkaline and acidic PEMFC with
cathode catalyst of N-S-F/KB was obtained at 7.3 mW/cm? and 21
mW/cm?, respectively.
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Carbon nanofibers (CNFs) are useful carbonaceous materials as
inexpensive catalysts or support in PEMFCs due to their stable crystal-
line structure under the oxidative condition of PEMFCs. However,
doping metal and nitrogen into the crystal structure of CNFs leads to
improve ORR; for instance, iron-nitrogen co-doped mesoporous CNFs
(Fe-N-MCNFs) have been indicated high ORR catalytic activity
compared with Pt/C, which was due to its high surface area [115]. The

ORR polarization in acidic and alkaline solution exhibited that
half-wave potential (E;/3) of Fe-N-MCNFs (0.845 V) is higher than
Fe-N-CNFs and commercial Pt/C in alkaline solution. However, the E; 2
of Fe-N-MCNFs was reduced to 0.684 V in an acidic medium which was
lower than E,,; of Pt/C. Hence, the ORR catalytic activity of
Fe-N-MCNFs in alkaline solution was better than in acidic solution. To
investigate PEMFC performance, 10 wt.% of Pt NPs were loaded onto



Fe-N-MCNFs. The beginning mass activity and ECSA of Pt/Fe-N-MCNFs
were 0.141 A/mgp; and 78.4 mz/gpt, respectively. After 2000 potential
cycles, the ORR activity of Pt/Fe-N-MCNFs remained at 60% of begin-
ning activity, while the activity loss of Pt/C catalyst was around 86%. In
addition, the ECSA loss of Pt/Fe-N-MCNFs and Pt/C was 77 and 93%,
respectively, after potential cycles. The excellent ORR activity of
Pt/Fe-N-MCNFs was due to homogenous Pt dispersion on the
Fe-N-MCNFs surface. Moreover, the high corrosion resistance of support
led to the high stability of Pt NPs, causing significant ORR activity of
Pt/Fe-N-MCNFs. In another report, the porous structure of CNFs with
higher stability than that of CB was compressed with CB and then used to
support Pt NPs loaded by microwave-assisted reduction approach [116].
It was found that the conductive networks form by hybridization of
CNFs, which can enhance its catalytic prowess and fuel cell perfor-
mance. The maximum of ECSA (108.2 mz/g) and mass activity (0.272
A/mgp) were obtained in the presence of Pt/CNF50-CB50 (50 wt.%
CNF:50 wt.% CB) which was higher than Pt/CB (50 m?/ g,0.078 A/mgy,)
and Pt/CNF (51.9 mz/g, 0.082 A/mgpy). As expected, Pt/CNF50-CB50
with a power density of 907 mW/cm? displayed the best fuel cell per-
formance. This excellent electrocatalytic activity was observed due to
good Pt dispersion, electrical conductivity, and high mass transport.

Zeolitic Imidazolate Framework (ZIF) is a rich carbon metal-organic
framework (MOF). The ZIF-derived porous carbon with suitable con-
ductivity has exhibited notable ORR in alkaline medium, but its per-
formance in acidic medium is poor. However, MOF is known great
support for the low content of Pt NPs that enhances the ORR activity in
acidic conditions. The fabricated PtNiCo/N-doped carbon (PtNiCo/NC)
derived from bimetallic NiCo-ZIF containing Pt/Pt alloy as well as Pt
single atoms was reported to be a significant catalyst for ORR [117]. The
PtNiCo/NC has displayed an onset potential of 1.03 V and mass activity
of 7.21 A/mgp; toward ORR, showing that the PtNiCo/NC has the better
catalytic activity compared with Pt/C (0.98 V, 0.108 A/mgp). At 70 °C,
a single cell PEMFC with PtNiCo/NC cathode achieved the maximum
peak power density of 1070 mW/cm?. Carbon nano-onions (CNOs) are
spherical fullerenes with concentric graphitic shells fabricated via
different methods. These graphitic layers cause higher carbon corrosion
resistance. Laser pyrolysis is a simple route for synthesizing CNOs with
controllable size, morphology, and crystallinity. Compared with Pt/C,
Pt/CNO was a more practical catalyst for PEMFC [118]. Although both
catalysts showed similar primary performance, the loss performance of
Pt/CNO was lower than Pt/C due to its resistance toward carbon
corrosion. Pt/CNO and Pt/C displayed ECSA of 54.23 and 37.2 mz/gpt,
respectively, which were reduced to 23.9 and 10.6 mz/gpt after the
accelerated stress test (AST), respectively. MEA based on Pt/CNO (peak
power densities of 510 mW/cmz) and Pt/Vulcan XC-72 carbon (peak
power densities of 520 mW/cm?) displayed similar performance. How-
ever, after the AST, their peak power densities reduced to 477 (loss of
performance of 6.5%) and 347 mW/ cm? (loss of performance of 33.3%),
respectively. The deposited Pt on top of the embedded NbOy on the
carbon showed good catalytic activity and durability toward ORR
compared with commercial Pt/C (Fig. 4d) [119]. The ECSA of Pt-NbOxC
(66 mz/gpt) was higher than that of the control electrode (63 mz/gpt).
The Tafel slope of -64 mV/dec and -84 mV/dec was obtained for
Pt-NbO4C, whereas the commercial Pt/C had a lower Tafel slope
(Fig. 4e). In addition, the mass activity of Pt-NbOxC and Pt/C catalysts
was about 0.56 A/mgp; and 0.19 A/mgpy, respectively. The specific ac-
tivity of Pt-NbO,C and Pt/C catalysts was achieved 0.85 mA/cm? and
0.3 mA/cm?, respectively (Fig. 4f). This electrocatalyst was also showed
good stability after 10000, 30000, and 50000 potential cycles; the loss of
ECSA of Pt-NbO4C was 15% after 50000 potential cycles, and the loss of
mass activity of the catalyst was only 7.2%. The embedded NbOy in
carbon led to lower ECSA loss at high potential by preventing carbon
corrosion by separating the contact of Pt NPs and carbon.

CNTs with high catalytic activity and prominent electronic, me-
chanical, and thermal features are more important for fuel cell appli-
cation. However, their insolubility and a strong tendency to aggregate in

an aqueous solution are two obstacles to applying CNTs which can be
solved by noncovalent modification with polymers. The decoration of
Poly(sodium 4-styrene sulfonate) wrapped CNTs (PSS-CNTs) surface by
Pt nanoflowers (Pt NFs) increased the electroactive specific surface area
(76.1 cm?/mg) compared with the commercial catalyst of 20 wt.% Pt
deposited CB (64.2 cm?/mg) [120]. The oxygen reduction ability of Pt
NFs/PSS-CNTs composite including 39.1 wt.% Pt NFs was examined in
0.5 M H3SOy4. In the presence of oxygen, the electrocatalytic activity of
composite was higher than the absence of oxygen. Using bimetallic
catalysts has been reported to improve catalytic activity for ORR.
Introducing Pd as a transition metal in bimetallic catalyst (multiwalled
carbon nanotubes (MWCNTs) supported Pt-Pd) enhanced ORR [121].
The H; adsorption/desorption of electrodes was investigated in 0.1 M
HClO4 to the ECSA calculation, showing that a decorated electrode with
the catalyst particle size of 1 nm has a better surface area (57 m?/g) than
the electrode with the catalyst particle size of 3 nm (41 m?/g). The ORR
activity measurement in Op-saturated 0.1 M HCIO4 solution exhibited
the optimal current density of 2.02 x 107 A for catalyst particle size of 3
nm. In fact, in the presence of small particles, the surface of the electrode
was blocked by OH,q or O,q, which led to a reduction of active sites for
the adsorption of O,. However, Pt-based bimetallic catalysts may show
instability and lose ORR catalytic activity due to the transition metals’
leaching from the alloys. Although metal oxide conductivity is low,
utilizing metal oxides loaded Pt catalyst can be a good alternative
Pt-based bimetallic catalyst. Pt NPs loaded MWCNT supported ultrathin
TiOg films (MWCNT@UT-TiO3) demonstrated the highest ECSA of 285.5
m?/g compared with Pt-C (153.4 m2/g) and Pt-MWCNT (188.2 m?/g),
which is due to the uniform dispersion of small Pt NPs [122]. As depicted
in Fig. 5, -OH and -COOH groups were formed on the MWCNTs surface
by reflux method, and then TiO5 was formed by slow addition water to a
mixture of titanium tetrabutoxide and acid-treated MWCNT. The ORR
measurement indicated that Pt-MWCNT@UT-TiO, catalyst has more
positive potential (1.02 V) and thus displays higher electrocatalytic
activity. The shells of TiO, are responsible for the improved catalytic
prowess of Pt-MWCNT@UT-TiO; by creating protection to avoid carbon
corrosion and improving Pt deposition on the surface.

Modification of CNTs by doping nitrogen atoms improved ORR cat-
alytic activity and interaction with Pt NPs. As depicted in Fig. 6a-c, Pt
NPs were well coated on nitrogen-doped carbon (NC) layer-coated ni-
trogen-doped CNTs (N-CNT) [123]. The beginning ECSA of
N-CNT/Pt/NC was 75.5 m>/ gpt, and ECSA of N-CNT/Pt/NC was received
to 68.9 m?/gp; after 4200 potential cycles, showing good durability of
N-CNT/Pt/NC due to good dispersion of Pt NPs. The specific activity and
mass activity of N-CNT/Pt/NC were 0.21 A/cmlz)t and 0.14 A/mgpy,
respectively, due to the formation of sites to adsorption/desorption of
oxygen species on the Pt surfaces in the presence of NC. In addition, the
fuel cell performance was evaluated by MEAs analysis that showed a
power density of 676 mW/cm?, which was higher than CB/Pt (376
mW/cm?) and N-CNT/Pt (539 mW/cm?) catalysts. This high power
density was due to the good activity of N-CNT/Pt/NC toward ORR.

Application of nitrogen coated graphene (N-G) and CNTs (N-CNT) as
supports of Pt catalyst led to increasing surface area and electrical
conductivity. The nitrogen-coated graphene/CNTs structure provides
anchoring sites for metal catalysts on the substrate, causing high cata-
lytic activity and stability [124]. Measurement of hydrogen oxidation
charge resistor of anode catalysts by electrochemical impedance spec-
troscopy (EIS) indicated that the catalytic activity of Pt@G/N-CNT is
higher than those of Pt@N-G/CNT, Pt@G/CNT, Pt@CNT, and Pt@G. In
addition, the mixture of graphene and nitrogen doped CNT (G/N-CNT)
had the highest anode capacitance of 4.02 mF/cm? and the lowest anode
charge transfer resistance of 33 mQ cm? which was due to its high
surface area. The high conductivity and more porous structure of
Pt@G/N-CNT caused the high mass activity of 0.91 A/cm?, which was
close to Pt@N-G/CNT (0.71 A/cmz), whereas the normalized mass ac-
tivity of Pt@G/N-CNT (36.4 A/g) was higher than Pt@N-G/CNT (5.63
A/g). Using a dual-template strategy for fabrication of nitrogen-doped
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Fig. 5. Reaction scheme for the synthesis of MWCNT@UT-TiO,. Reproduced with permission from Ref. [122]. Copyright 2012, Royal Society of Chemistry.

CNTs (N-CNTs) encapsulated cobalt NPs (Co@N-CNTs) catalysts in-
creases specific surface area and reveals more active sites. Further,
N-CNTs barricade the agglomeration and collapse of cobalt NPs and
create electronic channels in the ORR process [125]. The calcinated
Co@N-CNTs at 800 °C (Co@N-CNTs-800) displayed more positive
cathodic ORR peak (0.77 V) with a current density of 3.00 mA/cm? in
comparison with sample with only SiO» (hard template) colloidal sus-
pension (0.71 V, 2.69 mA/cm?) or F127 (soft template) (0.73 V, 1.88
mA/cm?) and sample without any templates (0.64 V, 0.53 mA/cm?). In
addition, the ORR Tafel slope of Co@N-CNTs-800 was achieved 63
mV/dec, which was the smallest value. The highest ORR activity of
Co@N-CNTs-800 may have corresponded to the uniform porous struc-
ture and high specific surface area, which sites for transportation of
oxygen species. In addition, the charge transmission from cobalt NPs to
graphitic carbon layers can be activated these layers.

Graphitic carbon nitride (g-C3N4) with high nitrogen content is an
ideal metal-free catalyst toward ORR. The pyrolyzed CNTs supported g-
C3Ny at high temperatures of 220, 600, 800, and 1000 °C indicated that
the current density of samples was enhanced with increase temperature,
suggesting that it was due to improving surface area and conductivity
[126]. However, a slight reduction was observed in the current density
of pyrolyzed catalyst at 1000 °C, attributed to surface area reduction.
Hence, 800 °C was the optimum temperature to sample pyrolysis. In
addition, the beginning potential of samples was in the range of 0.8-0.85
V, which was more positive compared with CNTs (0.43 V). 0.85 V was
the best beginning potential, suggesting that ORR occurs mainly via a
4e” pathway. Phosphotungstic acid (HPW), with two main properties of
special Keggin-type structure and hydronium ion forms of protons, is a
great filler for modification of PEM. In addition, mesoporous g-C3N4
(mg-C3Ny4) with a high surface area is a good candidate for immobili-
zation of HPW and using sulfonated poly aryl ether sulfone
(SPAES)/HPW/mg-C3N4 membrane has represented good fuel cell per-
formance [127]. The SPAES/HPW/mg-C3N4 membrane showed the
maximum proton conductivity of 203 mS/cm. The presence of mg-C3N4
in SPAES forms voids in SPAES/mg-C3N, interfaces for absorption of
water molecules; therefore, the water uptake was increased in
SPAES/HPW/mg-C3N4 (50 + 0.2% at 80 °C). The maximum power
densities for the SPAES/HPW/mg-C3N4, SPAES/HPW, and SPAES

membranes reached 584.2, 467, and 293.5 mW/cm? at 100% relative
humidity (RH) and 80 °C, respectively. The outstanding fuel cell per-
formance of SPAES/HPW/mg-CsN4 was due to its high proton
conductivity.

Graphene nanosheets (GNS) with a two-dimensional sheet structure
and excellent electrical conductivity is a prominent alternative of CB for
loading Pt catalyst in PEMFC. In contrast to Pt/CB, GNS/Pt displays
higher initial ECSA and lower ECSA reduction after 3000 cycles [128].
The hydrogen oxidation reaction (HOR) activity of Pt/GNS and PtRu/CB
catalysts measurement exhibited that its HOR activity remained at 52%
(0.44 mA/cm?) and 45% (0.54 mA/cm?) in pure Hy and in Hy with 500
ppm CO, respectively, possibly due to more sites and functional groups
of GNS. The application of polymeric membranes, including sulfonated
carbon nanostructures with Nafion and sulfonated polyether ether ke-
tone (SPEEK), enhances fuel cell performance. Hence, Shukla et al.
prepared sulfonated graphene nanoribbons (SGNR) from MWCNTs by
synthetic hydrothermal pathway, and nanocomposite membrane was
used based on sGNR and SPEEK [129]. The nanocomposite membranes
with 0.05 and 0.10 wt.% sGNR value demonstrated cell power density of
550 and 625 mW/cm?, respectively. It was due to their high proton
conductivity and water uptake. To accelerate the durability test,
open-circuit voltage (OCV) was measured during 200 h; the degradation
of beginning OCV of SPEEK/sGNR (0.1 wt.%) was 11%, whereas it was
found 70% after 100 h for pristine SPEEK membrane. Hence, the dura-
bility of SPEEK/sGNR (0.1 wt.%) was better than the pristine SPEEK
membrane. Graphene-based supports with two-dimensional structure
has high conductivity, and large surface provide more active sites for
metal catalysts and enhance catalytic activity by improving the
connection between catalysts. Colloidal reduction of exploited GO with
Pt precursors such as tetraamine platinum(II) nitrate (TPN) and chlor-
oplatinic acid (CPA) causes to the reduction of GO to RGO and Pt to Pto,
simultaneously, leading to the formation of Pt/RGO [130]. In compar-
ison with Pt/C, the synthesized Pt/RGO in the presence of CPA showed
higher ECSA of 82 m%/gp; owing to the sheets-like structure of RGO,/Pt
catalyst and high value of oxygenated groups on the RGO support. Good
Pt distribution and high ECSA gave excellent cell performance for
RGO/Pt. The assembled Pt catalyst with an average size of 1.2 nm on
RGO-VC by liquid-phase self-assembly approach showed the narrow size
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Fig. 6. (a) Schematic illustration of the fabrication of N-CNT/Pt/NC electrocatalyst; (b) TEM and (c) HRTEM images of N-CNT/Pt/NC electrocatalyst. Reproduced

with permission from Ref. [123]. Copyright 2017, Elsevier.

and uniform distribution of Pt NPs [131]. In comparison with Pt/VC and
Pt/RGO, the optimal ECSA (87 mz/g) was observed with Pt/RGO-VC
anode catalyst due to its better electron transfer and Pt NPs distribu-
tion. In the compound of Pt/RGO-VC, VC provides a distance between
EGO, leading to more space for O, diffusion, and hence, the ORR cata-
lytic activity improves. The PEMFC performance evaluation showed that
the Pt/RGO-VC catalyst has the highest current density (1.10 A/cm?)
and power output (857 mW/cm?) in comparison with Pt/VC (0.93
A/em?, 731 mW/cm?) and Pt/RGO (0.95 A/cm?, 694 mW/cm?).
Graphite nanofibers (GNFs) are important carbon support due to
their high graphitization degree and high interaction with metal nano-
particles. One of the best routes for increasing interaction GNFs with
metal NPs is doping heteroatoms, inducing more catalytic active sites
and increasing the electrochemical stability of metal NPs. In addition,
the presence of metal NPs leads to the stability of the edge of carbon
support toward corrosion. Evaluation of the catalytic activity of nitrogen
and fluorine co-doped graphite nanofibers (NF-GNFs)-loaded Pt NPs (Pt/
NF-GNF) toward ORR was revealed superior response [132]. The LSV
recorded in 0.5 M HySO4 solution displayed that the mass activity of
Pt/C, Pt/GNF, Pt/N-GNF, and Pt/NF-GNF was 9.5, 12.2, 18.3, and 40.8
A/gp, respectively. The fuel cell power density of Pt/NF-GNF,
Pt/N-GNF, Pt/C, and Pt/GNF cathode catalysts was 867, 775, 561,
and 548 mW/cm?. The excellent catalytic performance of Pt/NF-GNF
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was probably attributed to the homogeneous dispersion of small Pt
NPs and ORR activity of F and N as well as the interaction between F and
N with Pt NPs. In addition, the durability test of catalysts exhibited that
the ECSA loss of Pt/NF-GNF is 12% after 10000 potential cycles. While
the ECSA loss of Pt/N-GNF and Pt/GNF was 67 and 29%, respectively.

ZIFs 3D precursors were introduced as N and C sources for preparing
Fe-N-C catalysts. Therefore, Fe ions doping into the network of ZIFs
precursors were prepared by directly bonding Fe ions to imidazolate
ligands within 3D frameworks [133]. The one-step thermal activation
could provide the possibility of embedding well-dispersed atomic Fe
sites into porous carbon particles and forming a complex like Fe-N4
connecting with 3D framework nanocrystals. The number of PGM-free
active sites could be increased by controlling the unique size of nano-
particles without changing chemical properties. Particle sizes of
Fe-doped ZIF crystals were adjustable in the range of 20 to 1000 nm so
that the catalyst with 50 nm illustrated the best size-dependent ORR
activity with a half-wave potential of 0.85 V in 0.5 M HS04 as acidic
media that was just 30 mV lower than the Pt/C catalysts (0.88 V). In
another research, Fe-N-C was synthesized by electrospinning of nano-
structured ZIF-8(Fe), resulting in the formation of 3D macroporous CNF
web [134]. The catalyst showed mass activity of ~0.125 A/g at 0.8 V.
The nano-ZIF-8(Fe) electrospun with PAN (E-ZIF-8(Fe)/PAN) indicated
higher ORR activity with a current density and power density of 390



mA/cm? and 230 mW/cm? at 0.6 V, respectively, due to its useful
morphology for mass transform. Carbon-supported iron single atom
(FeSA) materials are appropriate PGEM-free catalysts for ORR in high
temperature polymer electrolyte membrane fuel cells (HT-PEMFCs), but
they need templates for avoiding iron atoms aggregation on carbon
supports such as CNTs. Therefore, Yi Cheng et al. presented an easy
template-free method for synthesizing iron single atoms supported CNTs
[135]. FeSA catalyst exhibited a half-wave potential of 0.801 V and
onset potential of 0.95 V toward ORR in Oy-saturated and 0.1 M HCIO4
electrolyte, which was comparable with Pt/C. This great catalytic ac-
tivity is due to high-density atomic sites and the highly conductive
CNTs-graphene networks. In addition, FeSA had been used in
HT-PEMFCs as a cathode electrode with a peak power density of 266
mW/cm? with high stability at 240 °C. Doping the content of Fe into
(ZIF)-8 precursors and achieving uniform atomic dispersion of FeNy sites
in partially graphitized carbon phases showed considerable PEMFC
performance [136]. It found that the Fe-N-C catalyst with Fe content of
1.5 at.% (1.5Fe-ZIF) had the highest density of FeN, active sites resulting
in the best ORR performance in acidic (0.5 M HzSO4) electrolyte with a
half-wave potential of 0.88 + 0.01 V. The 1.5Fe-ZIF catalyst was
selected as MEAs in fuel cells on both O, and air and MEA with the
1.5Fe-ZIF catalyst cathode generated the current density of 145 mA/cm?
at a reference voltage of 0.80 V under 1.0 bar O, partial pressure. Also,
stability analyses showed that significant carbon corrosion leads to
reduce ORR due to loss of Fe-N coordination and decomposition of FeN4
sites. Phloroglucinol/2-pyrrolaldehyde porous organic polymer with
FeCl3 was successfully employed for the preparation of pyrolyzed Fe-N-C
catalyst [137]. The content of iron precursor (FeCls), pyrolysis tem-
perature (750-950 °C), and phenanthroline addition had a significant
effect on the final Fe-N-C catalyst performance so that the addition of
phenanthroline enhanced the material graphitization and durability and
also pyrolysis of material at temperatures >850 °C, resulting high ORR
catalytic activity. The pyrolyzed Fe-N-C at 850 °C (Fe-N-C-850) showed
the highest limited current density of 3.82 mA/cm? at 0.2 V with
half-wave and onset potentials of 0.69 and 0.82 V, respectively, which
were due to its higher surface area and Fe content. The Fe-N-C-850
catalyst performed well as the cathode in Hj-air single-cell PEFC and
exhibited a current density of 0.37 A/cm? at 0.5 V and a peak power
density of 0.2 W/cm?.

