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ABSTRACT: With the evolution and emergence of compounding
environmental problems and issues, renewable energy promises to
be a sustainable future technology. One technology considered is
the fuel cell, which thrives on the primary function of
electrocatalytic activities. Thus this review article envisages and
presents a comprehensive summary of the applications of activated
carbonaceous material as supports for electrocatalysts in fuel cells.
The different techniques utilized to produce these carbon materials
are discussed in detail. The overview architecture and the principle
of the operation of fuel cells are also addressed. Additionally,
electrocatalysts and the importance of support materials, their
characteristics, and the role they play in the performance of the
electrocatalyst will be reviewed. Unfortunately, the carbon-support-
based electrocatalyst suffers long-term instability due to corrosion. Previously, carbon black has been used as a carbon support in
various fuel cells. In recent years, there has been progress in the incorporation of nanostructured carbon supports in electrocatalysts
in various fuel cells; however, there is still a great deal of distance to cover for nanostructured carbon-supported electrocatalysts in
fuel cells to realize full commercialization and large-scale industrial purposes due to shortcomings in electrocatalysts, which are low-
cost and highly efficient. This review therefore discusses the progress of incorporation of biochar extracted from sugar cane bagasse
as carbon support in electrocatalysts for direct methanol fuel cells with the intention to provide insight into the quest of producing
highly efficient and low cost fuel cells.

1. INTRODUCTION
The global demand for energy grows rapidly each day along
with the Earth’s population, and it is said that the energy
supply will need to double by 2050.1 The demand is currently
largely met by burning fossil fuels to generate energy. The
effect of fossil fuels on the environment and their contribution
to global warming are widely known and has pushed many
scientists to look at alternative methods of energy generation.2

One method of energy generation which gained widespread
interest is the fuel cell due to its high energy-conversion
efficiency and relatively low amounts of pollution.3 One type of
fuel cell which gained large amounts of attention is the direct
methanol fuel cell (DMFC) which converts the stored
chemical energy in methanol into useable electrical energy.
The DMFC gained considerable attention due to it relatively
low amounts of pollutants, easy to store sustainably sourced
fuel, and its simplistic design.3,4

Although fuel cells in theory offer great characteristics, the
practical implementation of the technology has fallen short for
a multitude of reasons. The commercialization of fuel cells has
been limited by slow methanol oxidation reaction kinetics,
methanol crossover, and high catalyst metal costs making the
fuel cell not an economically viable solution.5,6

In the past few years, many advancements in catalysis have
been made to help the DMFC achieve widespread
commercialization. The advancements dealt with two main
aspects, highly active catalytic metals and support systems for
the catalyst.4 Platinum and platinum-based bimetallic catalysts
gained popularity due to their high activity toward the
methanol oxidation reaction, but the large amount of catalyst
metal loading needed made the catalyst extremely costly. The
second train of thought involved using a carbon-based
structure to support the catalyst metal. The use of support
materials increased the catalyst surface area which allowed for
better dispersion of the catalyst, increased stability of the
catalyst, improved activity, and reduced the cost of the
electrocatalyst as less of the catalytic metal was needed.
Therefore, use of novel carbon nanomaterials has improved the
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performance of catalyst technology but has also added to the
cost of production.7

The next step in achieving the commercialization of the
direct methanol fuel cell would be to continue decreasing the
price of the electrocatalyst through decreased platinum mass
loading and finding an alternative to current carbon nano-
technology as they are expensive.8

One method of decreasing the cost of the electrocatalyst and
its production is the utilization of materials derived from
common waste. Value added materials such as biochar and
activated carbons have been investigated as support materials.9

Biochar is a high carbon content solid material produced when
organic waste undergoes pyrolysis.10 Although biochar and
activated carbons have not seen much application in direct
methanol fuel cells there are other areas of application where
they have successfully been used as an immobilization supports
for metallic nanoparticles.11 Due to their success as a support
material in adjacent fields, it is clear that biochar should be
investigated for its catalytic properties and its potential
application in direct methanol fuel cells as a support material.