As mentioned above, the modified carbon structures are more
attention as catalyst support for PEMFCs. Production mesoporous car-
bon and doping heteroatoms such as nitrogen or metals such as Fe and
Co can improve the catalytic activity of carbon compositions. These are
affordable for increasing the durability of catalysts and resistance to
carbon corrosion in acidic mediums. Further, these modification pro-
cesses can enhance interaction carbon-based supports with metal cata-
lysts, leading to increase catalytic activity. The reports on the PEMFCs
were focused on the uniform dispersion of metal catalysts on the porous
carbon supports. In addition, the carbon-based catalysts provide a high
surface area, which is an essential factor for ORR in PEMFCs. CNTs,
graphene, and g-C3N4 are three more significant carbon structures for
loading Pt NPs due to their high electrical conductivity and specific
morphology. Other reports about using catalysts, including carbon-
based materials, are summarized in Table 1.

3.2. Direct alcohol fuel cells (DAFCs)

Although PEMFCs have a high current density due to using pure Hy
fuel, the production and storage of pure Hy are complex. Pure H; can be
alternatives with the Hj carrier compounds such as alcohols [239]. The
fuel cells with direct alcohol feed, i.e., DAFCs, are energy resources with
high output energy density and low operating temperature. DAFCs
consist of liquid fuel of alcohols (methanol, ethanol, ethylene glycol,
propanol, and glycerol) and polymer membrane electrolytes (acid PEM
or anion-exchange membrane) [240]. Nafion is the best selection as a
membrane because of its high thermal and chemical stability and high
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Table 1

The PEMFCs consist of carbon-based catalysts.

Catalyst

Characteristic performance

Ref.

Pt/Cloth-type CNFs (Pt/C-CNFs)

Non-platinum cathode catalyst
layer

Pt/carbon aerogel

MWNT/PBI/Pt

Hierarchy carbon paper (CP)

Pt-Co/C

N-doped ordered porous carbon

Carbon-supported Ir-V
nanoparticle

Ir-v/C

Pt/MWCNTSs

Pt/CNTs

TiN/CB

Vertically aligned, nitrogen-doped
CNTs
Pt/graphene nanoplatelets

Templated Pt/C

Vertically aligned carbon nano-
filaments
PdCoNi-g-C3N4

Nano-Pt loaded ACNT/Nafion/
ACNT

Carbon supported on Pd-Ni
nanoalloy

Pt/CNT

Pt/MWCNTs

Current density of 80 mA/cm?
Power density of 22.72 mW/cm?
Better performance compared with
commercial catalysts

The lowest mass transfer losses
Power density of 150 mW/cm? at
0.45 A/cm? under pressurized Hy/
0O, at 80 °C

The most fraction of metallic state
platinum on a carbon surface in
comparison with commercial
catalystThe

ECSA of 86.3 m%/g

High electrocatalyst behavior with
ECSA of 44 m%/g

Higher utilization efficiency of 74%
relative to 39% of pristine MWNT
Maximum power density of
377mW/cm?

Current density of 750 mA/cm? at
0.5V

Higher ORR current density than
that of Pt-Co/glassy carbon (GC)
Good stability toward ORR
compared with commercial catalyst
The fuel cell current density of 0.6
A/em® at 0.5V

The ECSA of 247.7 m?/g

Maximum power density of 1008
mW/cm? at 70 °C

Current density of 1000 mA/cm? at
0.6V

Maximum power density of 563
mW/cm? at 0.512 V and 70°C
Current density of 1000 mA/cm?
The ECSA of 221.1 m%/g

Power density of 636 mW/cm? at 80
°C

Current density of 1596 mA/cm? at
0.4V

The ECSA of 55.6 m?/gp,

Current density of 29 mA/cm? at 0.9
v

High cathodic current of 1 pA in
ORR

The optimum output power of 208
mW/cm?

ORR current density of 2.62 x 10
A/em?

The excellent electrochemical
durability, 2-3 times that of Pt/CNT
and commercial Pt/C

Better ORR activity relative to
commercial catalyst (10 wt.% Pt on
Vulcan XC72) by controlled
decoration and particle size of Pt
The higher specific activity of Pt/
VACNF at an optimum Pt loading
and layer thickness made it useful
for PEMFCs

High catalytic activity toward ORR
Mass activity of 50 A/gpgm

Power density of 397.23 mW/cm?
Current density of 605.88 mA/cm?
at 0.65 V

Higher ORR catalytic activity than
Pd/C

Maximum power density of 595
mW/cm?

The ECSA of 64 m?/g

Current density of 2300 mA/cm? at
04V

Power density of 1100 mW/cm? at
80°C

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]
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Table 1 (continued)

Table 1 (continued)

Catalyst Characteristic performance Ref. Catalyst Characteristic performance Ref.
Pt-mesoporous carbons Superior ORR activity and stability [159] Current density of 3.54 mA/cm? at
compared with commercial Pt/C -0.6 V, higher than the carbon-
Pt/nano-silicon carbide/C The ECSA of 48 m%/g [160] supported noble Pd catalyst
Better ORR activity and stability Au@Pt/C Maximum power density of 479 [179]
compared with Pt/nano-silicon mW/cm? at 80 °C
carbide and Pt/C The ORR current density of 4.0 mA/
Pt/MWCNTs Power density about 1520 mW/cm?  [161] cm? is as high as that of the
at 80 °C commercial Pt/C
The excellent durability of the ECSA Pt/CNTs/GO The peak power density of 2.32kW/  [180]
after 1500 cycles compared with Pt/ gat75°C
C Carbon supported Pt Mass activity of 143 A/mgp, at 0.9 V [181]
Pt/MWCNTs The peak power density of 950 mW/  [93] The ECSA value of 120 m3,/gp
em? at 8 °C Pt/Nb-TiO,/C The peak power density of 0.34 W/ [182]
High durability in comparison with cm? at 75 °C
commercial Pt/C Mass activity of 17 A/gp,
Platinum-vanadium-iron,/C The electrochemical active area [162] Current density of 2 mA/ cm?
(ECA) of 55 m?/g Pt monolayer-shell Pd nanowires/ Higher ORR activity than Pt/C [183]
Mass activity of 0.28 A/mgp; nanorods-core supported on
Power density of 0.82 W/cm? at 75 carbon
°C Pt/C The max power density of 0.64 W/ [184]
Current density of 1.81 A/cm? at cm? at 60 °C
0.45V Current density of 1.3 A/cm? at 0.5
Pt/N-G nanoplatelets Maximum power density of 440 [163] \Y
mW/cm? toward ORR Pt/SnO,-mesopourse carbon The electrochemically active surface [185]
Pt/C The ECSA of 39.7 m%/g [164] area of 53.2 m%/g
Current density of 535 mA/cm? at The ORR current density of 3.40
0.6V mA/cm?® at 0.9 V
Better fuel cell performance in Pt/C Maximum power density of 897 [186]
comparison with commercial Pt/C mW/cm?
at 60 °C Pt/decorated modified RGO- The ECSA value of 50.7 m?/ 8ot [187]
Pt/mesoporous carbon CMK-3 Mass activity of 229.9 A/g Pt, 3.6 [165] MWCNTs sandwich Current density of 613 mA/cm? at
times higher than Pt/WMC 0.6 V
La; 4SryMnO3/CNTs (LSMO/CNT) Superior oxygen reduction activity [166] Maximum power density of 495
compared with LSMO/C, even in the mW/cm? at 60 °C
presence of ethylene glycol Pt- graphitized CNFs The ECSA value of 44 m?/g [188]
Pt/C Better performance in fuel cell test [167] Mass activity of 284 A/gp;
with the mass activity of 48 A/Pt-g Pt/Vulcan XC-72-Pt/CNTs-Pt/ The ECSA value of 111 m?/gp; [189]
The ECSA of 86 m?/Pt-g coiled CNTs Current density of 4.7 mA/cm? at
Pt/fourth-generation hydroxyl- ORR mass activity of 0.11 A/mgpcat  [168] 0.7V
terminated poly (amidoamine) 09V Pt-pyridine-modified- The ECSA of 46.8 + 2 m?/g [190]
dendrimer-C Electrochemical surface area of 76 polybenzimidazole/CNTs Current density of 200 mA/cm? at
m%/g 160 °C
Power density of 830 mW/cm? Pt/Marimo-like carbon ECSA of 30 m%/g [191]
Pd-polypyrrole (PPy)/C Power density of 280 mW/cm? [169] Higher electrochemical stability and
Carbon-supported multiarmed Mass activity of 0.135 mA/ug Pt at [170] less surface oxidation than that of
starlike Pt nanowire 09V the conventional CB
The specific ORR activity of 0.611 Pt/Nitrogen and carbon doped Mass activity of 5.5 A/gp; at 0.8 V [192]
mA/cm? p, at 0.9 V TiO, ECSA of 30 m%/g
Nitrogen-doped graphene (N-G)- Current density of -3.53 mA/cm? at [171] ORR limiting current density of 5.4
supported carbon-containing 0.05V mA/cm?
iron nitride Pt/CNFs graphitized High output power density of 0.185  [193]
Carbon supported on nanoscale Increasing area-specific current [172] W/cm? compared to Pt/CNF (0.163
tantalum oxide (Tay0s/C) density, 35% than that of the W/cm?)
baseline Pt/C catalyst, increased the Vertically aligned CNTs Improve cell performance by [194]
loading of the active material five- increasing the electronic
fold conductivity and remarkable mass
Pt/MWCNT The average ORR intrinsic activity [173] transportation
of 0.95 mA/cm? at 0.9 V, 3-fold Nitrogen-doped SWCNTs The ORR current density of -60 A/ [195]
higher than Pt/C cm? at 0.27 V
Mass activity of 0.48 A/mgpat 0.9V Good long-term durability after
Pt/solar exfoliated graphene- The electrochemically active surface ~ [174] 11000 cycles
MWCNTs (pt/sG-MWCNT) area (ECSA) of 82 mz/g Pt/CNT ORR current density of 0.26 mA/ [196]
hybrid Maximum power densities of 675 em? at 0.65 V
mW/cm? at 60 °C Mass activity of 504 A/g
Pt-iron nitride-CNFs The ECSA of 64.6 m?/g [175] The highest ORR current density of
The optimum power density of 447 0.26 mA/cm?
mW/cm? Pt/p-phenyl NH,-graphene The ECSA of 59.3 m?/gp, [197]
Current density of 0.081 A/cm? at ORR mass activity of 172.1 mA/
08V mgp, at 0.9V
FeCo triethylenetetramine/carbon Maximum power density of 256 [176] Better stability compared with Pt/
mW/cm? graphene
Current density of 514 mA/cm? at Fe, N co-doped graphene ORR mass activity of 4.43 A/gat0.9  [198]
50 Cat0.5V nanoribbon/CNTs V, 42% of commercial Pt/C (10.58
Pt/Vulcan XC72 carbon-SiO, Mass current density of 0.41 A/mg,.  [177] A/g)
at 60 °C at 0.85V Good durability compared with Pt/
carbon-supported Co304 [178] C
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Table 1 (continued)

Table 1 (continued)

Catalyst Characteristic performance Ref. Catalyst Characteristic performance Ref.
CNTs and nanohorn hybrid (CNT- Current density of 550 mA/cm? at [199] Pt/Mn304-carbon The ECSA of 127.4 m?/g [216]
CNH) 0.6 V Mass activity of 1.17 mA/pgp;
Maximum power density of 357 Higher stability than those of Pt/C
mW/cm? and Pt/Mn30y4
Graphene nanoribbons/Pt ORR current density of 80 pg/cm*at ~ [200] Carbon supported hollow Pt-Ag ORR specific activity of 1.11 +£0.02  [217]
0.34V NPs mA/cm?® at 0.9 V
Specific ECSA of 155 m%/g Pt/CNTs@C The ECSA of 64 m%/g [218]
Mass-specific activity of 1.04 at 0.9 Current density of 3.1 mA/cm?
v Higher durability than Pt/CNT
PtFeCo/C The ECSA of 156.2 m?/g [201] Polyaniline (PANI)-Fe-mesoporous Kinetic current density of 0.29 A/ [219]
Power density of 841 mW/cm? at 80 carbon spheres cm? at 0.8 V
°C Maximum power density was 0.83
Mass activity of 57.6 mA/mgp; at 0.8 W/cem? at 0.40 V
v The ECSA of 576.16 m?/g
MWCNT/polyvinylpyrrolidone The ECSA of 70 m%/g [202] Co-N-C@Pluronic F127 block Power density of 0.87 W/cm? [220]
(PVA)/phosphotungstic acid Mass activity of 22.4 mA/mg at 0.45 copolymer comparable with Fe-N-C catalyst
(PWA)/Pt V higher than MWCNT/PVP/Pt PtCu/carbon arogel Mass activity of 0.123 A/mgp; [221]
(5.86 mA/mg) ESA of 137 m?/g
Specific activity of 0.032 mA/cm? at Pt/nitrogen-doped tantalum oxide Mass activity of 0.252 A/mgp, after [222]
0.45 V, 3.6 times higher than (Tax0s)/C 10,000 ADT cycles
MWCNT/PVP/Pt (0.01 mA/cm?) Excellent long-term durability
Pt/nitrogen-doped carbon The ECSA of 24 m%/g [203] compared with Pt/C
Power density of 365 mW/cm? at 60 Adequate catalytic activity for the
°C ORR
Fe-N-C Current density of 115.2 mA/cm?at ~ [204] Pt/SWCNTs Stable oxygen adsorption [223]
0.8V Lower activation energy toward
Power density of 325.7 mW/cm? at ORR at low loaded Pt (18.5 wt.%)
0.6 V and 80 °C than that of Pt/graphene (85.3 wt.%
Greater ECSA than amorphous Pt)
carbon catalyst supports Pt NPs on fluorinated graphitic CB The ECSA of 35 m%/g [224]
Fe-N-C Current density of 44 mA/cm? at [205] The initial currents of jy» = 2.2 mA/
0.85V cm? due to hydrogen permeation
Maximum power density of 490 across the membrane
mW/cm? Pt-Pd/carbon xerogel reduced with  The diffusional current density of [225]
Fe/Cu-N-doped RGO/CNT Better ORR performance and higher ~ [206] methanol 5.38 mA/cm?
stability than the commercial Pt/C The mass activity of 188 mA/mg Pt
Power density of 185 mW/cm? at 0.75 V, 4 times higher than Pt/C
Pt-Mn304/C Excellent performance due to ECSA [207] CdS/CNT/C Greater electric current capacity [226]
of 135.3 m%/g-Pt than Pt/C
Mass activity of 178.5 ma/mg-Pt at Higher power density compared
0.8V with Pt/C
Maximum output power of 761 Fe-Fe3C-embedded Fe-N-codoped ORR mass activity of 6.80 A/gc, at [227]
mW/cm? carbon 0.85V
Dopamine@CNT Better ORR activity than CNT [208] Current density of 0.1 A/cm? at 0.8
Higher stability than that of Pt/C V and 2.36 A/cm? at 0.3 V
Pt/niobium oxide-C The ECSA of 80.8 m?/g-Pt [209] Peak power density of 0.76 W/cm?
Good ORR activity with the mass Fe-N-C Geometric current density of 2.36 £  [228]
activity of 351A/g-Pt compared 0.12mA/cm? at 0.9 V
with Pt/C Mass activity of 2.95 + 0.15 mA/mg
CNT/end-capped hyperbranched Displayed mass activity and [210] at0.9Vv
sulfonated macromolecules (E- durability 1.4 and 20 more than Pt/nitrogen-sulphur co-doped The ECSA of 80.2 m?/gp,, higher [229]
HBM)/Pt commercial CB/Pt partially exfoliating MWCNTs than Pt/C
Power density of 668 mW/cm? Mass activity of 121 mA/mgp;
Higher durability than CB/Pt toward ORR at 0.9 V, higher than
N,S-co-doped nanocarbon Higher ORR activity than Pt/C and [211] Pt/C
co-doped nanocarbon Maximum power density of 642
The limiting current density of 3.99 mW/cm?
mA/cm? Greater durability compared with
Better long-term stability than Pt/C Pt/C
and co-doped nanocarbon 1-Octadecanethiol-Pt/C Power density of 976 mW/cm?, [230]
Pt/MWCNTs Current density of 50 mA/cm? at [212] 8.3% higher than control (901 mW/
0.838 V cm?)
Power density of 730 W/g and ECSA Pt/nitrogen-doped carbon The ECSA of 48 m%/g [231]
of 66 m?/g frameworks Mass activity of 246 mA/mg%, at 0.9
PtFe/N-doped porous carbon The specific ECSA of 111.58 m%/g [213] V, better than commercial Pt/C
sheets Mass activity of 0.533 A/mgpy, 3.04 Power output of 646 mW/cm?, 1.9
times better than that of Pt/C (0.175 times higher than Pt/C
A/mgpy) Fe-N-C Kinetic current density of 0.465 + [232]
Higher stability than Pt/C 0.005 mA/cm? at 0.8 V
PtCo supported carbon Current density of 538.9 mA/cm? at [214] FeN4-doped hierarchical ordered Current density of 0.75 A/cm? at [233]
0.6V porous carbon (FeN4/HOPC) 0.6V, 2-fold higher than FeN,/C
Pt/carbon aerogel The ECSA of 73 m%/g [215] Power density of 0.42 W/cm? at
Power density of 536 mW/cm? at 0.57 V
0.6 V is obtained at 60 °C MWNT-COO /148 /Nafion Current density of 28 mA/cm? at [234]

Better stability than commercial
JM20
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Table 1 (continued)

Catalyst Characteristic performance Ref.

Maximum power of 325 + 2 pW/
cm? at 415 mV

Peak power density of 500 mW/cm?
Mass activity of 1.85 mA/mg at 0.85
\

Current density of 370 mA/cm? at
0.7V

Current density of 0.47 A/cm? at 0.6
\%

Peak power density of 0.66 W/cm?
at0.41 Vv

Power density of 1.08 W/cm?

Good ORR activity comparable with
the Pt/C catalyst

Peak power density of 0.837 W/cm?
Excellent electrochemical stability

Sulfur-doped Mn-N-C [235]

Co-N-C hydrogel [236]

Fe-N-C
Fe-N-C

[237]
[238]

conductivity. However, the Nafion membrane reduces DAFCs perfor-
mance, and hence it utilizes some fillers [95]. Comparatively, other al-
cohols, ethanol, and methanol are the most attractive fuels for DAFCs, it
is due to their high energy density and safer handling [239,241].
Therefore, the role carbon based materials for direct methanol fuel cells
(DMFCs) and direct ethanol fuel cells (DEFGs) is highlighted in the
following.

3.2.1. Direct methanol fuel cells (DMFCs)

Methanol (CH30H) is a promising and cost-efficient liquid organic
fuel used for DMFCs and it can obtain from fossil fuels and biomass. In
comparison with ethanol, methanol has been indicated better selectively
to CO, formation in electrochemical oxidation reactions [242]. DMFCs
are the source of renewable energy which directly convert the chemical
energy of methanol (as fuel) to electrical energy. They are suitable
sources for mobile and portable applications as well as battery tech-
nology due to their outstanding properties of low emission pollutants,
small size system, and easy storage fuel [243]. In addition, the operation
temperature of DMFCs is <60 °C [2]. However, low fuel cell perfor-
mance and low power density are important disadvantages of DMFCs
[242,243]. The principal components of DMFCs are the anode, cathode,
and membrane electrolyte. The performance of DMFCs is similar to
PEMEFCs; the mixture of water and methanol employs as fuel at the
anode. Methanol is directly oxidized to CO, and released H™, electrons,
and heat. The constructed CO, leaves the cell by movement in the di-
rection of the fuel tank. The released electrons and H transform to the
cathode through an external circuit and PEM. Finally, ORR is performs
at the cathode by combining O, electrons, H', and water and heat form
[6,7]. The following reactions that take place in a DMFC are:

At anode HyO + CH30H — 6H" + 6¢” + CO, (10)
At cathode 3/20, + 6HT + 6¢” — 3H,0 an
Overall reaction: CH3;0H + 3/20, — CO, + 2H,0 12)

There are certain reports based on carbon materials have significant
impact on DMFCs performance [244-247].

Hollow carbon spheres (HCSs) with high surface area and pore vol-
ume are the beneficial substrates for loading catalysts. The supported Pt
NPs on HCSs by hydrothermal and intermittent microwave heating
methods has shown excellent catalytic activity for methanol oxidation
compared with reference Pt/C electrode, which is due to the open mi-
crospores and nanochannels of HCSs [248]. According to Fig. 7a, HCSs
have a size of 2 pm and a thickness of 150 nm. The uniform distribution
of Pt NPs with an average size of 2 nm has been shown in Fig. 7b. The
Pt/HCSs catalyst with microwave treated time of 3 min has the highest
ECSA and methanol oxidation current density (115.2 mA/cm?), which
were better than that of Pt/C (Fig. 7c). Compared with Pt NPs supported
on SWCNT, the supporting Pt NPs on carbon nanosheets (CNSs) showed
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Fig. 7. TEM images of (a) HCSs and (b) Pt/HCS, (c) CV Pt supported on heat-
treated HCSs at different times intervals in 0.5 mol/dm® H,SO4 + 1 mol/dm?
CH30H solution Reproduced with permission from Ref. [248]. Copyright 2008,
Elsevier. (d) CNS development and techniques for Pt NP deposition on CNSs.
Reproduced with permission from Ref. [249]. Copyright 2012, Elsevier.

better methanol oxidation activity and CO tolerance. As depicted in
Fig. 7d, the one-step electrodeposition method was used to load Pt NPs
on the CNSs and SWCNTs [249]. Both Pt/CNSs and Pt/SWCNT had great
catalytic activity due to their significant ECSA of 27.6 and 24.7 m?/g,
respectively. Both catalysts’ methanol oxidation onset potential was
similar, indicating the same Pt-O affinity. However, the Pt/CNSs dis-
played higher methanol oxidation current density and better CO toler-
ance, suggesting the prominent desperation of Pt NPs on the CNSs
surface led to excellent stability and high electrocatalytic activity of the
Pt/CNSs. Marimo nanocarbon (MNC) is a fibrous carbon material with a
high density of carbon nanofilaments that indicated good fuel cell per-
formance when employed as Pt support [250]. It was found that MNC



has more carboxyl and hydroxyl groups than VC and MWCNTs, leading
to more active sites for metal-anchoring. The methanol oxidation cur-
rent densities of 507, 400, and 240 mA/mgp; were achieved for Pt/MNC,
Pt/Vulcan XC-72, and Pt/MWCNT, respectively. Therefore, the meth-
anol oxidation activity of Pt/MNC was higher than other carbon-based
catalysts. Single cells with both electrodes of Pt/MNC and Pt/Vulcan
XC-72 displayed the highest current densities of 10.4 and 2.8 mA/cm?,
respectively. The output power of single-cell with Pt/MNC was four
times higher than Pt/Vulcan XC-72.

One cost-efficient catalyst support for DMFCs is CNFs with high
catalyst anchoring sites and long-term stability. Although Pt supported
on tubular CNF (Pt/tCNF) has indicated suitable catalytic activity,
deposition of Pt catalyst on the grown platelet CNFs (pCNFs) on graphite
paper by CVD showed higher ECSA and stability due to its specific
morphology and good metal clusters dispersion [251]. The CV in HoSO4
after electrode cycling in methanol (200 cycles) exhibited lower ECSA
loss of Pt/pCNF electrodes than Pt/ tubular CNF (Pt/tCNF), which
indicated better the tolerance of the Pt/pCNF electrodes to CO
poisoning. In addition, the stability of electrodes was tested by repeating
CV 200 times in HySO4 + CH30H; the beginning mass surface activity of
electrodes was increased and then reached a pseudo-plateau. SnO; is a
metal oxide that can provide oxygen-containing species and help
remove CO species at low potentials. Furthermore, SnO, can increase
the dispersion of Pt catalyst over supports. It is reported that the coated
SnO, layer on CNF by two atomic layer deposition (ALD) routs, static
ALD, and dynamic ALD can be enhanced methanol oxidation activity
CNF [252]. Uniform SnO; layer was created on CNFs using AlyO3
pre-inserting layer by static ALD method whereas SnO, layer was
formed on the CNF whitout pre-inserting. The island-shaped SnO3 layer
on CNF by static ALD has exhibited the highest current efficiency of 575
mA/mgp; due to good Pt dispersion and its bi-functional effect. Incor-
porating metal oxides with Pt catalyst can improve the dissociation of
water at low potential, enhancing the CO tolerance of DMFC. Hence, to
improve CO tolerance and methanol oxidation of Pt catalyst, RuOs-M-
nO,/MWCNTSs were chosen as support [253]. The onset potential of Pt/
Ru0,-MnO,/MWCNTs (0.29 V) was lower than Pt/RuO,/MWCNTSs
(0.31 V), Pt/MnOo/MWCNTs (0.49 V), and Pt/MWCNTs (0.56 V). The
ECSA and methanol oxidation current peak of Pt/RuO2-MnO;/MWCNTSs
were 137 mz/gpt and 865 A/gp;, respectively, which were the highest
values. Indeed, the presence of MnO2 and RuO, can be enhanced proton
conductivity and Pt dispersion, respectively, while MWCNTs form
electron channels. Hence, the Pt/RuO,-MnO5/MWCNTs had the best
anode catalyst for methanol oxidation. The methanol oxidation in acidic
medium by Pt-Ru/MWCNT (prepared by flashlight irradiation) catalyst
has been higher than Pt/ MWCNT [254]. The ECSA of Pt-Ru/MWCNT
(566.63 + 2.9 cm?/mg) was higher than Pt/MWCNT (484.38 + 2.2
cm?/mg), possibly was due to the formation of homogeneous Pt-Ru NPs
and stronger bonding of MWCNTSs with Pt-Ru NPs. In addition, the onset
potential of Pt-Ru/MWCNT (0.105 + 0.02 V) catalyst was lower than
that of Pt/MWCNT (0.145 =+ 0.02 V), which was due to the formation of
Ru(OH),qs species at the lower potential. The application of
polymer-based support can improve CO tolerance and durability of Pt
catalysts. However, finding water-soluble polymer without any
coverage on the Pt surface and reducing its catalytic activity is an
important issue. The methanol oxidation activity of deposited Pt NPs on
wrapped CNTs by dihydroxy-polybenzimidazole (20H-PBI) was better
than commercial CB/Pt [255]. Fig. 8a shows the schematic of
MWCNT/20H-PBI/Pt fabrication. According to Fig. 8b, Pt NPs with the
size distribution of 4.1 + 0.5 nm were uniformly dispersed on
MWCNT/20H-PBI due to the formation of Pt-N bond. After 100000
potential cycles, the mass activity and ECSA of the synthesized
MWCNT/20H-PBI/Pt were decreased by 50 and ~10%, respectively,
whereas commercial CB/Pt displayed more reduction of ~46 and 50%
after 10000 potential cycles due to its low carbon corrosion resistance.
These results indicated that MWCNT/20H-PBI/Pt has higher catalytic
activity compared with CB/Pt. The MWCNT/20H-PBI/Pt demonstrated
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Fig. 8. (a) Schematic of MWCNT/20H-PBI/Pt fabrication and (b) TEM image
of MWCNT/20H-PBI/Pt. Reproduced with permission from Ref. [255]. Copy-
right 2017, Elsevier.

that the onset potential of the methanol oxidation is lower than CB/Pt,
and hence methanol can be quickly oxidized by MWCNT/20H-PBI/Pt.
In addition, CO-stripping measurement confirmed that the
CO-tolerance of MWCNT/20H-PBI/Pt was 1.5 times higher than CB/Pt
owing to —OH groups on the 20H-PBI and formation of Pt-OH.

To ease charge transfer and good dispersion of Pt catalyst, Liang et al.
developed a nitrogen doped CNTs at low temperatures [256]. As shown
in Fig. 9a, a hydrothermal system for making nitrogen-doped oxidized
CNTs (N-OCNTs) at a low temperature by reaction NH3H;O with
acid-treated CNTs and then byproducts (N-LOCNTs, N-MOCNTs, and
N-HOCNTSs; where L, M, and H stand for lowly, moderately, and highly
oxidized, respectively) were used to loading Pt NPs. A negative shift was
observed for CO oxidation potential, especially Pt/N-MOCNTs, which
can explain by a positive shift in the binding energy of Pt 4f after doping
N into CNTs and electron transfer from Pt to N. The electrochemical tests
revealed that the highest methanol oxidation current density value
(1000 mA/mgp;) belongs to Pt/N-MOCNTs (Fig. 9b). The chro-
noamperometric (CA) results demonstrated good stability of
nitrogen-doped CNTs based catalysts compared with Pt/pristine CNTs
(Fig. 9¢). In order to find the best support for Pt-based alloy catalysts,
Ru, Pt, Fe were loaded on SWCNTs and MWCNTs, and graphene (Gr)
[257]. The methanol oxidation current density of catalysts was as fol-
lowed: PtRuFe/SWCNT (13.2 mA/cm?)> PtRuFe/Gr (11.6 mA/cm?)>
PtRuFe/MWCNT (4 mA/cm?)> commercial Pt/C (2.7 mA/cm?). The
calculated ECSA of catalysts indicated that PtRuFe/SW-CNT has the
highest value of 212.2 m?/gp;. Moreover, the maximum value of mass
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activity belonged to PtRuFe/SW-CNT (827 A/g) catalyst. The above
results imply excellent methanol oxidation -catalytic activity of
PtRuFe/SW-CNT, and hence it was chosen as optimum anode for the
methanol fuel cells. The cell with PtRuFe/SW-CNT had a current density
of 40 mA/cm?, whereas the cell including Pt/C displayed a value of 27
mA/cm?,

Graphitization of carbon supports at high temperatures affords
excellent carbon corrosion resistance due to the reduction of oxygen
groups which can be the reason for carbon corrosion in fuel cells. Hence,
compared with CNTs, graphene is more affordable support with high
electrical conductivity and corrosion resistance. However, graphite
nanoplatelets are more available than graphene and GO. In addition, its
highly graphitic structure increases the anchoring sites of catalysts,
leading to more interactions between metal and carbon support. The
loaded Pt NPs on exfoliated graphite nanoplatelets substrate (Pt/GnP)
via a microwave process in the presence of room-temperature ionic
liquids was showed better methanol oxidation activity than commercial
Pt/XC-72R catalyst [258]. Good Pt NPs dispersion on GnP and large
surface area of Pt/GnP catalyst were main factors of catalytic activity
increase. The methanol oxidation mass activity of 1090 mA/mgp; and
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high long-term stability was obtained for Pt/GnP catalyst, which was
better than commercial Pt/XC-72R (mass activity of 577 mA/mgp,).
One of the best strategies for enhancing ORR activity is the loading of
metal catalysts on practical support, which having high electrical con-
ductivity and reasonable surface area. Therefore, RGO was decorated
with Pt and Pd catalysts to prepare a low-cost fuel cell electrode. RGO
and VC have been chosen as the substrate to deposition Pd and Pt NPs
and used for direct methanol fuel cells at three different temperatures
(303, 343, and 363 K) [259]. Tafel slopes of 60, 61, 71, and 65 mV/dec
were calculated for Pt/RGO, Pt/C, Pd/RGO, and Pd/C catalysts,
respectively, and hence the ORR activity of Pd-based catalysts was lower
than that of Pt-based catalysts. The best performance of fuel cell based
on cathode catalysts was achieved at 343 K; the maximum power den-
sities of Pt/RGO, Pt/C, Pd/RGO, and Pd/C were 10.21, 11.24, 2.75, and
1.9 W/gpt or pd, respectively. Hence, inexpensive Pd catalyst has high
electrocatalytic activity when supported on the RGO due to its good
dispersion on RGO. In another report, Pt-decorated graphene aerogel
(Pt/GO) with high stability as a porous electrode was fabricated by
solvothermal reduction and used in direct methanol microfluidic fuel
cell [260]. The Pt/GO electrode displayed the maxim of the



electroactive surface area of 1882 sz/l‘l'lgpt. In contrast, its value was
obtained 211 cm?/ mgp; for Pt/C, which can attribute to
non-agglomeration and the small particle size of Pt/GO. Compared to
commercial Pt/C, Pt/GO had a significantly better catalytic activity to-
ward methanol oxidation in alkaline and acidic mediums. As opposed to
the Pt/C anode, the Pt/GO electrode had a 358% improvement in spe-
cific power of 9.39 mW/mgp;. After 20 cycles, the maximum specific
power of Pt/GO was received to 8.43 mW/mgp;. Loading bimetallic
core-shell of PdA@Au on RGO has been presented effective catalytic ac-
tivity toward ORR that was performed using two steps: firstly, PA@Ag
NPs were synthesized on RGO by reduction of Pd?* and Ag* with methyl
ammonia borane, and then Pd@Au NPs were formed on RGO substrate
using oxidation Ag and reduction of Audt (Fig. 10) [261]. Pd@Au/RGO
with an onset potential of 183 mV had a higher ORR current density of
6.24 mA/cm? than Pd/RGO, Au/RGO, and commercial Pt/C. This higher
catalytic activity of PdA@Au/RGO was probably due to the electronic
structure modification of underlying palladium by the surface gold
atoms favoring the electron exchange between oxygen and palladium to
increase the oxygen reduction through enhanced oxygen adsorption.
Furthermore, the non-agglomeration of PdA@Au on RGO increased the
surface area for oxygen adsorption. In addition, the recorded ORR in 1 M
methanol demonstrated that methanol tolerance of PA@Au/RGO was
higher than other catalysts, showing Pd@Au/RGO can be used as a
promising catalyst in DMFCs.

In another report, the low supported content of Pt catalyst (5.3 wt.%)
on graphene (GrPt) was effective for methanol oxidation; the methanol
oxidation current density was 939 mA/mgp; in alkaline medium [262].
In addition, the GrPt electrode with an onset potential of -0.51 V
revealed a higher methanol oxidation current density compared with the
commercial Pt/C electrode. In addition, GrPt showed more excellent
stability after 500 cycles; 34.7 and 8.9% of activity were remained in the
presence of GrPt and Pt/C, respectively. The formation of Pt-OH species
and the CO oxidation at the graphene sheets are reasons for the good
electrocatalytic activity of GrPt. Recently, using conductive polymers
such as polyaniline (PANI) can be alternative Pt-based catalysts. With
good chemical stability, low cost, and high conductivity, PANI is one of
the best conductive polymer known for fuel cells. In addition, the
presence of PANI in hybrid catalysts has been led to increase electron
transfer, homogeneous dispersion of metallic catalysts, and stability
catalysts. For instance, a superior methanol oxidation ability was found
for the nanohybrid structure of g-C3N4/PANI/Pd NPs, which was
deposited on the screen-printed electrode (SPE) as illustrated in Fig. 11a
[263]. SEM images of the fabricated electrode are shown in Fig. 11b and
¢; Pd NPs with a diameter of 100 nm and PANI needle-like nanostructure
were successfully distributed on the g-C3N4 matrix. The recorded CV of
g-C3N4/PANI/PdNPs and commercial Pd/C in alkaline medium showed
that the catalytic activity of g-C3N4/PANI/PANPs toward methanol
oxidation was higher than Pd/C (Fig. 11d); the highest current density of
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3.42 mA/cm? was obtained for g-C3N4/PANI/PANPs. According to
Fig. 11e, the current density of the as-prepared nanohybrid catalyst is
three times better than the commercial Pd/C catalyst after 1000 s.

The iron-nitrogen-carbon (Fe-NCB) catalyst has been introduced as a
highly active ORR PGM-free catalyst in the presence of alcohols like
ethanol and methanol [264]. Fe-NCB catalyst achieved from pyrolysis of
nicarbazin (N,N’-bis(4-Nitrophenyl) urea with 4,6-dimethyl-2-pyrimidi-
none and iron salt. The structure of this catalyst is well-coordinated with
Fe atoms for achieving Fe-N4 and Fe-N5C, active sites. The ORR polar-
ization curve of Fe-NCB did not have a remarkable shift (less than 10
mV) even in the presence of 2 M alcohols, indicating excellent alcohol
tolerance of Fe-CNB. While the ORR half-wave potential was shifted to
300 mV (2 M methanol) in the presence of Pt/C catalyst. According to
density functional theory (DFT) calculations, these best active sites
(Fe-N4 and Fe-N,Cy) at the cathode side indicated much stronger oxygen
adsorption and higher methanol tolerance than metal-free pyridinic
nitrogen and graphitic nitrogen sites. The DAFCs operation had been
done based on a high methanol concentration of 10 M by using Fe-NCB
cathode catalyst with a high performance of 60 mW/cm?. It was sug-
gested that using PGM-based catalysts at the anode side and Fe-NCB at
the cathode due to their active sites are the suitable selection for opti-
mizing DAFCs components. Although Fe-N-C catalyst including FeNy
active sites represented significant ORR activity, the modification of its
morphology and atomic structure can enhance the stability and activity
of Fe-N-C. Hence, a dual-metal site Fe/Co-N-C catalyst containing FeNy4
and CoNy active sites was designed with a two-step chemical doping and
adsorption technique and tested for ORR in methanol-containing acidic
electrolytes [265]. The Fe/Co-N-C catalyst enhanced the high ORR
catalytic activity and stability with the half-wave potential of 0.85 V in
an acidic electrolyte (0.5 M H3SO4) and exhibited peak power densities
of 135 mW/cm?, which was higher than the power density of Fe-N-C
(124 mW/cm?) in the same conditions of the methanol-air fuel cell.

As reviewed, using Pt catalyst for methanol oxidation was more
common than other metallic catalysts. Pt NPs improve CO tolerance and
catalytic activity. In addition, the composition of Pt with Ru and metal
oxides can improve catalytic activity. However, Pd and bimetallic cat-
alysts were also successful for the methanol oxidation. These catalysts
were more affordable compared with Pt catalysts. Among carbon sup-
ports, CNTs and graphene are used more than those of other CB and g-
C3N4 due to good catalyst dispersion and conductivity. Moreover, using
polymers such as PANI and 20H-PBI in compositions is improved con-
ductivity and metal-OH formation, leading to increase catalytic activity
toward methanol oxidation.

The effect of the other composites, including carbon used in DMFCs
is illustrated in Table 2.

In addition, carbon-based materials can be used in membranes.
Table 3 is summarized of DMFCs with membranes, including carbon
materials.

Reducing agent

Catalytic
dehydrogenation

OH

Fig. 10. Schematic presentation of PA@Ag/RGO and Pd@Au/RGO core-shell NPs. Reproduced with permission from Ref. [261]. Copyright 2018, Elsevier.
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Copyright 2019, Elsevier.
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Table 2

The DMFCs consist of carbon-based catalysts.

Composite catalysts ECSA (m?/  Current density/Mass Potential of current density/Mass Power density (mW/ Temp. Ref.
g) activity activity (V) cm?) Q)
Pt-Ru/C - 213 mA/mg pi.ru 0.5 - - [266]
Pt/GCNFs/graphite - 323 A/g 0.5 and 0.75 - - [267]
Pt/MWCNT 73.6 51.5 mA/cm? - - 25 [268]
Carbon-supported Pd-Mo - 1.3 mA/cm? - - 80 [269]
CNF interlayer between the PtRu black catalyst - - - 130 80.8 [270]
layer and the CP
Pt-Ru/AS (arc-soot nano carbon) - - - 20 - [271]
PtSn/C 28.5 56.7 mA/mg 0.86 - 25 [272]
Pt/C-HAC 93.9 7.54 mA 0.882 - - [273]
Se/(Ru-Mo)/C - - - 118 80 [274]
PtRu/TFC (thin-film carbon) 105.18 410.0 mA/mgpry 0.5 - 60 [275]
PdNi/C - Higher than Pd/C - - - [276]
Pt/ACNC 327 - - - - [277]
Single wall nanohorns (SWNH) - - - Higher 60 % than 50 [278]
carbon black
Pt-Fe/C 46.2 19.8 A/gpt 0.660 120 90 [279]
Pt/SWNTs - 12.1 mA/cm? 0.6 - - [280]
Pt/Coral-C 102.5 230 mA/cm? 0.070 21 60 [281]
Pd-MnO,/MWCNTSs 35.57 431.02 A/g -0.2 - 25 [282]
Pt/CNF 181 cm?/ - - - RT [283]
mg
PtRu/(f-Gef-MWNT) - - - 68 80 [284]
PtRuP/TCF (mesoporous carbon thin film) - 385 mA/mgpiru 0.5 - - [285]
Pd/PHCS - Higher than Pd/C - - 30 [286]
Pt/CMK-3 84 185 mA/mg Pt 0.7 - - [287]
EDTA-RGO/Pt-NPs - 6.3 mA/cm? 0.67 - - [288]
Pt/CNT 324 381 A/g 0.68 - - [289]
Pt/WO3/CNT - 4.82 mA/cm? 0.6 - - [290]
PdNi/MC 18.8 - - - - [291]
Pt/SiC@C 108.1 554 mA/mgPt 0.4 - - [292]
AuPd/C 43.5 - - - - [246]
PtAu/pCNF 49 - - - - [293]
Pt-TiO,/CNT 23.4 5.48 mA/cm? - - - [294]
Pd-graphene 26.2 112 A/g Pd 0.8 - - [295]
PtRu/GNF - 1.37 mA/cm? 0.4 - - [296]
NCN - 20% higher than Pt/C -0.45 - - [297]
G-Pd/CC 24.2 Higher than Pd/CC 0.3 - - [298]
Pt-G-CNF 123.1 560 mA/mg - - - [299]
Pt/CS (carbonized soybean) - Higher than Pt/XC-72 - - - [300]
Pt/L.MWCNTs - - - 5.7 25 [301]
Pt/TCN (titania nanowires coated by carbon) 91.4 272.9 mA/cm? - 33.6 80 [302]
Fe-N-C - 255 mA/cm? 0.22 48 90 [303]
Zn0/Ce0, dots@CNFs - 16.3 mA/cm? 0.4 [304]
BCNMs@C (carbon-boron core-shell - 1.2 mA/cm? 0.170 - - [305]
microspheres)
Pd-OMC (ordered mesoporous carbon) - 50.0 mA/mg 0.3 - - [306]
3D porous N-G - 7.15 mA/cm? 0.6 - RT [307]
PtPdPt/graphene 142.9 25.63 mA/cm? 0.679 - - [308]
PdSn/B-cd-CNT - - - 15.2 RT [309]
Pd/C-DEG (diethylene glycol) 93.6 3.9 times higher than -0.2 - - [310]
Pd/C-EG
Pt/CNTs@TiCoN 55.9 0.92 A/Mgp; - - - [311]
Pt/N-C 65.3 385.2 A/g Pt - - - [312]
GC/PdNPs-LaNij sFeg 503 NPs-CH 6.63 23.51 mA/cm? -0.14 49.47 70 [313]
PteRu/GC-500 - 69.9 mA/cm? - 13.7 RT [314]
Pd-Mo/Vulcan XC-72R carbon - 71.2 mA/cm? -0.3 - - [315]
Pt/CNy 68 310 mA/mgp, 0.64 - - [1]
Pt-FAU-C SG (Pt-faujasite zeolite with carbon-sol ~ 2.28 1.07 mA/cm? - - - [316]
geD)
Ni-C-Pt 22.18 151.9 mA/mg 0.651 - - [317]
Pt/S-MWCNTs 161.4 803.9 mA/mgp; 0.42 - - [318]
Pt-Ru/MCN - 65 mA/cm? 0.62 56.30 80 [319]
Pt@RFC (resorcinol-formaldehyde carbon 80.8 - - 58.5 60 [320]
spheres
Pt/YBCPE (doped carbon paste electrode) 65.9 176 mA/mg 0.91 - RT [321]
Pt@NC/Ni - 744 mA/mgp; 0.65 - - [322]
Pt/f-CB - 50 mA/cm? 0.88 - - [323]
PtCMs - 0.2 mA/cm? 0.55 - - [324]
Co4(PWg)2@N-CNT - Higher than Pt/C 0.86 - - [325]
G-PdAg/CC - 7 times higher than G- - - - [326]
Pd/CC
Ni@Pd/MWCNTs - - - 67 60 [327]
Pt Core/Carbon Shell 34 473.2 mA/mg - - [328]
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Table 2 (continued)

Composite catalysts ECSA (m?/  Current density/Mass Potential of current density/Mass ~ Power density (mW/ Temp. Ref.
g) activity activity (V) cm?) Q)
Pd/Ag/CNT 46 27 mA/cm? 0.35 - RT [329]
Pt/ATO-C 66 0.737 A/gpt - - - [330]
Pt/polythiophene-carbon 98 0.027 mA/cm? 0.65 - - [331]
Pt-Ru/carbon aerogel 36.2 - - 100 RT [332]
RGO-CNT/Pt 501.87 407.71 mA/mg 0.614 - - [333]
PtNi/NC (natural graphitic-nano-carbon) 58 1500 mA/mgp, - - RT [334]
Pd/CNH (single-walled carbon nanohorns) - 1910.6 mA/mg -0.2 - - [335]
Fe-N-C - 220-25 mA/cm? 0.3 72-32 90 [336]
Fe/Co-N-C - 100 mA/cm? - 100 75 [337]
Table 3
The DMFCs with membranes consist of a carbon filler.
Membrane Proton conductivity Power density Tensile strength Water Methanol permeability Temp. Ref.
(S/cm) (mW/cm?) (MPa) uptake (em?/s) ({9}
PVA/CNT 11.76 x102 39 - 2.94 g/g 2.99 x107 60 [338]
PBI/CNT 0.035 104.7 96.6 + 32.8 21.48% 1.85 x 108 90 [339]
Nafion/CNF - 21.90 - - - 27 [340]
SPEEK/CN 0.183 - 51.31 59.50% + - 55 [341]
1.46
CNTs/ graphene oxide nanoribbon 0.18 - - 8.61 x 10 120 [342]
(CNT/GONR) nafion
Naf-SWy-0xCNT-RSOsH 7 x 102 205 - Reduced Reduced 110 [343]
SA/SGO (sodium alginate/sulfonated 0.034 13.6 9.7 137% 2.42 x107 25 [344]

graphene oxide)

3.2.2. Direct ethanol fuel cells (DEFCs)

Ethanol (Ca;HsOH) as a renewable fuel can be widely produced from
biomass such as sugarcane, corn, and beetroot [345]. Ethanol fuel has
displayed less toxicity and higher energy density than methanol fuel,
and hence it is a good candidate for fuel cells [240]. The fuel cells with
ethanol fuel are named direct ethanol fuel cells (DEFCs), which belong
to the PEMFCs category. The DEFCs performance is similar to DMFCs.
The liquid ethanol oxides and H', electron, and CO, produce at the
anode. The protons are diffused through the membrane and transferred
to the cathode. At the cathode, water molecules form through the re-
action of O, with H' and electrons. For a DEFGs, the reactions are
described by the following:

At anode 3H,0 + C,HsOH — 12H" + 12¢” + 2CO, (13)
At cathode 30, + 12H" + 12¢” — 6H,0 14)
Overall reaction: C;HsOH + 30, — 2CO; + 3H,0 (15)

The ethanol oxidation reaction releases 12 H*, which is more than
methanol oxidation (6 H'). Therefore, the power output of DEFCs is
higher than DMFCs. Although more CO; will be produced in DEFCs than
DMEFCs, the released CO5 does not have a negatively impact on the
environment because the ethanol can be taken from plants that grow by
consumption of CO, during the photosynthesis process [95].