2. INTRODUCTION TO FUEL CELLS
Fuel cells are electrochemical devices that convert the stored
chemical energy in the fuel to usable electrical energy. Fuel
cells come in many variations; the differences between the fuel
cell types are the electrolyte and electrocatalysts. Some
examples of the different variants are the proton exchange
membrane fuel cell (PEMFC), direct alcohol fuel cell (DAFC),
solid oxide fuel cell (SOFC), alkaline fuel cell (AFC) and
molten carbonate fuel cell (MCFC).12

Fuel cells are split into two groups; the first are low
temperature fuel cells. Two examples of low temperature fuel
cells are the proton exchange membrane fuel cell and the direct
alcohol fuel cell. The proton exchange membrane fuel cell
(PEMFC) uses hydrogen gas as its fuel and works in a
temperature range of 40 to 90 °C. PEMFCs have a theoretical
voltage of 1.18 V. The PEMFC uses a platinum catalyst at both
the anode and cathode, while DAFC uses a platinum-
ruthenium alloy catalyst at the anode to prevent carbonyl
formation and a platinum catalyst at the cathode. Direct
alcohol fuel cells use alcohols such as methanol and ethanol as
fuel. They operate at the same temperature as the proton

exchange membrane fuel cell and have similar theoretical
voltages. The direct alcohol fuel cells however are a more
viable option for small scale application than the PEMFC as it
does not need an extensive infrastructure to store its fuel which
is needed for the hydrogen gas.13

The second group of fuel cells is called high temperature fuel
cells. Two examples of high temperature fuel cells are molten
carbonate and solid oxide fuel cells. Both fuel cells have an
operating temperature more than 600 °C with the solid oxide
fuel cell operating up to 1000 °C. Both SOFC and MCFC use
nickel-based catalysts and use purified coal gas or natural gas as
fuel. They offer a lower theoretical voltage of 1.11−1.16 V and
are more suited for stationary energy generation.13,14

Of the above-mentioned fuel cell types, direct alcohol fuel
cells (DAFC) show the greatest promise for small device
applications as their power output is not high enough for large
power applications. Alcohols are easier to transport, operate at
lower temperatures, and require less intense storage require-
ments in comparison to the hydrogen used in proton exchange
membrane fuel cells. Alcohols also offer a higher energy density
and are currently produced using renewable methods. Of the
alcohols used in direct alcohol fuel cells (methanol, ethanol,
and ethylene glycol), methanol is seen as the most ideal fuel.
This is due to its low molecular mass compared to other
alcohols and its high energy density.15

It is the aforementioned characteristics of methanol and the
simplistic design of the direct methanol fuel cell and its ease of
operation that make DMFCs very appealing to the commercial
market.16

2.1. Direct Methanol Fuel Cell (DMFC). Direct methanol
fuel cells directly convert the stored chemical energy of
methanol into usable electrical energy.17 DMFCs are seen as
the most promising alternative power sources for portable
small-scale electrical devices. Direct methanol fuel cells have
potential application in small scale portable electronic devices
such as phone chargers, LEDs, and sensors.18 They gained
popularity due to the high-energy density of methanol (4800
Wh L−1), a theoretically high energy conversion efficiency of
96%, and a thermodynamic potential of 1.21 V when operating
at room temperature. Methanol is preferred as the fuel of
choice as it is currently produced using sustainable renewable
resources and is easier to store compared to hydrogen, which is

Figure 1. A schematic showing the inner components and operations of a direct methanol fuel cell.
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used in polymer electrolyte membrane fuel cells that require
extensive fuel delivery and storage systems.3,19,20