The comparison of ethanol and methanol electrooxidation ability of
Pd-Ni-C electrocatalyst indicated that the ethanol oxidation rate of this
catalyst is higher than the methanol. The ethanol oxidation current was
525 mA/mg, whereas the current of 198 mA/mg was obtained for the
methanol oxidation reaction [346]. These appropriate electrocatalytic
activities were due to the higher ionic potential of Ni*, which can
reduce the electron density on Pd. Hence, Pd-CO bonding energy was
reduced, and oxidation of CO was increased. In addition, ethanol
oxidized to acetic acid and transformed into acetate ion in the alkaline
environment of the reaction. The loaded Pd catalyst on the mesoporous
hollow carbon hemispheres (HCHs), synthesized using glucose and solid
core mesoporous shell silica template, revealed better ECSA relative to
Pd/C [347]. Furthermore, the mass transfer for the electrochemical re-
action was enhanced when the HCHs were selected as support, corre-
sponding to the large porosity of HCHs. Therefore, the ethanol oxidation
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current density of Pd/HCH was three times higher than Pd/C, attributed
to Pd good dispersion on HCHs support. However, the supported Pd NPs
on two carbon substrates of Vulcan carbon (Cy) and Selectivity carbon
(C;) to catalyze ethanol electrooxidation indicated that Pd/C (45 mz/g)
has higher ECSA than Pd/Cs (18 m2/g) [348]. The ethanol oxidation
reaction was begun at -0.5 V on Pd/C, and -0.4 V on Pd/C;, revealing
that the former has a lower activation loss for the ethanol oxidation
reaction. Furthermore, considering the oxidation current, Pd/Cy has 2.4
times the mass activity of Pd/C,. Regarding the results of analyses, VC
acted better than selectivity carbon because VC has better textural and
structural properties, and the high crystalline structure of C, enhanced
interaction of Pd with support. In addition, Pd/C, was fixed at a higher
current than Pd/C;s after 900 s, suggesting high stability of Pd/C,. Using
bimetallic-based Pt catalysts for electrooxidation of ethanol has been
presented to be efficient. The produced HNOs-functionalized acetylene
black carbon-supported Pt-Ru (Pt-Ru/Cap) nano electrocatalysts
through polyol reduction and formic acid reduction methods (Pt-Ru/-
Cap-PLM and Pt-Ru/Cxp-FAM, respectively) revealed higher power
output compared with commercial Pt-Ru/Cag [349]. The
Pt-Ru/CAB-PLM had the highest current density (34.71 mA/cm?) among
all anode catalysts toward ethanol oxidation. The as-synthesized cata-
lysts were employed as an anode in a single DEFC. Commercial
Pt-Ru/Cap and Pt-Ru/Cap-PLM at temperature of 35 °C achieved the
maximum power density of 5.13 mW/cm? and 6.02 mW/cm? at a cur-
rent density of 18.70 and 19.52 mA/cm? respectively. This good per-
formance attributes high electrical conductivity, large pore volume of
Cas, and homogenous distribution of the ionomer in the electrocatalyst
layer. It is worthwhile to mention that the highest DEFC performance
significantly developed by increasing temperature to 80 °C, maximum
power density of 13.04 mW/cm? at a current density of 44.8 mA/cm?
One affordable approach for increasing catalytic activity is the prepa-
ration of alloys with core/shell structure, including noble metal as shell
and transition metal as a core. It is found that the dispersed core/shell
Ni@Pd on MWCNTs (Ni@Pd/MWCNTSs), which has been fabricated via
replacement method (Fig. 12a), has been indicated significant catalytic
activity toward ethanol oxidation, as depicted in Fig. 12b [350]. The
mass activity of ethanol oxidation for Ni@Pd/MWCNTs and
Pd/MWCNTs was 3495 and 1539 mA/mgpq, respectively (Fig. 12c).



Fig. 12. (a) Schematic of the fabrication of
Ni@Pd nanocatalysts on MWCNTs, (b) CV of
different alcohol oxidation on Ni@Pd/
MWCNTs electrode, in 1.0 mol/dm® KOH/
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Moreover, the onset potential of Ni@Pd/MWCNTs was lower than
Pd/MWCNTs. The ECSA and ethanol oxidation current density and
Ni@Pd/MWCNTs were 1.2 and 2.3 times higher than Pd/MWCNTs
(Fig. 12d and e). These great catalytic activities of ethanol were prob-
ably attributed to the electric synergistic effect between Pd and Ni and
the uniform dispersion of Ni@Pd NPs on the MWCNTs. The alloyed
catalysts can desorp toxic byproducts such as CO due to the ligand effect.
In addition, the presence of Ni is created the downshift in the d-band
energy center of the noble metal, leading to weak CO adsorption.
Therefore, the catalytic activity and core/shell catalyst stability are
improved.

Using metal-based catalysts consisting of CNTs, and metal oxides has
shown significant ethanol oxidation catalytic activity due to its ability to
remove CO. Manganese oxide with high proton conductivity and
increasing employment of catalysts is widely used as support of cata-
lysts. For instants, deposition Pt NPs on manganese oxide-CNTs (Pt/
MnOx-CNTs) by a microwave-assisted polyol route has possessed sig-
nificant results toward ethanol oxidation, which was 1.82 times higher
than Pt/CNTs [351]. The ECSA were 44.5 and 67.0 mz/g for Pt/CNTs
and Pt/MnOx-CNTs, respectively. In addition, the current density
reduced to 62.1 mA/mgp; on Pt/MnO,-CNTs after 1800 s, whereas the
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Pt/CNTs displayed a current density of 11.6 mA/mgp. Hence,
Pt/MnOx-CNTs indicated excellent catalytic activity and stability to-
ward ethanol oxidation. However, the ethanol oxidation activity was
reduced when the content of MnOy was increased on the CNTs, and
hence, the optimum content must be considered. In another report,
copper oxide was introduced as an attractive semiconductor due to its
high electrochemical activity and CO oxidation ability. The electro-
chemically synthesized Pd NPs/copper oxide/MWCNTs
(Pd/Cuy0/MWCNT) showed higher ECSA of 213.4 cm?/mg compared
with Pd/MWCNTs (34.9 cmz/rng) [352]. In comparison with
Pd/MWCNT, the onset potential of Pd/Cu,O/MWCNT was shifted to the
negative value of 120 mV. Pd/CuyO/MWCNT catalyst exposed a peak
current density of 101 mA/cm? almost two times more than
Pd/MWCNT (49 mA/cm?). The results indicated that the addition of
Cu0 dramatically developed the stability and tolerance of the Pd to CO
poisoning during ethanol electrooxidation.

The application of composed functionalized CNTs (m-CNTs) with
PVA as membrane electrolyte in alkaline DEFC was reported as a great
strategy for improving ionic conductivity and fuel cell performance
[353]. The as-prepared composite indicated higher water uptake and
water diffusivity than pure PVA. The ethanol permeability of



PVA/m-CNTs was 5.7-22.4% lower than pure PVA. The highest ionic
conductivity was observed for the membrane at the temperature of 60
°C, due to its high water uptake and free fractional volume level.
Meanwhile, PVA/m-CNTs have microchannel hydroxide and water
transport, which improves ionic conductivity. The cell performance of
PVA/m-CNTs was determined in different temperatures, ethanol con-
centration, KOH concentration, fuel flow rate, and oxygen gas flow rate;
the optimum power density of 65.2 mW/cm? was achieved by 3 M
ethanol in 5 M KOH at a flow rate of 5 mL/min with humidified oxygen
fed at 100 mL/min at 60 °C. Adding polymeric materials to CNTs matrix
increases their stability and acts as a charge transfer channel between
the matrix and deposited metal NPs. Furthermore, the interaction be-
tween polymer and metal NPs improves poison tolerance in fuel cell
reactions. As exposed, the uniformly dispersed Pt catalyst over the
CNT-PANI composite exhibited excellent ethanol oxidation activity
compared with Pt/C and CNT/Pt electrodes, showing that embedded Pt
on CNT-PANI possesses high ECSA [354]. Fig. 13a represents a sche-
matic of the ethanol oxidation process on CNT-PANI/Pt. The voltam-
mograms of the acidic ethanol solution displayed that the anodic peak of
CNT-PANI/Pt is two times that of Pt/C, as depicted in Fig. 13b. Ac-
cording to polarization curves, the overpotential for ethanol oxidation
was the lowest value in the presence of the CNT-PANI/Pt. The perfor-
mance anode matrix by diffusion coefficient and relative stability seems
to be CNT-PANI/Pt 7.49 x 104 cm?/s > CNT/Pt 4.3 x 1074 cm?/s >
C/Pt 1.8 x 107'® cm?/s catalyst. The n-n interaction between PANI and
CNT structure, hydrogen bonding between -OH group of CNT and -N of
aniline, and the electrostatic interactions led to electron transfer and
stability of catalyst against poisoning. In contrast, the embedded
tri-metallic Pt-Ru-Re nano-electrocatalyst on the functionalized
MWCNT (f-MWCNT) showed better power output [355]. By a facile
route, modified polyol reduction process, bi-metallic Pt-Ru, Pt-Re, and
tri-metallic Pt-Ru-Re nano electrocatalysts embedded on functionalized
MWCNTs (f-MWCNT) were successfully fabricated for ethanol electro-
oxidation. The highest ECSA value of 150.77 m?/gp; was obtained for
tri-metallic Pt-Ru-Re (1:1:0.5)/f-MWCNT. The analysis indicated that
tri-metallic Pt-Ru-Re (1:1:0.5)/f-MWCNT with the lowest onset potential
(0.1 V) and the maximum peak current density of 83.34 mA/cm?, pro-
vides the best ethanol oxidation activity among other synthesized
electrocatalysts as following: Pt-Ru-Re (1:1:1)/f-MWCNT (65.46
mA/cm?), Pt-Ru-Re (1:1:0.25)/fMWCNT (57.94 mA/cm?), Pt-Re
(1:1)/f-MWCNT (23.60 mA/cm?) and Pt-Ru (1:1)/f-MWCNT (48.76
mA/cm?). The single-cell performance was tested, indicating that the
Pt-Ru-Re (1:1:0.5)/f-MWCNT anode has the highest power density of
9.52 mW/cm?, corresponding to the current density 38.40 mA/cm? at

the temperature of 30 °C. It was observed that the fuel cell performance
improves by increasing temperature from 30 to 80 °C.

Electrospinning synthesizes of porous carbon fibers (CFs) supported
Pt-SnO, with polyacrylonitrile (PAN) and polyvinylidene fluoride
(PVDF) as the carrier and pore-forming agent, respectively, represented
good ethanol oxidation activity [356]. The best ethanol oxidation ac-
tivity was observed for the prepared catalyst with PAN/PVDF weight
ratio of 1:0.8. A peak current of 140.14 mA/cm? and an ECSA of 54.296
m?/g for ethanol oxidation were achieved, probably due to homogenous
particle size and good dispersion of Pt NPs on the surface of the CFs.
Additionally, an increase in temperature led to an increase in power
density; the power density peak reached 18.1 mW/cm? at 80 °C but 3.5
mW/cm? at 30 °C. Since Pd NPs are known as a cheap alternative of Pt
NPs and GO, or RGO doped heteroatom provides a reduced anion
poisoning effect and high alcohol oxidation, Pd/RGO and Pd/N-doped
RGO (Pd/N-RGO) were prepared via an electrochemical process fol-
lowed by solvothermal method [357]. The ECSA of Pd/RGO and
Pd/N-RGO was 41 and 53 m?/g, respectively. The highest ECSA of
Pd/N-RGO was probably due to the uniform dispersion of Pd. The ORR
kinetic was evaluated for each catalyst by measuring the Tafel slope; the
Tafel slope of Pd/N-RGO was the lowest value, suggesting a fast electron
transfer of the initial adsorbing oxygen adsorption step. Furthermore,
the onset potential (-0.605 V, vs. Ag/AgCl) and mass activity (1422.5
mA/mgpq) of Pd/N-RGO toward the ethanol oxidation process were
greater than Pd/RGO. The I¢/I}, for Pd/N-RGO was more than Pd/RGO,
which means that Pd/N-RGO has better poisoning-tolerant behavior,
better catalytic efficiency, and more effective removal of CO. The
maximum power density was 31.5 mW/cm?. The obtained result can be
related to unique structures of N-RGO with a high specific surface area.
It was found that CNTs are more useful for loading metal catalysts due to
providing conductive channels and high ECSA. However, the metal-free
carbon catalyst was not applied for the ethanol oxidation reaction. Using
compounds of Pd NPs or Pd-based alloys as cheap alternatives of Pt NPs
with carbon materials revealed significant catalytic activity toward
ethanol oxidation due to the excellent dispersion of Pd-based catalyst on
the carbon supports and high CO removal ability of the compound.
Other carbon-based catalysts for DEFCs performance are listed in
Table 4.

3.2.3. Direct glycerol fuel cells (DGFCs) and direct ethylene glycol fuel cells
(DEGFCs)

Biomass-derived alcohols as renewable fuels are charming choices
compared to methanol due to their lower poisonous and effortlessly
preparation from biomass with well-established technology [382].
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Table 4

The DEFCs consist of carbon-based catalysts.

Catalyst ECSA (m?/g) Current density (mA/ Potential of current density =~ Power density (mW/ Temp. Ref.
em?) %) em?) qo]
PtSn/C 146 - 60 90 [358]
Pd/MWCNT treated with dilute hydrofluoric acid - 0.18 - - - [359]
Pt/mesoporous carbon CMK-3 39.0 48.43 - - 60 [165]
PtAuSn/C - 34.21 - - RT [360]
Pt-bamboo shaped CNTs (BCNTs) Higher than Pt-MWNTs 0.43 - RT [361]
PtPdAu/C 4.24 times higher than - - RT [362]
Pt/C
Pd/porous hollow carbon spheres (PHCS) 3.1 times higher than - - 40 [286]
Pd/C
Pt-Ir-Sn/C 32 0.761 29.13 90 [363]
PtSnNi/C 60.28 + 14.80 0.781 - 25 [364]
Pd-Ce0,/C 106 0.82 140 80 [365]
Pd-helical CNFs (HCNFs) Higher than Pd/XC-72 - - 22 [366]
Pd-Ni NPs/C 19.83 - - [367]
CNTs/PtSn 35 0.5 - - [368]
Pt-Ru/ mesoporous g-C3N4 - 222 0.308 61.1 100 [369]
Pd/Mn304/plait-like carbon nanocoils (CNCs) 585.24 700.2 mA/mg - - - [370]
NiCo-doped CNFs - 142 0.86 - 25 [371]
PdNi/C 53.9 - - 31 40-80 [372]
Pd/1H-benzotriazole functionalized-C 58.3 0.18 A/mg pg -0.56 - - [373]
Pd-CeO,/C - 85.5 0.82 47 RT [374]
PdSn/p-cd-CNT 51.79 - 16.1 RT [309]
Pd-Mo/Vulcan XC-72R carbon - 121.2 - - - [315]
Pt-FAU-C SG (Pt-faujasite zeolite with carbon-sol 2.28 2.7 - - RT [316]
gel)
CP/TiO,/Pt 29 29 - - RT [375]
Pd/TiO,-nitrogen-doped carbon (NC) - 5.18 mA -0.102 - 25 [376]
PtRh/TiO,-C 49.38 1039.5 mA/mg p; 0.877 - 25 [3771
Pt/nitrogen-sulfur (NS)-rGO/double wall CNT 27.3 0.088 0.5 - 70 [378]
(DWCNT)
Ni-Co-N/HC (honeycomb carbon) - 20 - 42.2 - [379]
Pd@C-Ni 121.8 160 - 202 60 [380]
PdNiBi 549 + 72 cm?/ 105.7 - - [381]
mg

Glycerol and ethylene glycol are a member of the biomass-derived
alcohol group. Contrary to methanol and ethanol, which are produced
from biomass fermentation, the biomass-derived glycerol is mainly
synthesized as a waste byproduct in biodiesel production by a
trans-esterification reaction. So it is considered a cost-effective, eco--
friendly, and non-toxic fuel for DAFCs instead of methanol or ethanol.
Ethylene glycol can also be directly obtained from catalytic conversion
of cellulose derivatives with great yields. The features such as high
boiling point, great theoretical charge capacity, and excellent perfor-
mance of electric power conversion lead to propose the ethylene glycol
as a promising fuel in DAFCs [383-385]. The cogeneration of electrical
energy and valuable chemicals, namely glycolic acid, oxalic acid, mes-
oxalic acid, tartronic acid, glyceric acid, and 1,3 dihydro-acetone occur
from the electrooxidation of glycerol and ethylene glycol in both passive
and active alkaline DAFCs. These valuable oxygenates are generally
generated via expensive and non-eco-friendly stoichiometric oxidation
or slow fermentation proceeding with low yields. Hence, cogeneration
of electrical energy and these valuable chemicals by DAFCs is a
cost-competitive and environment-friendly approach [386,387].
The reactions occur in a DGFC are as follow [388]:

At anode 3H,0 + C3HgO3 — 14H™ + 14e” + 3CO; (16)

At cathode 3/20, + 6H' + 6" — 3H,0 a7

Overall reaction: C3HgO3 + 7/20, — 3CO; + 4H,0 (18)
And the reactions for a DEGFC are described as follow [389]:

At anode C,HgO; + 100H™ — (COO"); + 8¢ + 8H,O (19)

At cathode 4H,0, + 8H' + 8¢” — 8H,0 (20)

Overall reaction: CoHgOs + 4H,0, + 8H™ + 100H” — (COO), 4+ 16H,0(21)
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In spite of the fact that both glycerol and ethylene glycol have the
standards for effective fuels (namely cost-effectively, availability, and
high boiling point to utilize at temperatures above 100 °C under ambient
pressure), there are challenges for complete electro-oxidation of them to
CO; (carbonates in alkaline media) owing to hardly breaking of strong
C-C bond by metallic catalyst [390,391]. Therefore, as a remedy to
improve the fuel performance, active catalysts with sufficiency to cleave
C-C bond in glycerol and ethylene glycol are enormously gained
attention. In 2009, Bambagioni et al. reported the first utilizing of a Pd
catalyst in a real DAFC [392]. Earlier than, studies have been restricted
to oxidation of alcohol in half cells. Pd and Pt-Ru NPs supported on
MWCNTSs were synthesized using the impregnation reduction procedure
and used as an anode for the electro-oxidation of methanol, ethanol, and
glycerol in 2 M KOH solution in half cells. The catalysts were highly
active for the oxidation of all alcohols, with glycerol indicating the best
performance with respect to the current density (53.7 mA/cm?) and
ethanol demonstrating the lowest onset potential (-0.55 V). Glycolate,
glycerate, tartronate, oxalate, formate, and carbonate were produced
from the glycerol oxidation. The considerable electrocatalytic activity of
Pd/MWCNT has been related to the great dispersion of the Pd NPs on
MWCNTs. In another report, MWCNTs bearing carboxylic
(MWCNT-COOH) and sulfonic acid (MWCNT-SOsH) were used as a
support to the synthesis of Pd-based ternary core-shell (FeCo@Fe@Pd)
nanocatalyst [383]. The electrocatalytic behavior of as-prepared nano-
catalyst was studied for electro-oxidation of glycerol and ethylene glycol
in an alkaline medium. Physico-chemical properties of the nanocatalyst
for electro-oxidation reactions were immensely affected by the surface
functional groups of MWCNTs. The -COOH surface groups had more
effective due to lower NPs size, more uniform dispersion on the support,
high electrochemically active surface area, and increased electro-
catalytic activity of FeCo@Fe@Pd/MWCNT-COOH in comparison with
FeCo@Fe@Pd/MWCNT-SOsH. The exhaust products in the AEM-DEGFC



and AEM-DGFC in the presence of FeCo@Fe@Pd/MWCNT-COOH
nanocatalyst indicated the high selectivity level for complete oxida-
tion of both alcohols. The high electrocatalytic performance and the
sufficiency of the FeCo@Fe@Pd/MWCNT-COOH to competently cleave
the C-C bonds resulted from the electronic properties improvement
coupled with the strong affinity of its -COOH surface groups with the
catalyst species. Ethylene glycol oxidation reaction generated a high
amount of glycolate, a precious product for a wide variety of commercial
applications, from pharmaceuticals to textiles industries. One more
report in 2015 studied the synthesis of Pt-supported CNT (Pt-CNT) by
microwave-induced reaction for glycerol and ethylene glycol oxidation
[393]. The Pt-CNT electrocatalyst exhibited an onset potential of -0.44 V
and a current density of 1.23 mA/cm? in the glycerol oxidation. In
addition, the Pt-CNT had superior catalytic activity toward ethylene
glycol oxidation; the onset potential and current densities were -0.49 V
and 9.5 mA/cm?, respectively. The Pt-CNT current density was six-folds
and 33 folds higher than the Pt-C catalyst in the glycerol oxidation re-
action and ethylene glycol oxidation reaction, respectively, due to its
strong conductivity and electronic relay. The MWCNTs can be func-
tionalized with 1-pyrenecarboxylic acid (PC), which has a large n-con-
jugated system and own the great content of carboxylic acid groups and
can act as a molecular building block. PC is self-assembled on MWCNTSs
by the n- & stacking of pyrene structure and the graphitic surface of
nanotubes. Yuan and coworkers synthesized PC-MWCNTs and then used
microwave-assisted self-assembly for deposition of ultrafine CeO, NPs
(<2 nm) on MWCNTSs [394]. Au NPs were decorated on CeO/MWCNT
during the alcohol reduction procedure. The great activity and dura-
bility were reported for the glycerol oxidation reaction by this electro-
catalyst in terms of the peak current density 28.2 folds higher than that
of the commercial Pt/C catalyst and the current density 1.6 times as high

@

as that of Pt/C at a practical fuel cell operation potential of -0.3 V.
Hence, as-prepared electrocatalyst is superior alternative electrocatalyst
for Pt-based ones for DGFCs. In another work, the use of CNs was re-
ported to deposit the Pd and Ag NPs by an aqueous-phase reduction
process with no surfactant [395]. The excellent fuel efficiency was
achieved for DAFCs by PdAg/CNT electrocatalyst as an anode and
breaking the C-C bond of glycerol, more effectually compared to
Pd/CNT. In a half-cell system with 1 M KOH and 0.1 M alcohol (ethanol,
methanol, ethylene glycol, and glycerol) electrolyte, the best perfor-
mance was reported for glycerol and ethylene glycol with the power
densities of 276.2 mW/cm?, and 245.2 mW/cm? respectively. CNTs
possess great electrical conductivity, significant mechanical and thermal
stabilities, and can form 3D electrode structures to increase the mass
transfer of alcohol and OH-, so increase the catalytic performance for
actual fuel cell operation. Ag@C nanocables can outperform
MWCNTs-based nanocatalyst. The Ag@C nanocables were effectively
fabricated via a hydrothermal self-assembly route to use as the sup-
porting material for uniformly Pt deposition, according to Fig. 14a
[396]. Fig. 14b,c show that the nanocables had different diameters,
about 100-220 nm, and an average shell thickness of 30 nm. Also, it can
be seen that Ag@C nanocables are well-dispersed. The Pt/Ag@C elec-
trocatalyst behaved highly more active and more stable with a peak
current density of 1079 mA/mgp; compared to Pt/MWCNTs (260
mA/mgp;) and Pt/C-shell (142 mA/mgpy). It is concluded that Pt/Ag@C
electrocatalyst should be a supreme possible anode catalyst for DGFCs.

Awasthi et al. studied ethylene glycol and glycerol oxidations per-
formance in the presence of synthesized (100-x)% Pd-x % Ni(x =1, 2, 5,
10, and 20) and (90-y)%Pd-10%Ni-y%C (y = 0.5, 1, 2, 5, and 10) cat-
alysts in 1 M KOH solution [346]. The maximum catalytic activity of
(100-x)% Pd-x% Ni composites was observed in the presence of 10% Ni
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Fig. 14. (a) Schematic illustration of the Pt/Ag@C electrocatalyst formation, and (b,c) FESEM images with two different scales of the Ag@C nanocables. Reproduced

with permission from Ref. [396]. Copyright 2016, Royal Society of Chemistry.
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due to higher ionic potential of Ni%*, and thus reduction of electron
density on Pd; the ethylene glycol and glycerol oxidation current peaks
at -0.20 V was 101 and 93 mA/mg, respectively. The addition of
different C content enhanced the electrocatalytic activity of composites.
However, the highest ethylene glycol and glycerol oxidation current
were achieved with 5% C, which was 129 mA/mg and 192 mA/mg at
-0.20 V, respectively. In one more work, Ni foam anodes were coated
with a Pd-(Ni-Zn)/C catalyst and the cathodes were FeCo/C (C=Ketjen
Black) catalyst to study the glycerol and ethylene glycol electrooxidation
in a half cell [397]. The great electrocatalytic efficiency of Pd-(Ni-Zn)/C
was reported with respect of the peak current density of 3300 A/gpq for
ethylene glycol and 2150 A/gpq for glycerol. Producing valuable
chemicals containing glycolate, tartronate, glycerate, formate, oxalate,
and carbonate, was more found from the glycerol oxidation by both
Pd/C and Pd-(Ni-Zn)/C compared to ethylene glycol oxidation with no
observation side products of glycerol oxidation such as dihydroxyace-
tone, hydroxypiruvate, and mesoxalate. The notable electrocatalytic
performance of Pd-(Ni-Zn) can be affiliated to both the uniform
dispersion of the metal NPs and to the natural properties of the Ni-Zn
phase that should enhance the content of OH,qs groups on the surface
of the catalyst, which are involved for the carboxylic acid formation.
Since some carbide materials are suitable as an electrocatalyst,
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Zhang and coworkers used binary molybdenum carbide-tungsten car-
bides/carbon aerogel (Mo2C-WC/C) loaded Pd NPs catalyst for ethylene
glycol oxidation [398]. The electrocatalytic activity of the Pd/WC
electrode was enhanced in the highest concentration of 2 M ethylene
glycol (Fig. 15a). According to Fig. 15b, the maximum current density of
ethylene glycol oxidation (600 mA/mgpq) was achieved on
Pd/WC-MoyC, which was ten times higher than Pd/C with the same
loaded Pd NPs. In addition, the onset potential of Pd/WC-Mo,C was -0.6
V while it was -0.4 V on Pd/C. The superior electrocatalytic activity of
Pd/WC-Mo,C was due to the synergistic effect between Pd and carbides.
Qi et al. employed the Au NPs catalyst supported on carbon for selective
glycerol oxidation to tartronate and electrical energy generation [399].
The cogeneration of tartronate with an excellent performance of 61.8%
and electrical energy of 1527 J for 12 h was achieved. Au/C synthesized
by organic phase nanocapsule procedure (Au/C-NC) with the average
size of 3 nm (Fig. 15¢) was evaluated with an aqueous phase reduction
procedure (Au/C-AQ) with an average size of 4.7 nm (Fig. 15d), indi-
cating the residual surfactants slightly affected on the tartronate yield.

Alloying of Pd with Cu can increase the electrooxidation of alcohols.
Pd-Cu supported carbon (Pd-Cu/C) was prepared using wet synthesis
with sodium hypophosphite reducing agent and compared with Pd/C
catalyst for electrochemical oxidation of glycerol and ethylene glycol.
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Fig. 15. (a) CV of different concentrations of ethylene glycol in 0.5 M KOH on Pd/WC electrode at 50 mV/s and 25 °C and (b) the CVs of 0.5 M ethylene glycol
oxidation on different electrocatalysts at 50 mV/s in 0.5 M KOH at 25 °C. Reproduced with permission from Ref. [398]. Copyright 2013, Elsevier. TEM images and
particle size histograms of (¢) Au/C-NC, (d) Au/C-AQ. Reproduced with permission from Ref. [399]. Copyright 2014, Elsevier.



The oxidation rate of ethylene glycol and glycerol in the presence of Pd-
Cu/C was 4 and 3 times higher than that of Pd/C, respectively. The
maximum power density for ethylene glycol was reported to be 75%
higher, and for glycerol was 32% higher related to a power density of
Pd/C. One more report discussed the effect of bimetallic alloy on the
catalytic activity of carbon catalyst in the alkaline medium for DAFCs
application. Pd and Pd-Mo with various ratios supported Vulcan XC-72R
carbon (VC) to investigate ethylene glycol and glycerol oxidation re-
actions [315]. The ECSA of Pd-Mo/VC was lower than Pd/VC. However,
the catalytic efficiency of bimetallic alloys was better than monometallic
Pd due to decreasing the d-band position and changing electronic
structure. The Pd3sMo/VC catalyst presented the highest catalytic ac-
tivity in 1 M KOH solution, and the current activities of ethylene glycol
and glycerol oxidation were 234.8 and 182.6 mA/cm?, respectively.
After 5400 s, the current density of PdsMo/VC catalyst for ethylene
glycol oxidation (25 mA/cm?) was fixed at a higher value compared
with glycerol (17 mA/cm?). Hence, this catalyst displayed better elec-
trocatalytic activity for glycol oxidation due to a lower Mo content.

Meeting bimetallic nanocatalyst with RGO as support can enor-
mously improve the electrocatalytic behavior of nanocatalyst owing to
high electrochemical surface area and unique topological defects of RGO
resulting in more catalytic active sites [400]. Among bimetallic nano-
catalysts, AuPd nanocrystals have gained immense interest owing to
their supreme catalytic efficiency in alcohol oxidation [401]. Feng and
co-workers used the one-pot wet-chemical method to synthesize
well-defined dendritic core-shell gold@gold-palladium nanoflowers
supported on RGO (Au@AuPd NFs/RGO) conforming to the formation
process illustrated in Fig. 16 [402]. The specific alloy core-shell archi-
tecture and the synergistic effects of the AuPd nanocatalyst improved
the catalytic performance and durability for glycerol oxidation reaction
compared to AuPd/RGO.

Although different noble metals and their alloys have behaved as
powerful electrocatalysts in fuel cell applications, the catalytic activity
of the Pt-based nanocatalysts remains still considered the best. To alle-
viate the limits of Pt, it is desirable to progress the synthesis of multi-
metallic alloys. Bhunia et al. offered a facile and one-step solvothermal
manner to synthesize the trimetallic hybrid electrocatalysts by concur-
rent reduction of metal ions (Pt, Pd, and Ni) on RGO as support [403].
The decoration of Ni into the PtPd alloy led to altering the surface
electronic structure of PtPd alloy, increasing the electrochemical surface
area and altering the kinetics. Moreover, the intrinsically hydrophilic
property of Ni boosts electrooxidation of alcohols (ethanol, glycerol, and
ethylene glycol) and also remaining carbon impurities generated on the
surface of the catalyst, resulting in reducing the catalyst poisoning.
Pt7oPd24Nig/rGO electrocatalyst demonstrated a maximum catalytic
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Fig. 16. Schematic presentation of the synthesis process of Au@AuPd NFs/
RGO. Reproduced with permission from Ref. [402]. Copyright 2018, Elsevier.
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efficiency with a lower onset potential of oxidation, a higher current
density, and a higher mass activity. The best performance of this catalyst
was associated with electrochemical oxidation of ethylene glycol with
the mass activity of 7.75 A/mg, which was 4.96 folds as high as the mass
activity of commercial Pt/C. Therefore, the alloy Pt-based is a favorable
nanocatalyst for boosting electrochemical alcohol oxidation and
reducing limits of Pt usage. Fig. 17 shows the synthesis of ultrafine Pt
NPs decorated on flowerlike MoS;/N-doped RGO (Pt@MoS3/N-RGO) by
a simple and cost-effective route, carried out through the hydrothermal
procedure and subsequently by the wet-reflux system [404].
Pt@MoS,/N-RGO was used as a potential electrocatalyst anode for
alcohol fuel oxidation reaction. The Pt@MoS2/N-RGO electrocatalyst
exhibited excellent performance with high mass activities for electro-
oxidation of methanol (448 mA/mgp,), ethylene glycol (158 mA/mgpy),
and glycerol (147 mA/mgp;) which were about 4.14, 2.82, and 3.34
times higher than that of a commercial Pt/C (20%) catalyst,
respectively.

Recently, Krishnadevi and co-workers employed RGO to synthesize a
new composite, non-covalent functionalized triazine framework using
poly(cyanuric chloride-co-biphenyl) over RGO (Poly(CC-co-BP)-RGO)
as a support material for deposition of Pt and Pt-Au NPs for the glycerol
oxidation reaction in alkaline condition, as shown in Fig. 18a [405]. The
results of glycerol oxidation reaction indicated that the Pt-Au/Poly
(CC-co-BP)- RGO catalyst behaved more active and more stable with
comparison to Pt/Poly(CC-co-BP)-RGO, Pt/Poly(CC-co-BP), and Pt/RGO
catalysts. So the outperformed Pt-Au/Poly(CC-co BP)-RGO catalyst was
applied as the electrode material to make the single test direct alkaline
glycerol fuel cell, resulting in the power density of 122.96 mW/cm?
(Fig. 18b) with the optimum glycerol concentration (2.0 M) at 70 °C.
Several other reports on the carbon-based catalysts used for glycerol or
ethylene glycol oxidation are summarized in Table 5.

In summary, real improvement can be totally ascribed to the
amended mass transfer owing to the 3D-mesoporous framework gener-
ated by these materials, and also attributed to the superior electrical
conducting properties and uniformly dispersing the NPs and great
electroactive surface area values.

3.2.4. Other alcohol fuel cells

As mentioned above, other alcohol fuels such as isopropanol and n-
propanol could be employed in the fuel cells. Isopropanol is a prominent
chemical matter which can be applied as a good alternative fuel to
methanol and ethanol in the DAFCs due to low toxicity, high energy
density, and high boiling point. Further, the CO adsorption on the cat-
alysts is lower during the isopropanol oxidation [435]. In 2011, ALD was
utilized to Pd NPs distribution on porous carbon [436]. The isopropanol
oxidation of the Pd/C (ALD) catalyst was examined, and resultant the
commercial Pd/C catalyst presented a lower Hy desorption peak
compared to the synthesized Pd/C. The ECSA, onset potential and mass
activity of isopropanol oxidation on Pd/C (ALD) electrode were 91.1
mz/mgpd, 180 mV and 1247 mA/mgpq, respectively. On the commercial
Pd/C catalyst, these parameters were 39.3 mz/mgpd, 230 mV, and 493
mA/mgpq, respectively. Hence, the Pd/C (ALD) electrocatalyst displayed
higher catalytic activity due to its smaller Pd NPs. The recorded chro-
noamperometric curves indicated that the beginning mass activity of
isopropanol oxidation on both catalysts was reduced due to surface
poisoning by acetone. However, the current of Pd/C (ALD) was higher
than commercial Pd/C. In another work, MWCNTSs were applied to load
Pd catalyst [309]. Pd-based anode catalysts were fabricated using sup-
ports of MWCNT, carbon powder (C), B-cyclodextrin (-cd) modified
MWCNT (B-cd-MWCNT), and C (B-cd-C). The n-propanol and iso-
propanol oxidations activity of catalysts were survived in novel alco-
hol/Fe®* fuel cells, as illustrated in Fig. 19a. The CV resultants indicated
that the PdSn/B-cd-CNT catalyst has optimized catalytic activity
compared with other catalysts. The chronoamperometry (CA) analysis
confirmed that PdSn/p-cd-CNT affords the highest current density of
alcohol oxidation (Fig. 19b and c). The cell power density for n-propanol
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fuel and isopropanol fuel was 19.9 mW/cm? and 12.2 mW/cm?,
respectively. The cell performance of PdSn/p-cd-CNT was also investi-
gated in the presence of different Fe3* concentrations (0.5-1.5 mol/L) in
the cell, showing the current density and power density of anode catalyst
in n-propanol oxidation reaction was higher than isopropanol oxidation
reaction.

In the use of Pd/carbon@functionalized CNT (Pd@C-f-CNT) for
electrooxidation of Xylitol alcohol showed another significant catalytic
activity [437]. The interaction of metal and support was increased by
obtained carbon, which led to a high electrocatalytic performance in
alkaline medium, it is in accordance to CV tests performed in 1 M HySO4,
1 M KOH, and 1 M NaySO4 solutions. The obtained electrochemical
active surface area of the electrodes was 176.5, 263 and 97 mC/cm?.mg
in alkaline, acidic and neutral mediums, respectively. In addition, the
xylitol oxidation of the electrode was tested in each medium; indicating
three oxidation peaks appeared in the potential range of 0.4 V to 0.7 V.
The maximum oxidation current density of 2.1 A/cm? was achieved at
-0.05 V in 1 M KOH, which was ten times higher than H3SO4 and
NaySO,, resulting the PA@C-f-CNT had better catalytic activity in
alkaline solution.

In 2018, a new catalyst-based carbon was introduced using carbon
with a honeycomb structure. The nanocomposites consisted of Ni-Co-N
doped honeycomb carbon (HC) were prepared for n-propanol and iso-
propanol oxidation [379]. The arranged honeycomb structure of carbon
increased the stability of the nanoparticles. The ORR activity of the
synthesized Ni3Co;-N/HC-x (x is the metal mass presentation of 20, 30,
and 40 wt.%) was tested by LSV, exhibiting Ni3Co;-N/HC-40 had the
maxim electrocatalytic activity due to its high current density of 4.04
mA/cm? The alcohol fuel cell performance investigation of NisC-
01-N/HC-40 cathode catalyst demonstrated that the highest current
densities are 33 mA/cm? for n-propanol and 14.4 mA/cm? for
isopropanol.

Organometallic fuel cells (OMFCs) are a type of DAFCs with an
organometallic molecular complex anode catalyst, operating in alkaline
media for electrooxidation of alcohols to the attributed alkali metal
carboxylate, protons, and electrons [438,439]. The electrons move from
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the anode in the external circuit to the cathode, and the oxygen is
converted to OH". Then, the hydrated hydroxyl group move from the
cathode to the anode into an anion-exchange membrane closes the cir-
cuit. Organometallic molecular complexes can be easily incorporated in
a broad range of conductive support nanomaterial, like functionalized
fullerenes, nanofibers, and carbon nanotubes. The successfully formed
molecular architecture with correspondent support can selectively
oxidize polyalcohols into valuable chemicals without waste. Annen and
co-workers deposited (Rh(OTf)(tropoNH)(PPhg)) on the Vulcan XC-72 as
anode electrocatalyst, indicating power density was 24 mW/cm?, it is in
an active cell in the presence of 2 M KOH with 10 wt% ethanol at 60 °C
[439]. In another report, Bevilacqua et al. modified the peripheral mo-
lecular structure of the Rh complexes (Rh(Y)(tropoaNH)(PPhs)) (Y=OT{,
OAc) by replacing the PPhg with P(4-n-BuPh)s, resulting in the forma-
tion of amorphous materials at the same coordination environment and
then deposited them on the Vulcan XC-72 (Cv) and Ketjenblack
EC-600JD (Ck) [440]. The deposited 2(OAc) on Ck exhibited a larger
surface area, more pore volume, and lower polarity than Cv. The 2(OAc)
@Ck was employed as an anode material in a complete alkaline OMFC to
convert ethanol into acetate, showing comparable substrate conversions
(45%) in three galvanostatic cycles. The 1(OTf)@Cv electrocatalyst had
a little higher power density of (24 rnW/cmz) than 2(OAc)@Ck (18
mW/cm?) but had lower electrochemical stability.