Direct methanol fuel cells consist of a proton exchange
membrane (PEM), external circuit, gas diffusion layers (GDL),
bipolar plates (BPP), and anode and cathode electrodes which
are made of a catalyst material coated on a carbon support
(Figure 1). DMFCs operate as follows; the fuel feed system
feeds methanol and water through field flow plates to the
anode on one side of the fuel cell and oxygen, in the form of air
from the environment, to the cathode on the other side of the
fuel cell. The methanol undergoes oxidation at the anode,
which consists of a carbon support coated by a platinum-
ruthenium catalyst. The platinum-ruthenium electrocatalyst
causes the methanol and water mixture to dissociate into
carbon dioxide (CO2), protons (H+), and electrons (e−). The
gas diffusion layer then transports the electrons and protons to
the bipolar plate. The gas diffusion layer also transports the
carbon dioxide produced out of the fuel cell through the
exhaust on the anode side. The proton exchange membrane
made from a fluorocarbon membrane called Nafion which only
allows cations to flow through the membrane therefore, only
the protons can flow across the electrolyte membrane to the
cathode and the electrons have to flow through the external
circuit producing a usable electrical current.15 The protons and
electrons recombine at the cathode to form hydrogen atoms.
The cathodic electrocatalyst causes the reduction of oxygen in
which it reacts with the hydrogen atoms to form water. The
water and the remainder of the gas taken in from the
environment flow out at the exhaust on the cathode side of the
fuel cell.21

The reaction at the anode is

+ + +
=

+

E
CH OH H O CO 6H 6e

0.016 V (vs SHE)
3 2 2
o

The reaction at the cathode is

+ + =+ E1.5O 6H 6e 3H O 1.229 V (vs SHE)2 2
o

The overall cell reaction is

+ +
=E

CH OH 1.5O CO H O
1.213 V (vs SHE)

3 2 2 2
o

8,19,22

Despite the attention direct methanol fuel cells have gained
as an alternative method of environmentally friendly energy
generation. Its delayed commercialization is due to the fact
that current DMFCs are not achieving theoretical performance
figures such as theoretical energy conversion efficiency of up to
96%. The underperformance of these fuel cells are linked to
slow methanol oxidation reaction (MOR) kinetics at the
anode, and this is due to current electrocatalyst being the
limiting factor.19,20

2.2. Fuel Cell Electrocatalysts. The electrocatalyst plays a
very pivotal role in DMFCs as they are responsible for the
methanol oxidation reaction (MOR) at the anode and the
oxygen reduction reaction (ORR) at the cathode which are the
basis on which the direct methanol fuel cell generates energy.23

The current electrocatalysts used in industry consist of two
parts: the catalytic material and the support. The current
catalysts used in industry are a platinum-ruthenium (Pt-Ru)
catalyst supported by carbon black for the anode and a
platinum catalyst supported by carbon black (CB) at the

cathode. Platinum is used as the catalytic material of choice as
it offers high activity to both the methanol oxidation and
oxygen reduction reactions.24

The reason a bimetallic catalyst such as the platinum-
ruthenium alloy is used at the anode is to prevent catalyst
poisoning which platinum is very prone to when in the
presence of carbonyl groups (CO). Catalyst poisoning occurs
when a molecule or atom occupies one of the active sites on
the catalytic material rendering it unable to partake in the
reaction. The presence of ruthenium prevents this as the
ruthenium forms an alloy with platinum in such a way that
ruthenium prevents the carbon monoxide which is formed
during the oxidation reaction from reaching the active sites of
the platinum particles.14,25,8

Although platinum offers high activity toward the methanol
oxidation reaction and the oxygen reduction reaction, it limits
the fuel cell from reaching its theoretical potential as it has
poor stability under the acidic environment found in the fuel
cell stack. The poor stability leads to chemical corrosion and
agglomeration of the catalytic material to which metals from
the platinum metal group are prone. Agglomeration is defined
as the formation of clumps of catalytic material, which causes
the deactivation of active sites lowering the total electroactive
surface area. Scientist have attempted to combat agglomeration
by incorporating a carbon skeletal structure called a support to
which the platinum metal binds.26 The current support used in
industry is a material called carbon black, which is produced
from the combustion of heavy petroleum fuel oils.

2.3. Supports. Supports play a very crucial role in how well
a catalyst performs as they alter characteristics such as stability,
electrochemical activity, and durability. For a support to be
considered a good candidate it has to have the following
characteristics: high electron conductivity, be stable in both
acidic and basic environments to prevent chemical corrosion,
and have a high specific surface area and good porosity.23,27

The main issue with carbon black is that it is prone to chemical
corrosion, which leads to the loss of catalytic activity and
stability. This has forced scientists to look at other carbon-
based materials as carbon offers good characteristics in all the
aforementioned criteria that make a good support. Therefore,
scientist have started to look at carbon nanomaterials as they
offer high stability in acidic and basic environments due to
their structure, high surface area per gram of material for good
dispersion of the catalytic material and high electron
conductivity.27