3.3. Direct formic acid fuel cells (DFAFCs)

Formic acid (HCOOH), as a liquid fuel at room temperature, is a
prominent fuel for application in liquid fuel cells, which possess features
of easy handling, low cost, and availability [441]. Direct formic acid fuel
cells (DFAFCs) are an attractive electronic power resource due to their
outstanding properties of low operating temperature, enough high en-
ergy density, non-flammability, and less crossover of the formic acid
thorough membrane [442,443]. One of the important advantages of
DFAFCs is their high electromotive force which is higher than DMFCs
[444]. The protons, electrons, and CO, are released during the dehy-
drogenation reaction of HCOOH at the anode, and then the formation of
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water molecules occurs at the cathode by the reaction of Oy with
transferred protons and electrons. The reactions that occur in the
DFAFCs are:

At anode HCOOH — 2H™ + 2¢” + CO, (22)
At cathode 1/20, + 2H' 4 2¢” = H,0 (23)
Overall reaction: 1/20, + HCOOH — H,0 + CO, (24)

Carbon-based materials are efficient for DFAFCs due to their excel-
lent conductivity and specific structure. The loaded Pt NPs on the CO
and OH-annealed Pt/C have shown higher catalytic activity toward
HCOOH oxidation than untreated Pt/C [445]. By CO-annealed catalyst,
HCOOH oxidation was performed from the direct pathway, whereas
OH-annealed Pt/C was slightly improved HCOOH oxidation through a
direct mechanism. The electrochemical oxidation measurement in 0.5 M
formic acid displayed that the treated catalysts, especially
CO-annealing, have a better oxidation rate than untreated catalysts due
to small Pt domains appearance. Another research found that the
mixture of a-Al03 and Vulcan XC-72 carbon support can enhance sta-
bility, corrosion resistance of carbon and activity toward formic acid
oxidation due to the narrowest particle size distribution the supporting
surface, and its current density was 36.97 mA/cm? [446]. A
microwave-assisted polyol approach was used for Pd/a-AlyOs-Vulcan
XC-72 CB (Pd/Al;03-C) catalyst preparation. The catalytic activity of
catalyst with a-Al,03 matrix was lower than catalyst with Vulcan XC-72
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carbon matrix due to its low conductivity. However, the Pd/Al;03-C
catalyst displayed higher stability and ability in HCOOH oxidation
compared with Pd/C due to anti-corrosion of a-Al;O3 and a
metal-support interaction between the Pd NPs and the a-Al;O3. Helical
CNFs with significant conductivity and mechanical stability possess a
higher surface area than CNFs. The fixed Pd NPs on functionalized he-
lical CNFs (Pd-S-HCNFs) showed better DFAFC performance than com-
mercial Pd/Vulcan XC-72 [366]. The formic acid oxidation current
density of 29.8 mA/cm? (at 0.386 V) and 15 mA/cm? (at 0.418 V) were
attributed to Pd-S-HCNFs and Pd/Vulcan XC-72, respectively, ascribed
to the good conductivity of helical CNFs and the strong attachment of Pt
catalyst on the surface of a support. Nanostructured carbon black (NCB)
with a high surface area was chosen as affordable support for loading Pd
catalysts to enhance the catalytic activity of Pd NPs. After deposition
Pd/NCB on a carbon-ceramic electrode (CCE), its formic acid electro-
oxidation ability was compared with Pd/CCE, resulting in the maximum
oxidation current density of 24.90 mA/cm? at 0.31 V was achieved with
Pd/NCB/CCE catalyst [447]. High conductive network, well dispersion
of Pd NPs on/in NCB, and high electrochemical activity of Pd NPs were
practical factors in the catalytic activity of Pd/NCB/CCE. The catalyst
performance stability of Pd/NCB/CCE was tested during 2000 s, and the
current density was fixed at 20.7 mA/cm?. Low stability of Pd in formic
acid oxidation and low CO removal ability of Pt at low potentials caused
the synthesis of alloying Pt or Pd. The various nanocatalysts based on
carbon-supported Pty-Pdy-Cu, (Pty-Pdy-Cu,/C, where x, y, and z are
atomic ratios of Pt, Pd, and Cu, respectively) revealed considerable
formic acid oxidation activity [448]. Pt;Pd4Cuy/C catalyst showed
excellent performance towards formic acid oxidation. Its current density
(3.02 A/mg(p+pa)) was the highest value due to the formation of much
less CO. In addition, the isolation of Pt with Pd and Cu can help to direct
oxidation of formic acid. In contrast, the as-prepared nitrogen-doped
carbon dot/Ptg4Pdie (N-Cdot/Ptg4Pd;e) catalyst by chemical etching
method showed the current density of 1919.5 mA/mgnetal corresponded
to modification of its electronic structure and the unique nanonetwork
structure [449]. The ECSA of N-Cdot/Ptg4Pdi¢ was estimated at 89.9
mz/gmetal by CV analysis. After the 1200 s test, the N-Cdot/Ptg4Pd;¢
catalyst was fixed at a more current density value. Fig. 20 indicates a
schematic of the fabrication of the catalyst. In order to form a homog-
enous deposition of Pd catalyst, CeO5 metal oxide was employed [450].
Comparison of formic acid oxidation activity of Pd/CeOy/C with two
reference electrodes of Pd-CeO,/C and Pd/C indicated that the ECSA
was estimated to be 52.6, 38.7, and 25.5 ng for Pd/CeO,/C,
Pd-CeO,/C, and Pd/C catalysts, respectively, which attributed to small
particles size of Pd/CeO,/C. The specific activity of Pd/CeO5/C was 4.6
mA/cm, which was higher than those of Pd-CeO2/C and Pd/C catalysts.
The presence of CeO; in the vicinity of Pd NPs can reduce CO poisoning
by holding -OH groups. The loaded Pd NPs on top of CeO, enhanced the
resistance of carbon corrosion. This catalyst exhibited good stability
such that its current density was fixed at 70% of the initial current
density after 1000 cycles.

Since MWCNTs have higher electrical conductivity compared to
Vulcan XC-72® carbon, the loaded Pd NPs on MWCNTSs (Pd/MWCNTSs)
as an anode showed better HCOOH oxidation than Pd/V XC-72 at low
formic acid concentration (0.1 and 0.5 M) fuel cell and the optimal
power density of 3.3 mW/cm? was obtained by Pd/MWCNTs anode with
a 50% less Pd NPs than Pd/V XC-72 [451]. In addition to the electrical
features of MWCNTSs, good distribution of Pd on the MWCNTs surface
improved fuel cell performance. In another report, phosphomolybdic
acid (HPMo)-poly(diallyl dimethylammonium chloride) (PDDA)--
functionalized MWCNTs (HPMo-PDDA-MWCNTs) were employed as a
substrate to support Pd NPs for formic acid oxidation application [452].
Compared with acid-treated MWCNTs/Pd and Pd/Carbon (Pd/C) cata-
lyst, Pd/HPMo-PDDA-MWCNTs exhibited higher electrocatalytic activ-
ity. However, these three catalysts showed similar formic acid oxidation
potentials, indicating a similar oxidation mechanism. The current
oxidation peaks were about 945 mA/mg, 373 mA/mg, and 554 mA/mg



Table 5
Carbon-based catalysts for DGFCs and DEGFCs.

Catalyst Power density Current density/mass Potential of current density/mass  Fuel Temp. Ref.
(mW/cm?) activity activity (V) Q)
Pd-(Ni-Zn)/C - 0.2A Glycerol 40 [406]
- 0.2A Ethylene
glycol
PdgyBi;/C 25 - Glycerol 60 [407]
Pt/C 124.5 - - Glycerol 80 [408]
Au-RuO,/C - 6.69 mA/cm? -0.33V Glycerol - [409]
Au/C 57.9 - Glycerol 80 [410]
Pd/CNT-FLG (Pd/multi-walled carbon nanotubes- - 1.84 mA/pgpa Glycerol RT [411]
few layer graphene - 3.7 mA/jgpq Ethylene
glycol
PdsoNiso/C - 190 A/gpa 0.93 Glycerol - [412]
Pds0Ags0/C 263 A/gpa 1
Ag/c 86 - Glycerol 80 [413]
FeCo@Fe@Pd/C 4.5 mA/cm? Glycerol - [414]
5.01 mA/cm? Ethylene
glycol
PdsRu-PEDOT/C - 4.3 mA/cm? Glycerol - [415]
Pd-CN,/G (Pd-carbon nitride/graphene) - Higher than Pd/CB Glycerol - [416]
PdAuSn/C 50:40:10 51 - Glycerol 85 [417]
Pd-Cu/C 35 - Glycerol 60 [418]
29 Ethylene
glycol
Pb@Pt/C - 5.08 mA/cm? - Glycerol - [419]
PdAu/C - 96.3 mA/cm? -0.155 Glycerol - [420]
PtAu/C - 6.07 mA/cm? 0.3 Glycerol - [421]
PdAu-NF/NG (PdAu nano-flower/N-doped - 8.7 A/mg Glycerol RT [422]
graphene) 12.8 A/mg Ethylene
glycol
Pd-NiOx-P/C - 0.364 A/mgpq -0.48 Glycerol - [423]
PdAg/CNT 214.7 43.4 mA/cm? 0.16 Glycerol 80 [424]
PdAg/CNT 76.5 - - Glycerol 60 [425]
CeO,.xH,0/Pt/CNTs - 1880 mA/mg Glycerol - [426]
Pt/C-modified carbon paper 39.5 77.1 mA/cm? Glycerol RT [427]
30.3 75 mA/cm? Ethylene
glycol
Pd/MGF (Pd/mesocellular graphene foam) - 2.718 A/mgpq Glycerol - [428]
4.056 A/mgpq Ethylene
glycol
PdAu/VGCNF (PdAurum/vapor grown carbon 7 0.08664 mA/cm? Glycerol - [429]
nanofiber)
Fe/Pt/C 53.6 98 mA/cm? Glycerol - [430]
Pt/C 330 - Glycerol 80 [431]
Au-Ni/C 142
Pt/C 375 451 mA/cm? Glycerol 80 [432]
3D Ni-NMC (3D Ni-nitrogen-doped mesoporous - 2.54 mA Glycerol - [433]
carbon)
P-D-PdCo3/C (phosphate dealloyed palladium - 65.9 mA/mg -0.05 Glycerol - [434]
cobalt)

for Pd/HPMo-PDDA-MWCNTs, Pd/C, and acid-treated MWCNTSs/Pd,
respectively. This high catalytic activity was found to be highly
dispersed Pd. Furthermore, the interaction Pd with HPMo immobilized
on PDDA-functionalized MWCNTs increases the HCOOH oxidation rate.
While using the hydrothermal synthesis of nanocomposite based on Pd
NPs supported on copper phthalocyanine 3,4,4,4 -tetrasulfonic acid
tetrasodium salt (TSCuPc)-functionalized MWCNTs
(Pd/TSCuPc-MWCNTSs) exhibited HCOOH oxidation current density of
1260.1 mA/mg, which was higher than Pd/acid-treated MWCNTs
(Pd/AO-MWCNTSs) [453]. In  addition, the current of
Pd/TSCuPc-MWCNTs was fixed at 86.5 mA/mg after 7200 s, while
Pd/AO-MWCNTs showed a lower current (5.73 mA/mg). This better
catalytic activity of Pd/TSCuPc-MWCNTSs can explain by smaller particle
size, better dispersion of Pd catalyst, and high CO oxidation ability.
Since the presence of oxygen-containing groups on to the graphene
surface can facilitate Pd NPs deposition, the prepared low-defect gra-
phene (LDG) sheets thorough exfoliation of bulk graphite was used to
support Pd NPs with a 1-5 nm diameter, as shown in Fig. 21a [454]. This
electrocatalyst had an ECSA of 83 m?%/g, higher than RGO/Pd,
MWCNTs/Pd, and XC-72/Pd. The formic acid oxidation current density
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was acquired to be 61.6 mA/cm? at around 0.15 V. As shown in Fig. 21b,
LDG/Pd displayed excellent formic acid oxidation performance among
all samples, which is due to stability, conductivity, and large surface
area of LDG. The catalytic performance investigation was confirmed the
remarkable stability of LDG/Pd for formic acid oxidation (Fig. 21c);
LDG/Pd catalyst retained the highest current after first decay. In another
research, Pd nano-leaves were supported on modified GC by RGO (Pd
nano-leaves/RGO/GCE), and then its formic acid oxidation ability was
compared with Pd nano-leaves/GCE and commercial Pd/C/GCE [455].
The formic acid oxidation current density was obtained 19.5, 0.5, and
12.5 mA/cm? for Pd nano-leaves/RGO/GCE, Pd nano-leaves/GCE, and
Pd/C/GCE, respectively, which is ascribed to higher ECSA of Pd
nano-leaves/RGO/GCE (51.5 m?/g) as well as improved electron
transfer by RGO. After 2000 s, the current density loss of Pd
nano-leaves/RGO/GCE was lower than other samples, suggesting the
good poisoning-tolerance ability of Pd nano-leaves/RGO/GCE.
According to our investigation, modified carbon has been more
attention for supporting metallic catalysts because of the modification
process such as CO annealing, adding metal oxides caused to increase
the ECSA and enhance formic acid oxidation. In addition, Pd-carbon



€))

:\

_‘@’_

)
Electron flow

O, or air

Oxidation
product

Tank

Alcohol
(O]

(©)

——PdSn/g-cd-CNT

60“‘ - = -PdSn/CNT
A - - Pd/g-cd-CNT
504 —-—-Pd/CNT
o \ ---= Pd/p-cd-C

10

900 1200 1500 1800

t/s

0 300 600

—
(©) 27 .
181" —— PdSn/p-cd-CNT
6. - — -PdSNn/CNT
°7] -« -+ Pd/p-cd-CNT
o~ 14 —-—-Pd/CNT
‘=12 —--= Pd/p-cd-C
Sah % s Pd/C
< ']
£
0 T T T T T T T T T T T T T
0 300 600 900 1200 1500 1800

t/s

Fig. 19. (a) Schematic diagram of the presented cell. (1) anolyte storage tank; (2) anolyte (1.0 mol/L NaOH + 0.5 mol/L alcohol); (3) anode; (4) membrane; (5)
cathode; (6) catholyte (0.5 mol/L NaCl containing FeCls); (7) conversion reactor of Fe?* to Fe3+; chronoamperometric responses of the prepared catalysts and Pd/C
at -0.2 V in the presence of (b) 0.5 mol/L n-C3H;O0H, (c) and 0.5 mol/L iso-C3H,OH. Reproduced with permission from Ref. [309]. Copyright 2016, Elsevier.

catalysts were used more than Pt-carbon catalysts, possibly due to Pd
availability and low cost. Although CNTs are a great candidate for
oxidation of HCOOH, graphene-based supports also showed significant
catalytic activity due to their high conductivity and oxygen-containing
groups.

Table 6 summarizes other carbon-based catalysts used in the
DFAFCs.

The schematic representation of PEMFCs, DMFCs, DEFCs, and
DFAFCs has been depicted in Fig. 22.

3.4. Biological fuel cells

This type of fuel cell works similarly to chemical fuel cells. There is a
permanent fuel resource into the anode and a permanent oxidant
resource into the cathode, and the electrical energy is produced through
the electrochemical process by bio-electrocatalysts such as enzymes or
microbial cells [464]. The electrons are generated during electro-
catalytic oxidation at the anode and transferred to the cathode via an
external electrical circuit. At the cathode, the transferred electrons act as
a source for reducing the oxidizer. Fuel cells are known as green elec-
tricity generation devices due to their eco-friendly nature. Depending on
the type of bio-electrocatalysts used, there are two types of biological
fuel cells, named "Microbial fuel cells" and "Enzymatic biofuel cells"
[465].

3.4.1. Microbial fuel cells (MFCs)

Microbial fuel cells (MFCs) are biological fuel cell that converts
chemical energy to electrical energy via microorganism catalysts.
Firstly, in 1911, Potter produced an electrical current from bacteria.
However, MFCs were introduced as promising energy devices in the
1990s [466]. As depicted in Fig. 23, an MFC generally consists of anode
and cathode chambers separated by a PEM. The organic material oxides
at the anode and protons and electrons produce, and the produced
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electrons transfer to the cathode through PEM and external circuits. At
the cathode, the water forms by reducing oxygen [467]. The MFCs
possess different configurations, such as single-chamber and
two-chamber MFCs. Single-chamber MFCs are a new design that re-
inforces power output by reducing internal resistance by removing PEM.
A two-chamber MFC designed in "H" shape with two bottles connected
by PEM. The two-chamber MFCs are affordable and popular compared
with the single-chamber MFCs [468]. In MFCs, different compounds
such as glucose, acetate, phenol, cellulose, wastewater, biomass, etc.,
can be used for power production. Hence, MFCs are suitable for
degrading wastewater and environmental pollutants [469]. Addition-
ally, MFCs have different applications such as hydrogen production,
industrial chemicals recovery, sensors, and microbial solar cells [468].

Modifying the anode and cathode using materials with high elec-
trical conductivity, good biocompatibility, large surface area, chemical
stability, and anti-corrosion features can enhance MFC’s performance
[466,468]. Carbon-based materials such as CP, carbon cloth (CC), acti-
vated carbon, etc., with high conductivity and activity, can be applied to
modify anode. However, the & electrons in carbon materials are inactive,
which can be active by doping appropriate elements, leading to more O,
adsorption. Doping N and boron into carbon NPs (NB-CPs) has been
provided more catalytic activity toward ORR in MFCs. Both N and boron
receive electrons from carbon and make a net positive charge, reducing
chemisorption overpotential [470]. The preparation of NB-CPs was
performed by in situ polymerizations of polydopamine (PDA) followed
by binding with 3-aminophenyl boronic acid (ABA) and heat treatment.
The electrochemical study revealed that the onset potential of NB-CPs is
-0.02 V which has a positive shift compared with CPs and N-CPs cata-
lysts. The Tafel slope of -0.121, -0.140, and -0.130 V/dec was achieved
for NB-CPs, CPs, and N-CPs electrodes, indicating NB-CPs has an
excellent catalytic activity toward ORR. This improved catalytic activity
is attributed to charge transfer by N and boron atoms as catalytic sites.
The maximum power density of MFC with NB-CPs cathode was 642
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right 2018, Elsevier.

mW/mz, which was higher than that of CPs (122 mW/mz) and N-CPs
(550 mW/m?). In another report, a one-step carbonization process to
fabricate N and Co-doped in porous carbon/nano Fe3O4 (noted as
Fe304@N/Co-C) was represented to increase ORR in MFCs [471]. This
three-dimensional catalyst with a 3-5 nm carbon layer thickness and
well-distributed FegO4 NPs (20-50 nm) displayed that the power and
current densities of Fe304@N,/Co-C are approximately 918 mW/m? and
-8.6 mA/cmz, respectively, which were higher than Pt/C, Fe304@N-C,
N/Co-C, and N-C. Metal-nitrogen-carbon compounds are another
promising catalyst for ORR in MFCs. Among these catalysts, the
iron-nitrogen-carbon catalyst shows better stability and catalytic activ-
ity. One of the low-cost methods for preparing Fe-N-C is the polymeri-
zation of nitrogen-rich polyaniline/graphene. In addition, adding
graphene can effectively improve the conductivity of Fe-N-C. Using
nanorods network anchored graphene (Fe-N-C/G) as an ORR catalyst in
air-cathode MFC demonstrated significant results [472]. The Fe-N-C/G
catalyst exhibited onset potential and overpotential of 0.224 V and
396 mV, respectively. Besides, a comparison between the LSV plot of
Fe-N-C/G and Pt/C was carried out, suggesting the current exchange
density of 11.11 and 10.13 mA/cm? was achieved for Fe-N-C/G and
Pt/C, respectively. This high catalytic activity was ascribed to the for-
mation of active sites of pyridinic-N, Fe-Nx, graphitic-N, and even
unique Fe-Nx-C moiety, which have excellent adsorption ability of Oy
molecules. Moreover, the sandwich-like carbon nanorods network@-
graphene@carbon nanorods network composites improve mass and
charge transfer. To MFC performance study, Fe-N-C/G and Pt/C modi-
fied air-cathode MCF were examined. The output power density of
Fe-N-C/G (1601 + 59 mW/mZ) was enhanced compared with Pt/C MFC
(1468 + 58 mW/m?). Fe-N-C catalyst as a new low-cost and highly
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stable PGM-free catalyst was successfully designed by a facile method
for MFCs cathode. Fe-N-C catalyst cathode prepared by iron phthalo-
cyanine that was supported on nitrogen-functionalized carbon black
pearls (FeBP(N)) and then integrated into gas diffusion layer at hot
pressing condition [473]. Although during MFC operation, the peak
power density decreased due to the increasing charge and mass transfer
resistances of ORR owing to agglomeration of biofilm at the cathode
interface, the peak power density could be controlled with adjusting the
hot pressing parameters resulting in the minimization of the kinetic and
diffusional limitations of ORR at the cathode side of MFCs. The assem-
bled MFCs at hot pressing parameters of the temperature of 120 °C and
pressure of 2 MPa indicated the highest peak power density of
206.1+10.3 pW/cm? and good peak power stability over 100 days of
MFC functioning compared to Pt-based cathodes. In another report,
Fe-N-C catalyst cathode was synthesized via a single thermal conversion
of Fe-doped ZIF-8 (a metal-organic framework (MOF) containing
well-defined FeNy4 coordination) [474]. The Fe-N-C cathode presented a
high ORR activity with an onset potential of 0.91 V in a 0.1 M KOH
solution and illustrated a maximum power density of 1508 W/m?. MOF
structure created active sites, prevented particle aggregation and
enhanced both mass transfer and ORR performance. The fabricated
porous graphite with improved crystallinity was employed as a cathode
catalyst in MFC [475]. A mixture of Mg and Cu powder was heated at
680 °C, MgO and then Cu were removed by 1.0 M HCI and 25% NH3.H,0
solutions. The byproducts were noted as C-Mg/Cu and C-Mg (prepared
by Mg). The electrochemical performance of the as-prepared cathode
catalysts was examined in MFC, indicating the current density of
C-Mg/Cu catalyst was higher as much as 279% than that of C-Mg.
Additionally, a 6.2% improvement was observed in the maximum power
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Fig. 21. (a) Illustration of the synthesis of low-defect graphene-Pd catalyst by our soft chemistry method; (b) CVs of LDG/Pd, RGO/Pd, MWNT/Pd, and XC-72/Pd
and (c) Current-time dependence measured by chronoamperometry in 0.5 M H,SO,4 with 0.5 M HCOOH. Reproduced with permission from Ref. [454]. Copyright

2012, Royal Society of Chemistry.

Table 6
DFAFCs consist of carbon-based catalysts.
Catalyst ECSA Specific Mass FA oxidation current Potential of oxidation current Power density (mW/  Ref.
activity density density (V) cm?)
Pt-Os/carbon - - Higher than Pt/C 0.34 - [456]
Pd/vertically aligned CNTs 916.7 cm?/ 538 mA/mgpq - - - [457]
mgpq
Pd/C 56 m?/g - 20.74 mA/cm? - - [458]
Pd/MWCNTs 46.2 m%/gpg - 159 mA/cm? 0.32 - [459]
Ru@PtPd/C 250.10 m*/g - 71.43 mA/cm? 0.95 6.2 [460]
3D cubic ordered mesoporous carbon 287 em?/ 486.4 mA/mgpq - - - [461]
(CMK-8)/Pd mgpq
Pd-cobalt/ phosphotungstic acid- 47.1 m%/g - 13.4 A/m? 0.734 - [462]
activated carbon
Pt/carbon nitrite 68 m%/gp, - 515 mA/mgp; 0.29 - [1]
Pd/polyoxometalates/N,P-doped CFs 158.07 m%/g 754.1 mA/mgpq - - - [463]

density of C-Mg/Cu compared with C-Mg, due to the high surface area of
C-Mg/Cu. Candle soot-derived carbon NPs (CNPs) have mesoporous
structure, high surface area, and significant electrical conductivity,
which can be an outstanding alternative for graphitic matters in MFCs
[476]. The spherical CNPs with the size of 30-50 nm are agglomerated
and formed sponge-like 3D structures with rough surfaces, as shown in
Fig. 24. The ORR catalytic activity of bare stainless steel (SS) and
SS-supported CNPs were compared; the oxidation and reduction cur-
rents of SS were about one-sixth of that SS-supported CNPs. The
maximum power density and limiting current density were 1650 + 50
mW/m? and 7135 + 110 mA/m? for SS-supported CNPs. The rough
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surface with high mesoporosity content of anode has good electrical
conductivity due to the graphitic characteristic of the CNPs, and hence
charge transfer was facilitated in ORR.

Using 3D materials as electrode provide a high surface area for
bioelectrochemical systems. An ideal 3D structure electrode must be had
a high number of open channels and conductive networks for electron
transfer. Recently, metallic oxide-based nanowire/nanotube arrays on
carbon-based matrix have been shown good catalytic activity in MFC
[477]. This 3D nanostructure electrode was manufactured by devel-
oping self-supported N-doped carbon/Fe304-nanotube composite arrays
onto the CF cloth (CC@N-C/Fe304), as depicted in Fig. 25a, which had a
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Fig. 23. Schematic representation of a two-chamber MFC.

uniform structure of nanotubes (Fig. 25). As seen in Fig. 25c, the
bio-electrocatalytic behavior of the synthesized nanotube-based elec-
trodes exhibited that CC@N-C/Fe304 has the highest current density of
4.27 mA/cm? after 5 cycles which was better than CC current density
(1.95 mA/cm?). These electrodes can be long-term used without damage
because long-term stability tested suggested the current density of
nanotube-based electrodes did not damage. The obtained coulombic
efficiency of CC@N-C/Fe304 and CC electrodes was approximately in
the range of 73.4-89 and 30.9-33.1%, respectively (Fig. 25d). The mi-
crobial fuel cell performance revealed that the highest voltage output
and power density of CC@N-C/Fe304 anode was 671.4 mV and 1.21 +
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0.04 W/m?, respectively (Fig. 25e).

The modification of graphene with a metal compound of copper
selenide (CuSey) can enhance ORR performance. Furthermore, the
composition of CNTs with graphene can prevent the aggregation of
graphene sheets, improving the performance of graphene. Hence, the
developed copper selenide (CuSe) on RGO and CNTs was employed as a
cathode catalyst in MFC [478]. The electrochemical evaluation of
CuSe@RGO-CNTs exhibited a more positive onset potential (-0.124 V)
compared with CuSe@RGO (-0.132 V) and CuSe@CNTs (-0.136 V).
Meanwhile, the current density of CuSe@RGO-CNTs (4.48 mA/cm?) was
approximately similar to Pt/C (4.62 mA/cm?), which displayed good
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ORR activity CuSe@RGO-CNTs. This excellent ORR activity can explain
by the high charge transfer of its sandwiched network structure and the
synergetic effect between CuSe and RGO-CNTs. Additionally, the Tafel
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slope was calculated to be 62.07, 64.05, and 71.90 mV/dec for
CuSe@RGO-CNTs, CuSe@RGO, and CuSe@CNTs, respectively. The
single-chamber MFC with the prepared cathodes was created for the



CuSe@RGO-CNTs performance study; the highest power density of 504
+ 5 mW/m? was acquired for MFC with CuSe@RGO-CNTs, which was
better than CuSe@RGO (481 £+ 7 mW,/m?) and CuSe@CNTs (430 £ 5
mW/mz). Nanostructured manganese oxide (MnO3) provides fast elec-
trokinetics and remarkable catalytic activity due to its large number of
active sites and lower toxicity and redox stability. Therefore, MnO» has
potential for application in MFCs. However, MnO3 has a low surface area
which can resolve by supporting MWCNTs. The synthesized nano-
composite consists of MWCNTs, manganese oxide, and PPy
(MWCNT/MnOo/PPy) via an in-situ chemical technique used as an
anode catalyst in MFC [479]. The EIS analysis indicated good electron
transfer for modified CC electrode with MWCNT/MnO,/PPy, and thus
this nanocomposite can be a good candidate for application in MFCs.
The MWCNT/MnO,/PPy catalyst’s MFC performance was evaluated for
30 days, and the maximum current and power density were obtained
3.35 + 0.6 mA/m? and 1125.4 + 5.5 mW/m? respectively. In addition,
the calculated coloumbic efficiency of MFC with MWCNT/MnQO,/PPy
and MWCNT-MnO; was ~59% and ~28%, respectively. The composi-
tion of 1D nanotubes with 2D nanosheets is produced coupled hybrids
with high specific surface area, excellent electrical conductivity, and
fluent mass transport pathways, which are suitable catalysts for MFCs. In
addition, the encasement of Fe-based NPs into graphitic carbon mate-
rials leads to reduced carbon corrosion, improving the durability of
carbon during the electrochemical process. For instance, Fe
NPs-encapsulated bamboo-like N-doped CNTs on porous N-doped car-
bon nanosheets with hierarchical architecture (Fe@N-C NT/NSs) cata-
lyst was synthesized by one-step pyrolysis technique and then assembled
as cathode catalyst in MFC [480]. The ORR catalytic activity study was
revealed that the cathodic peak of Fe@N-C NT/NSs is more positive than
N-doped carbon, Fe@N-C NSs, and derived carbon material, suggesting
that Fe@N-C NT/NSs had better catalytic activity. The Tafel slope of
Fe@N-C NT/NSs was 69.6 mV/dec, which was similar to Pt/C. The MFC
performance of Fe@N-C NT/NS was examined in phosphate buffer
electrolyte, indicating the lower Tafel slope of 85.2 mV/dec compared
with Pt/C (98.7 mV/dec). Moreover, the maxim power density of 900.18
mW,/m? was observed for MFC with Fe@N-C NT/NSs, 1.61 times better
than MFC based on Pt/C (558.07 mW,/m?). This great catalytic activity
of Fe@N-C NT/NSs was observed due to enriched confined active sites,
facilitated pathways for charge transfer, and improved diffusion
kinetics.

In MFGCs, different compositions of carbon-based materials such as
graphene and CNTs with metal and metal oxide were used. Furthermore,
doping N atoms into these materials enhances the performance of cat-
alysts in MFCs. However, the metal-free carbon catalysts were less
employed in MFCs. It is worth mentioning that Fe and Fe3O4 NPs were
more attention than expensive Pt NPs to prepare cathode and anode
catalysts.

Other carbon-based composites used in the MFCs are listed in
Table 7.

3.4.2. Engymatic biofuel cells (EFCs)

One of the most attractive biofuel cells (bioelectronic device) is EFCs
because of their plainness and abundant redox enzyme sources. In 1964,
the first EFC with glucose oxidase anode and Pt cathode was introduced,
and after that, these green generation electrical devices were attractive
for researchers [502]. Specific redox enzymes are employed as catalysts
in an EFC to convert chemical energy to electrical energy [465]. Fig. 26
is a schematic of the EFC. At the anode, energy-rich organic matters such
as glucose, alcohols, amines, etc., oxidize by enzymes, and protons and
electrons are released, the electrons are transferred to the anode surface.
Meanwhile, the reduction reaction occurs in the presence of the enzymes
and transferred electrons and protons at the cathode, generating elec-
trical energy [503]. It is worth mentioning that the oxidative enzymes
apply in the anode, whereas reductive enzymes use in the cathode.

Recently, it has been noted that the use of carbon-based nano-
materials such as CNTs or metal NPs linked to the oxidoreductase
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Table 7
The MFCs consist of carbon-based compounds.
Composite Catalyst Component Type of Maximum Ref.
of MFC MFC power density
(mW/m?)
Laccase modified cathode =~ Cathode Two- 160 [481]
CP (10 wt.% Pt/C, E- chamber
TEK)
Mn,05/C Cathode - 32 W/m? [482]
CNT-textile-Pt Cathode Two- 837 [483]
chamber
Bacteria immobilized Anode Two- 269 [484]
carbon NPs-coated CC chamber
CNT growth on silicon Two- 3.6 pW/cm? [485]
wafer chamber
MWCNTs Anode - 267.77 [486]
GN/SSFF Anode Two- 2142 [487]
chamber
Carbon felt-supported Anode Single- 1.05 + [488]
Mo,C/CNTs chamber 0.0264 W/m?>
Nitrogen-decorated RGO/ Cathode - 713.6 [489]
nano cobalt oxide
CNP-coated biocarbon Cathode Single- 703 £ 16 [490]
chamber
Urchin-like NiC0,04 Cathode Single- 1730 + 14 [491]
modified activated chamber
carbon (AC-NCO)
Nest-like oxygen- Cathode Single- 1928 +18 [492]
deficient Cu; sMn; 504 chamber
doping activated
carbon (AC-CMO)
Co-N-C/Pt Cathode - 1008 +43 [493]
G/Co Anode Single- 473.1 [494]
chamber
CP Anode Single- 3.21 [495]
chamber
PANI-modified carbon Anode Single- 1307 [496]
foam chamber
Iron aminoantipyrine- Cathode Single- (253 £ 1) x [497]
graphene nanosheets chamber 10
Fe-N-C Cathode Single- (162 + 3) x [498]
chamber 10
Fe-N-C Cathode Two- 1.3 x 1073 [499]
chamber
Fe-N-C Cathode Single- 820 [500]
chamber
Activated carbon Anode Single- 1626 [501]
chamber
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Fig. 26. Schematic representation of an EFC.




enzymes helps to facilitate the direct electron transfer from the active
centers of the enzymes and electrodes [504-506]. Enzymes immobili-
zation is an important issue for the preparation of biofuel cells because it
can affect the bioanode lifetime. Polyamidoamine (PAMAM) dendrimers
are good candidates for the immobilization of enzymes due to their
highly functionalized terminal surface, larger uniformity, and organized
structure. Besides, layer-by-layer (LbL) is a prominent strategy for the
immobilization of enzymes onto layered thin films. In 2011, the elec-
trostatic LbL process was used to immobilize enzymes and polyamido-
amine (PAMAM) onto the carbon support, and the compound resultant
was employed as bioanode in ethanol/O biofuel cell. The presence of
carbon support provided high surface area and increased electrical
conductivity, leading to increase power output [507]. The power density
of 0.063 and 0.12 mW/cm? was achieved for single and double enzy-
matic systems, respectively. Therefore, the LbL is suitable for enzyme
immobilization with controllable enzyme arrangement on the anode
surface. In another report, the affection of carbon NPs on the electron
transfer and bio-electrocatalytic process in ethanol microfluidic biofuel
cells was tested [508]. The large surface area and high electronic con-
ductivity of carbon NPs increased the electrodes’ reactive species
loading and electron transfer rate.

Furthermore, carbon NPs with porous structures increased catalytic
activity by offering closer proximity between the reactive species and

(@)

the electrode surface and diffusion of ethanol and oxygen within the
enzyme films. According to electrochemical tests, these bioanodes were
exhibited the maximum power density was 90 pW/cm? at 0.6 V for
Ethanol/O4 microfluidic biofuel cell. Glucose oxidase (GOx) is one of the
most usable biocatalysts for enzymatic biofuel cells. However, GOx has
low electrochemical activity, which can be resolved by immobilizing
nanomaterials with high surface area and electrical conductivity, such
as carbon-based materials. To this aiming, the constructed GOx-
graphitized mesoporous carbon (GMC) nanocomposite is used in enzy-
matic biofuel cells (Fig. 27a) [509]. Fig. 27b is a schematic of the pre-
pared biofuel cell, including Pt-based air-breathing cathode and
GOx-GMC nanocomposite anode. The electrochemical characterization
of GOx-GMC exhibited high electrical conductivity with excellent
charge transfer. The high electrical conductivity of GMC enhanced the
electron transfer rate of the GOx-GMC nanocomposite. Thus, the GMC
network can improve electrochemical performance with high enzyme
loading. The glucose oxidation ability of GOx-GMC was survived for its
electrochemical activity investigation; the optimal power density of 22.4
pW/cm? was achieved at 0.24 V. Using different carbon nanostructure
substrates (CP, CF, or CC) covered with MWCNTs and laccase for biofuel
cell electrode preparation indicated that CP has the best performance
[510]. The maximum power density of 76.5 + 6 pW/cm2 at 0.31 V was
observed for laccase biocathode and fructose dehydrogenase bioanode,
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which were covered with 2 mg of MWCNT. At the same time, the
maximum power of 1.65 + 0.21 mW/cm? at 1.7 V was obtained for the
Zn hybrid fuel cell. Single-walled carbon nanohorns (SWNHs) are
affordable and novel carbon nanomaterials. Their use as catalyst sup-
ports has caused the rough surface and porous structure of SWNHs.
Employing SWNHs as support in glucose/O; biofuel cell anode has been
shown significant results [511]. GC was first speared by SWNHs sus-
pension and then dried to the methylene blue (MB) electro-
polymerization. The mixed immobilized glucose dehydrogenase
(GDH)/chitosan (CS) was coated on polyMB-SWNHs/GCE, and
CS/GDH/polyMB-SWNHs/GCE bioanode was prepared. The f-TiO,-Pt
NPs were chosen as the cathode for the operation of the glucose/O5 in a
buffer solution of 30 mM glucose/10 mM NAD™ (oxidized form of
nicotinamide adenine dinucleotide) at 37 °C. The maximum power
density (10.74 pW/cmz) was obtained at 275 mV.

MWCNTs have more ability to immobilize enzymes, excellent
biocompatibility, and the ability to electrically wire many redox pro-
teins. A great current density of 0.55 mA/cm? was observed for the
MWCNTs/tyrosinase electrode, which was fabricated by compression of
the MWCNTSs enzyme mixture [512]. In another report, the glucose/O»
biofuel cell performance was examined using enzymatic carbon-based
electrodes [513]; MWCNT, functionalized MWCNT (f-MWCNT), CNFs,
and functionalized CNF (f-CNF) were used as carbon nanostructures for
the fabrication of the electrodes. The biofuel cell based on CNF anode
(glucose oxidation) and f-MWCNT cathode (oxygen reduction) has the
highest power density of 210 pW/cm? at 0.44 V in the presence of 20
mM glucose solution.

The fabricated low-cost enzymatic biofuel cell biocathodes contain-
ing modified PANI, MWCNT, and laccase (Lac) enzymes were effective
for application in enzymatic fuel cells [514]. Pencil graphite electrode
(PGE)/MWCNT and PGE/PANI/MWCNT electrodes have similar surface
morphology, and MWCNT was connected to the porous PANI substrate.
However, the electrical conductivity of PGE/MWCNT was more than
PGE/PANI/MWCNT. In addition, the Lac enzymes were uniformly
dispersed on the PGE/PANI/MWCNT. The PGE/PANI/MWCNT/Lac
bioelectrode was showed a maximum current density of 1209.23
pA/cm? compared with PGE/MWCNT and unmodified PGE electrodes.
This significant current response was due to carboxyl groups on the
surface.

As above mention, carbon-based materials have significant potential
for immobilization of enzymes due to their high surface area. Further-
more, these materials have biocompatibility characteristics. In com-
parison to other carbon-based catalysts, CNTs, specially MWCNTs, have
been indicated better fuel cell performance.

3.5. Other fuel cells

Carbon supported catalysts or metal-free carbon catalysts can also be
used in other fuel cells such as solid acid fuel cell (SAFC), urea fuel cells,
polymer electrode fuel cells (PEFC), direct hydrazine fuel cells (DHFCs),
formaldehyde fuel cells, Hy-air fuel cells, metal-air fuel cells, anion ex-
change membrane fuel cells and direct borohydride fuel cells.

Carbon-supported MnOOH (MnOOH/C) and metal-free catalyst of N-
doped graphene nanoribbons (N-GNR) in alkaline medium was signi-
ficate catalytic activity toward ORR in alkaline electrolyte, suggesting
that these catalysts can be applied in alkaline fuel cells [515,516]. The
ORR activity of MnOOH/C indicated the kinetic current density of
0.0184 A/cm? in the presence of 72 wt.% MnOOH. However, the kinetic
current density was reduced by increasing MnOOH content to 90 wt.%,
probably due to electronic conductivity reduction with high MnOOH
content. The LSV results showed that the catalytic activity of N-GNR is
higher than GNR, which was attributed to the presence of N atoms on the
GNR as active sites. The N-GNR with 8.3 wt.% nitrogen had more pos-
itive onset potential, showing prominent ORR activity. In addition,
N-GNR with 8.3 wt.% lost 4.9% of its initial catalytic activity in dura-
bility tests during 5000 cycles, while the commercial Pt/C lost 9.5% of
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its catalytic activity.

Direct hydrazine fuel cells (DHFCs) are another attractive fuel cell
due to zero carbon emissions, high theoretical energy density, and easy
storage. CB-loaded Ni-B alloy NPs (Ni-B/C) was introduced as a suitable
anode catalyst for DHFC application, which had better performance than
Ni/C due to larger ECSA of Ni-B/C [517]. The recorded LSV in alkaline
medium indicated that the mass current density of Ni-B/C and Ni/C was
1495 A/g and 500 A/g, respectively. Moreover, the onset potential of
Ni-B/C was 0.05 V lower than Ni/C. The hydrazine oxidation activation
energy of Ni-B/C (13.83 kJ/mol) was 33% lower than Ni/C (20.67
kJ/mol), suggesting the activity of Ni-B/C was higher than Ni/C. This
great catalytic activity was achieved due to the excellent dispersion of
Ni-B on CB, and the change of the electronic states of Ni by B.
Carbon-based materials are more stable in hydrazine oxidation than
low-cost metallic catalysts. Superaerophobic graphene as a metal-free
catalyst was tested to hydrazine oxidation in the direct hydrazine fuel
cells [518]. The plasma-enhanced chemical vapor deposition procedure
performed growth vertical graphene nano-hills on SiOy/Si substrate.
The onset potential and the current density were -0.42 V and 13
mA/cm?, respectively. Compared with flat/planar few-layer graphene
on SiOy/Si, the synthesized sample exhibited faster kinetic and lower
activation energy (18.07 kJ/mol) toward hydrazine oxidation. In
another report, the application of catalysts consisting of Cu NPs and
functionalized MWCNTs (f-MWCNTs) for hydrazine oxidation in fuel
cells showed considerable catalytic activity toward hydrazine oxidation
which was better than Cu NPs, f-MWCNTs, and Cu@f-MWCNTSs [519].
Using Cu@f-MWCNTSs composite with 75 wt.% Cu NPs content as anode
illustrated the maximum fuel cell performance; the power density cell
was 3.57 mW/cm? at 0.89 V. Suggesting the synergistic between
f-MWCNTs and Cu can be increased surface area and conductivity of
Cu@f-MWCNTs.

Metal-air fuel cells are a cost-effective energy-releasing device that
consists of a metal anode and an ORR catalytic cathode. Recently, metal
oxides such as manganese oxides and MnCo,04 have been introduced as
a good alternative to Pt catalysts for metal-air fuel cells. However, metal
oxides are compounds with conductive supports such as CNTs, leading
to improved ORR. For instance, metal-air fuel cells based on deposited
manganese oxides on CNTs-graphene (CMnCs) support was showed
excellent performance [520]. The CMnCs with a mol ratio of KMnOj4 to
CNTs of 3.2% (K/C = 3.2%, S1) have the highest catalytic activity to-
ward ORR than pure CNTs, due to their conductivity and unique struc-
ture. The fuel cell performance investigation displayed that the current
density of S1, S2 (K/C= 6.4%) and S3 (K/C= 12.8%) was approximately
152.8, 119 and 121.9 mA/cm?, respectively. Moreover, the highest
power density of 174.83 mW/cm? was achieved in a metal-air fuel cell
with S1, whereas the power density of S2 (152.79 mW/cm?) and S3
(159.91 rnW/cmz) was lower. In another research, metal oxide NPs of
MnCo204 have loaded on 3D graphene (3D-G) substrate by a simple
hydrothermal pathway [521]. The LSV curves of treated catalyst at 400
°C (MnCo204/3D-G-400) displayed a more positive onset potential of
0.98 V than those of MnCo0,04/RGO (0.94 V), MnCo,04/CNTs (0.93 V),
MnCo204/C (0.92 V), and Pt/C (0.97 V), indicating that
MnCo204/3D-G-400 is the best electrocatalyst toward ORR. As ex-
pected, the Tafel slope of MnCo204/3D-G-400 (68.5 mV/dec) was
smaller than MnCo204/RGO (75.4 mV/dec), MnCo504/CNTs (84.6
mV/dec), MnCo204/C (87.4 mV/dec), and Pt/C (70.2 mV/dec), sug-
gesting the porous multilayer structure of 3D-G can be enhanced ORR in
a metal-air fuel cell.

Using Csz.3Ho7PW12049-nH20 deposited Pt nanoclusters and
different CB content (0, 20, 30, 40, 46, 53, 59, and 75 vol%) as catalysts
in Hy-air fuel cell has shown promising results [522]. The composite
with 40 vol% of CB afforded higher catalytic activity in Hy and air due to
conductive cluster formation and high surface area between proton
conductor and electronic materials in the catalysts. In addition, Hp-air
fuel cell based on catalytic layer electrode of combined CNFs with gas
diffusion layer (GDL) and Pt clusters (GDL/CNF/Pt) and hybrid



membrane (MF-4SC/SiO2+CsxH(3.x)PW12040) showed higher perfor-
mance than commercial Pt/C [523]. The as-prepared catalyst electrode
had a higher ORR current density of 560 mA/cm? compared with Pt/C
commercial catalyst (420 mA/cmz).

Urea fuel cells are silent, efficient, and eco-friendly energy converter
devices. Ni catalysts have been indicated good catalytic activity of urea
oxidation, especially when Cd doped into Ni. Furthermore, the nanofiber
structures can enhance the catalytic activity of Ni by improving electron
transfer and mass transfer. The presence of Cd doping of Ni on carbon
nano-fiber substrate was introduced as a great anode catalyst to urea
oxidation in urea fuel cells [524]. The as-prepared samples were first
activated in 0.5 M KOH during 100 cycles to form active urea oxidation
sites (NiOOH). As seen in Fig. 28a, the current density of the urea
oxidation peak at 0.67 V was improved from 35.3 to 67.2 mA/cm? by
addition Cd. However, the sample with the highest Cd value revealed the
lower performance, and hence, Cd can be acted as a co-catalyst but not
as a stand-alone active catalyst (Fig. 28b and c). Fig. 28d shows the
chronoamperometric at 0.6 V using 1 M urea to investigate catalysts
stability, indicating the current was reduced from 65 to 25 mA/cm? after
5 h operation was due to mass transfer and urea concentration decline.
In another research, using flexible anode catalyst including growth 3D
hierarchical nickel cobaltite (NiCo204) architecture on CC fibers in the
urea fuel cell has been demonstrated high performance compared with
Co304/CC [525]. The measured urea oxidation catalytic activity of
electrodes indicated that CC does not effect on urea oxidation. In
contrast, the Co304/CC showed the oxidation peak at 0.46 V. However,
NiCo204/CC catalysts had higher current density and lower onset po-
tential due to their 3D structure and simple adsorption of urea by
creating bonds of Ni-O and O-C between NiCo204/CC and urea. As ex-
pected, urea fuel cell based on NiCoy04/CC catalyst displayed the
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highest power density of 18 mW/cm? and current density of 109
mA/cm? compared with Co304/CC catalyst.

Direct borohydride fuel cell (DBFC) is a converter device in which
chemical energy stored in the borohydride ion (BHj) directly changes
into electricity by redox processes. Sodium borohydride (NaBHy) is
widely used as fuel in DBFCs. In the DBFCs, the OCV is 1.64 V which is
higher compared to the H,/O5 PEMFCs (1.23 V) and the DMFCs, (1.21
V). In the PEMFCs and the DMFCs, the hydrogen and methanol oxida-
tions produce two and six electrons, respectively, per molecule, but in
the DBFCs, the direct oxidation of BHy produces eight electrons.
Accordingly, their specific energy is over 50% more than that of the
DMFC, however, it does not achieve 30% of the specific energy of the
Hy/0, PEMFC [526]. Carbon-supported PtAu (PtAu/C) electrocatalyst
showed good NaBH4 oxidation rate [527]. In the NaBH4 electro-
oxidation process, the highest current (297.6 mA/cm?) and power (161
mW/cm?) densities appeared in the presence of PtAu/C catalyst syn-
thesized at pH = 7, which were due to uniform dispersion of PtAu
particles. In addition, the prepared PtAu/C catalyst at 60 °C without pH
adjustment exhibited the maxim current and power densities of 293.3
mA/cm? and 158.7 mW/cm?, respectively. In another report, Pd NPs
were supported on two carbon substrates, including commercial Vulcan
XC72 (Pd/Vul) and synthesized carbon (Pd/c-PANI) by carbonization
PANI doped with 3,5-dinitrosalicylic acid. To prepare carbon supports,
two synthesis approaches were used (Nol and No2) [528]. As depicted
in Fig. 29a, the oxidation peaks current density of Pd/c-PANI, and
Pd/c-PANI; were 23 and 20 mA/cm?, respectively, which was higher
than Pd/Vul; (12 mA/cm?) and Pd/Vul, (11 mA/cm?), the higher spe-
cific surface area of c-PANI based catalysts can be caused to their high
catalytic activity. However, the activation energy of Pd/Vul; (10.3
kJ/mol) was lower than that of Pd/c-PANI, (16.7 kJ/mol) for the
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Fig. 28. (a) CV of (Ni-Cd) salt ratios of 10-0 and 5-5 in 1 M KOH containing 0.5 M urea at 50 mV/s, the effect of the (Ni-Cd) salt ratios on (b) Anodic peak potential
and (c) Anodic peak current density using 1 M urea at 50 mV/s in 0.5 M KOH, (d) chronoamperometric measurement of 5-5 sample at 0.6 V using 1 M urea and 1 M

KOH. Reproduced with permission from Ref. [524]. Copyright 2018, Elsevier.
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Fig. 29. (a) CVs of four studied electrocatalysts, (b) Chronoamperometric curves of Pd/c-PANI, and Pd/Vul, electrocatalysts in 0.03 M NaBH; + 2 M NaOH.
Reproduced with permission from Ref. [528]. Copyright 2016, Elsevier. (c) Fuel cell schematic for symmetric (N-G | CDP | N-G) electrochemical cell, (d) CV curves of
(N-G | CDP | N-G) and (N-CNT | CDP | N-CNT) cells, and (e) DC current density vs. time through symmetric (N-G | CDP | N-G) and (N-CNT | CDP | N-CNT) cells
obtained during an AC impedance measurement with a 500 mV DC bias. Reproduced with permission from Ref. [548]. Copyright 2018, Royal Society of Chemistry.

borohydride oxidation reaction. Chronoamperometric (CA) data after 1
h demonstrated that the current of Pd/c-PANI became stable at a higher
value than Pd/Vul (Fig. 29b), suggesting more durability of Pd/c-PANI.
One of the most affordable metallic catalysts is silver (Ag). The
carbon-supported Ag catalyst prepared by gamma irradiation-induced
reduction with different content of poly(vinyl alcohol)/chitosan or
poly(vinyl alcohol) polymer stabilizers has been demonstrated to be
good catalytic activity toward borohydride oxidation, which was due to
reduction on native Ag surface oxides [529]. The maxim current den-
sities of borohydride oxidation were obtained for S5 (1 wt.% Ag, 1 wt.%
C, and 0.5 wt.% polymers) and S3 (1 wt.% Ag, 1 wt.% C and 1 wt.%
polymer) samples, showing their better catalytic activity to borohydride
oxidation. The measured BOR onset potential was more negative than
other Ag or Ag/C catalysts reports. PPy polymer is a good candidate for
application in fuel cells due to its high stability and electrical conduc-
tivity. The supported Pt NPs on carbon composition with a conductive
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polymer of PPy was tested for borohydride oxidation reaction in an
alkaline medium [530]. As a result, Pt/PPy-C3sq, with a current density
of 28 mA/cm? at 0.74 V displayed the best catalytic activity toward
direct NaBH4 oxidation, higher than commercial Pt/C (22 mA/cm? at
0.8 V). In contrast, the lowest current density of 7 mA/cm? was achieved
for Pt/PPy-Csy catalyst. In addition, the activation energy of
Pt/PPy-Csy, Pt/PPy-Cj29, Pt/PPy-Cagy and Pt/PPy-C3sq, was obtained
18, 13, 15 and 10 kJ/mol, respectively. These catalytic activity re-
sultants were due to the excellent dispersion of NPs on the PPy-C, which
acts as a conductive network. PPy increases the stability of catalysts and
improves morphology for good dispersion of Pt NPs. The stability of
Pt/PPy-C3s, and Pt/PPy-Cioy was more than Pt/PPy-Csy, and
Pt/PPy-Cyqy, electrode. The direct borohydride fuel cell performance
revealed that the maxim power densities of 72.5, 83.7, and 59.6
mW/cm? were observed in fuel cells with Pt/PPy-Cgso, as cathode,
anode, and both cathode and anode, respectively. NaBHy4 should be in



high pH anolyte solutions. A strongly-alkaline anode chamber gives the
possibility of non-precious materials utilization, for example, Ni and Cu
as electrocatalysts for the BOR process [531]. The synthesis of RGO
supported Pdj¢-Nigs-Coys for electrooxidation of borohydride in a pas-
sive air-breathing DBFC, indicating the synergistic effect of Ni, Pd, and
Co NPs plays a significant role in increasing the BOR activity [532]. In
the fuel cell test, this prepared electrocatalyst showed a power density as
high as 50.4 mW/cm?2.

In another work, nitrogen-doped reduced graphene oxide (N-rGO)
was used for the synthesis of bimetallic Pd-Ni/N-RGO and Pd-Co/N-RGO
nanocatalyst with a thermal solid-state method and polyol reduction
[533]. They are utilized as an anode electrocatalyst for direct sodium
borohydride-hydrogen peroxide fuel cells. The ECSA of Pd-Ni/N-rGO
was as high as 166.38 m2/g, which was more than 135.96 m?/g for
Pd-Co/N-rGO and 63.67 m?/g for Pd/N-rGO. The current of BOR for
Pd-Ni/N-rGO was 1.47 folds more than that of Pd-Co/N-rGO. The
Pd-Ni/N-rGO outperformed in the direct borohydride-hydrogen
peroxide fuel cell test with the power density of 353.84 mW/cm?, at
60 °C in optimum conditions of Hy05 (2.0 M), and NaBH4 (1.0 M).
Noble-metal NPs, such as Pd NPs, are utilized as standard electro-
catalysts due to their excellent activity toward BOR. Although the Pd
NPs endure poisoning of catalysts due to strong binding with BHy in-
termediates at a high BOR overpotential, leading to being inappropriate
for high DBFC efficiency, but Ni NPs show a little catalyst poisoning
owing to approximately weak binding of BHy intermediates. Reducing
H- and OH-binding energies on the surface of bimetallic PdNi electro-
catalyst relative to each of them individually lead to generating further
sites for adsorption of BHy which plays a key role in a high BOR rate
[534]. The bimetallic PdNi/C electrocatalyst presented more current
densities at a 50-500 mM concentration of BH; as compared to Ni/C and
Pd/C. A DBFC with Pt/C, PdNi/C, and H,O> as the cathode, anode, and
oxidant, respectively, displayed an output of 466 + 1.5 mW/cm? at 1.5
V, and an output of 630 + 2 mW/cm? at 1.1 V. Also, Ni NPs with the
combination of molybdenum nitride (MoN) were used to synthesize
hierarchical sea urchin-like NiMoN@NC as a high efficient electro-
catalyst for BOR [70]. NIMoN@NC as anode for DBFC exhibited a high
power density of 67 mW/cm? under ambient conditions with significant
stability. The carbon layer on the micropillar surfaces of NiMoN actually
kept the active sites from oxidation or corrosion and warranted the high
stability of NIMoN@NC. Ag-Co bimetallic catalysts supported on carbon
were used as anode material for DBFCs [535]. The electrocatalysts were
synthesized through three diverse metal loadings in aqueous solutions
by a facile chemical reduction method. The electrocatalyst with a met-
al/carbon ratio of 10/90 outperformed with respect to maximum cur-
rent density, best stability, and charge transfer resistance. The current
density of this anodic electrocatalyst was reported to be 10.5 mA/cm? at
25 °C.

CNTs are also widely used as effective support of electrocatalyst for
DBFCs. For example, CNT-G was employed as a support for the depo-
sition of Pt, Au, and PtAu NPs [536]. The CNT and G incorporation could
reduce the graphene sheet sticking because of n-n interactions and the
better Pt NPs loading, leading to an increase in the electrocatalytic
performance of electrocatalysts. As-prepared anodic electrocatalysts
were used in a single NaBH4/H505 fuel cell. The results indicated that
the PtAu/CNT-G electrocatalyst displayed higher power densities (139
mW/cm?), than that of Au/CNT-G (125 mW/cm?) and Pt/CNT-G (113
mW/cm?) electrocatalysts at 50 °C. The boosted NaBH4/H302 perfor-
mance can be associated with synergistic effects of Pt and Au NPs on
CNT-G support. Furthermore, Au and Pd NPs were decorated on the
surface of MWCNTs as bimetallic or individual catalysts [537,538]. The
AuPd bimetallic electrocatalyst showed the best performance as an
anode for NaBH4/H50, fuel cells with Ni-based cathode in terms of the
power density of 279.5 mW/cm? at approximately 52 °C. Recently, a
MWCNTs-supported Ag-Ni electrocatalyst was synthesized to boost a
new cathodic electrocatalyst for NaBH4/H20, fuel cells [539]. Bime-
tallic Ag41Niso/MWCNTs electrocatalyst gave the best power density
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(242.8 mW/cm?) with great catalytic selectivity at high temperatures.

Anionic exchange membrane fuel cells (AEMFCs) embrace an
anionic exchange membrane (AEM), which is an alternative for replac-
ing common AFCs with liquid electrolytes. AEMFCs operate on the
principle working of PEMFCs. However, in AEMFCs the OH” ions migrate
through the electrolyte from the cathode to the anode and react with
hydrogen, generating water and releasing electrons. AEMs give notable
advantages compared to liquid electrolyte systems for better COq
tolerance and decreased gas crossover [540]. Miller and co-workers
offered a Pt-free AEMFC, equipped with a complex of Vulcan
XC-72-Ce0, supported Pd NPs (Pd/C-CeO5) as an anode electrocatalyst
[541]. The AEMFC was tested on dry Hy, and pure air resulted in peak
power densities of higher than 500 mW/cm?. This electrocatalyst could
aid to weaken the Pd-H bonds and providing OH,q from exophilic CeO4
to the Pd-Had (HOR reaction sites), accelerating the overall hydrogen
oxidation reaction (HOR). Similarly, the synthesis of a Pd-CeO2/C
electrocatalyst catalyst was reported with engineered Pd-to-CeOq
interfacial contact [542]. The optimized Pd-CeO, interfacial contact
gave an enhanced HOR activity resulted in peak power densities higher
than 1.4 W/cm? In one more report, Pd-CeO,/C electrocatalyst was
utilized as an anode for HOR in the AEMFCs in which two different Pt
and Pt-free cathodes were used [543]. The Hy/O2 AEMFC operated with
the peak power density of 2 W/cm? at 80 °C using a Pt/C cathode and a
peak power density of 1 W/cm? at 60 °C (owing to thermal stability
limitations of cathode) using a cost-competitive Fe/C cathode catalyst.
AEMEFCs are affordable due to the possibility to use abundant platinum
group metal-free (PGM-Free) catalyst and a wide range of polymers as
membranes. For improving the performance and durability of AEMFCs,
carbon-support bimetallic nickel-molybdenum (NiMo/KB) catalyst as
PGM-free hydrogen oxidation catalysts was prepared by thermal
reduction of transition metal precursors on the surface of carbon support
[544]. NiMo/KB catalyst investigated for the HOR activity in the 0.1 M
NaOH electrolyte showed the mass activity of 4.5 A/gye comparable
with Pt/C with similar particle size. The ECSA of 27 pA/cm? was ach-
ieved for NiMo/KB. The PGM-free anode in alkaline membrane fuel cells
(AMFC) tests demonstrated a high power density of 120 mW/cm? at
0.5V under Hy/O5 conditions. Also, the MEA was durable at the po-
tential hold of 0.7 V for 115 h. Supporting NigsCus-alloy NPs on meso-
porous CB is another helpful PGM-free HOR electrocatalyst for AEMFC
[545]. According to HOR CV studied, NiCu/KB illustrated the highest
specific activity (1.8-3.6 times) compared to previously NiCu electro-
catalysts. In addition, Ni-Co supported on CB catalyst was successfully
integrated into an MEA resulting power density of 350 mW/cm? at 80
°C.

Glucose is a carbohydrate with high energy density which can apply
as fuel in fuel cells. The assembled Pt-bismuth (PtBi) and Pt-Au NPs on
carbon support were employed in a glucose fuel cell [546]. The highest
current densities of glucose oxidation in the alkaline medium were 4.3
and 6.6 mA/cm? for PtAu/C and PtBi/C catalyst, respectively. The
durability of catalysts was examined by chronoamperometry analysis
during 3600 s, showing the current densities were reduced in the first
1500 s and received to a stable state. However, the PtBi/C catalyst
illustrated a higher current density than PtAu/C. The fuel cell perfor-
mance showed that the specific power densities of 1.25 and 1.6 mW/cm?
mg were for PtBi/C and PtAu/C anodes, respectively. Unlike acidic salts,
formate salts can be effortlessly stored and transported. They are not
volatile (<100 °C) and also have low toxicity and fast kinetics of formate
oxidation reaction (FOR) in alkaline media. A Pt-free alkaline direct
formate fuel cell (DFFC) was provided with a commercial AEM, a Pd/C
electrocatalyst synthesized by Vulcan XC-72 as an anode, and a Fe-Co/C
cathode [547]. The maximum efficiency of the passive air-breathing
DFFCs was obtained at room temperature with the power density of
96.33 mW/cm? and current density of 154.80 mA/cm? in 2 M KOH + 2
M formate. The maximum power density of an active air breathing
DFFCs with 4 M KOH + 4 M formate, operating at a temperature of 60
°C, was reported to be 258 mW/cm?. It can be commercially used as a



power source for portable electronic devices and remote control appa-
ratus for power generation. Some fuel cells, such as solid acid fuel cells
with an operating temperature of 230-250 °C, have limitation factors
such as sluggish processes at the cathode, leading to large over-
potentials. However, using MWCNTs and graphene has been effective in
solid acid electrochemical cell performance [548]. Systematic electro-
chemical cells, including pressed solid acid electrolyte CsH,PO4 (CDP)
between N-G electrodes (N-G | CDP | N-G), are illustrated in Fig. 29¢. In
comparison with N-doped MWCNT (N-CNT), the current density of N-G
cells (1.98 mA/cm? at 490 mV) was lower than N-CNT cells (5.26
mA/cm? at 480 mV), which was owing to the higher surface area of N
doped MWCNT (Fig. 29d). However, the long-term impedance results
revealed that the degradation rate of N-CNT cells was higher than that of
N-G cells (Fig. 29e).

4. Challenges and future perspective

Carbon-based materials are a prominent candidate for improving
fuel cells performance. In the last decades, carbon materials such as CB,
VC, CNTs, and CNFs have been widely employed to support metallic
catalysts produced from different methods and sources. The hydro-
thermal synthesis approach is known as an attractive method for the
preparation of carbon-based materials. Biomass, hydrocarbons, and
polymers are excellent precursors with high carbon content. Despite,
fabricating classic and new carbon-based materials have become chal-
lenging. Hence, future researchers should be focused on eco-friendly
synthesis methods for the preparation of carbon-based materials.
Moreover, using a combination of sp, sp> and sp> carbon atoms as
support can instigate the fuel cells’ performance. However, it is depen-
dent on the uniform dispersion of metal catalysts. Thus, it is important to
note that the synthesis of carbon-based supports should have a suitable
control in their surface chemistry and its detailed, understanding is more
important issue in future research.

Pt NPs are widely used as efficient electrocatalysts in fuel cells due to
their high stability and catalytic activity. However, Pt NPs are low
abundant and very expensive to afford for fuel cell devices. Therefore,
the recent attentions are to replace these high-cost metallic catalysts (e.
g., Pt, Au, Ag) with earth-abundant transition metals (e.g., Cu, Zn, etc.).
In addition, the metallic catalysts can be produced via different chemi-
cal, physical, and biological methods. Although the chemical methods
are the common routes and associated with some environmental pol-
lutants, it is a primary challenge in their application. Hence, future
research should focus on environmental benign methods for synthesiz-
ing metallic catalysts and needs to trigger the use of low-cost metallic
catalysts.

The main challenge is accompanied with fuel cell device and their
preparation cost of the overall fuel cell systems. The fuel cell system’s
durability is not yet as internal combustion engines. In the development
of the catalytic activity of carbon-based catalysts, it is important to in-
crease fuel cell power output. However, the reduced size of the fuel cells
is another challenging task for applied transportation fields such as
automobiles. The issues of air, thermal, and water management systems
are needs to be resolved. Additionally, hydrogen fuel has safety risks,
and the consumers must become familiar with hydrogen’s properties
and its handling risks.

5. Summary and future outlook

From the last few decades, the rise in the population and, following
that, energy demand has caused environmental problems because of the
high consumption of fossil fuel. One of the best resolving route is the use
of fuel cell devices that can replace fossil fuels with cleanliness and high-
power output energy resources. Fuel cells are associated with many
advantages of high energy density, excellent efficiency, and cost-
efficient electrical devices for converting chemical energy to electrical
energy during catalytic reactions. However, increasing catalytic activity
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is the most important issue in fuel cells, and it is dependent on metal NPs
and their supports. Herein, the role of carbon materials, carbon sup-
ports, and metal-free catalysts, in fuel cells was investigated. In this
context, the effect of different compounds based on carbon materials in
fuel cell’s performance was compared with commercial Pt/C, indicating
carbon based supports with high porosity, good electrical conductivity
and high surface area can be improved fuel cell’s output.

According to our review, different types of carbon materials such as
CB, CNTs family, graphene family and g-C3N4 can be applied in fuel cells
as metal-free catalysts and catalyst supports. In addition, comparison
between carbon materials properties and its effect on fuel cell’s per-
formance showed that carbon materials with more pores structure have
better output. However, CB has been one of the most useful supports for
loading metal NPs such as Pt and Pd. However, CB has a microporous
structure and low stability at high temperatures. Hence, replacement CB
support with other carbon materials such as carbon nanohorns, GNS,
carbon nitride, GO, etc., are helpful reported in the last years. In addi-
tion, doping carbon with heteroatoms, especially nitrogen, enhances
carbon’s catalytic activity and can be employed as a highly efficient
metal-free catalyst in fuel cells. Carbon aerogels, CNTs, and CNFs are
other widely used supports after CB. Catalyst supported on carbon aer-
ogels allows to increase the dispersion of catalyst, and thus the catalyst
shows higher catalytic activity in fuel cells. CNTs are the most effective
CB support replacement due to their high crystallinity, good stability,
and high surface area. These carbon materials are unique catalyst sup-
ports, leading to the anchoring of the active phase for better catalysts
dispersion. However, carbon corrosion at high potential is an important
issue that affects the stability and performance of fuel cells. According to
literature, nitrogen doping into carbon supports and loading metal and
metal oxide NPs can enhance carbon resistance and hence can be
effective for the stability of fuel cells in the long term. Metallic catalysts
can easily reduce on these supports. In addition, surface of carbon ma-
terials consists of heteroatoms in the form of functional groups which
cause to interaction carbon supports and catalyst, thus enhancing the
catalyst dispersion. The impurities of carbonaceous material can also
improve the catalytic activity and electronic features. Therefore, it is
mandatory to pay careful attention to the use of reagents, electrolytes
and materials of high purity, to fully characterize the systems with
advanced techniques able to detect ppm and ppt levels of impurities
before claiming metal-free components, and to reproduce in multiple
and independent way the results [549]. Meanwhile, compounding
polymers, especially Nafion, and carbon-based composites can also use
as promising membranes in fuel cells. According to reports, the proton
conductivity, mechanical properties, and water uptake of membranes
consisting of carbon materials have enhanced. Pt NPs have been intro-
duced as beneficial catalysts for expensive fuel cells. According to our
research, the supported Fe, Pd, Ru, Au, MnO,, Ag, SnO,, and Ni on
carbon-based materials have been acceptable output after deployment
in fuel cells.

The loading metallic catalysts on the carbon materials led to
increasing the current density and power output in different types of fuel
cells. In fact, the metallic catalysts well disperse on the carbon supports,
providing high specific surface area. Hence, the ECSA and mass activity
can enhance by carbon materials, causing to improve fuel cells perfor-
mance. PEMFCs with high power output and fast response are more
attractive for researchers among other different fuel cells. Although, Hy
fuel can provide high power output without generated CO., its produce,
store and transport are expensive. Even though, H; is abundant, it is
hard to get and the environmental impurities generate during produc-
tion H,. Therefore, other fuels such as ethanol, methanol, ethanol,
ethylene glycol and formic acid can be used in PEMFCs. These are
renewable and low-cost fuels. In addition, overall use is ecofriendly due
to less greenhouse emissions.

Although fuel cells are a great alternative to fossil fuels, different
challenges need to study in the future:



@ Improving carbon resistance toward corrosion during the electro-
chemical process.

@ Providing convenient facilities for storage and carrier of Hy for
PEMFCs.

@ Use of fuel cells at industrial scales, especially in automobile
industry.

@ Use of pure and contaminant-free fuels.

@ Use of affordable and natural electrocatalysts instead of Pt catalysts.

@ Increasing power output and lifetimes of fuel cells by controlling
produced water.

@ Understand the issues related to cathodic corrosion in the fuel cells.

@ Studying the application of the carbon-based materials in the high
temperature fuel cells such as SOFCs, MCFCs, and PAFCs
performance.
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