2.3.1. Carbon Nanomaterials. Carbon nanomaterials come
in many variations due to the many hybridization states that
are possible. Of all the three sp-hybridization states, it was
found that carbon nanomaterials of the sp2 hybridization state
fared best as their hybridization offers strong structural rigidity,
high resistance to chemical corrosion, and good surface areas.
An example of sp2 hybridized carbon nanomaterials is
graphene sheets.28,29

Although carbon nanomaterials offer great upsides as an
electrocatalyst support, they too have downsides. Graphene
sheets are prone to stacking which decreases the overall surface
area available for the deposition of catalytic material and the
need for functionalization with strong acids to integrate
carbonyl functional groups into the carbon skeleton to form
graphene oxide which could change the morphology of the
sheet.30 However, there are methods to prevent the stacking of
graphene sheets such as the low temperature exfoliation
method done by Loryuenyong et al., 2013.31 This method
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involves heating and ultrasonicating graphite oxide, which was
prepared using a modified Hummers method. The ultra-
sonication causes the elimination of oxygen functional groups
and an increase in interlayer spacing between the layers which
was confirmed by using XRD, FTIR, and HR-TEM.31

The difference in morphology between pristine graphite,
exfoliated graphene oxide, and reduced exfoliated graphene
oxide can be seen in Figure 2a-c. In image a the flake like
nature of pristine graphite can be seen compared to the thin
transparent individual sheet like nature of the exfoliated
graphene oxide. This layer sheet like nature of exfoliated
graphene oxide shows an increase in total surface area. The
SEM and TEM images (c,d) of reduced graphene oxide show
that the sample possesses a large amount of wrinkling in the
sheets as seen by the high contrast areas in the TEM images.31

The sharp peak, 2θ = 26.38°, seen in the XRD spectrum of
pristine graphite (Figure 3 trace a), is due to the high level of
layer organization. This peak relates to an interlayer spacing of
0.34 nm. The intensity and angle of the peak, 2θ = 10.8°,
decrease once the graphite undergoes the modified hummers

method and exfoliation to show a decrease in layer
organization and an increase in layer spacing to 0.82 nm.31

2.3.2. Carbon Nanocomposites. Although methods such as
exfoliation exist to prevent stacking, scientists have looked at
other methods to prevent stacking. One such method is the use
of hybrid supports, also known as nanocomposites. A
nanocomposite is a support consisting of two or more
monosupports. The use of hybrid supports allows the
nanomaterials present to work in a synergistic manner. The
use of hybrid supports results in an increase in reaction rates,
higher stability to chemical corrosion, increased electron
conductivity, and improved total surface area.32

There are many examples of recent studies in which
scientists have used nanocomposite supports to achieve
increased catalyst characteristics. One example of how
nanocomposites are used to overcome the stacking issue of
graphene layers is the incorporation of carbon black done by
Isı̧kel Şanlı et al., 2017.33 They used a hybrid support of
reduced graphene nanoplatelets and carbon black in different
ratios. The carbon black behaves as a separator between the
platinum impregnated graphene layers such that they cannot
form a graphite-like structure minimizing the platinum active
sites available for catalyst which was confirmed using both high
resolution transmission electron microscopy and scanning
electron microscopy (Figure 4).33

A second example of how a nanocomposite was used to
overcome the shortcomings of one of its constituents is
presented in Ji et al., 2021.34 In their research they combined
the characteristics of reduced chemically exfoliated graphene
and carbon black to improve the stability, electrochemical
activity, and durability of the platinum hybrid supported
electrocatalyst (Pt/rEGO-CB) in comparison to a platinum
electrocatalyst supported by just carbon black (Pt/CB) when
used in a low temperature hydrogen fuel cell (Figure 5).34

The SEM imaging seen above demonstrates how the
introduction of the reduced exfoliated graphene oxide to the
supports reduces the amount of agglomeration that occurs with
carbon black supports due to the van der Waals forces between
carbon black particles. This will help to create a larger surface
area for catalytic material deposition. It can also be seen that

Figure 2. (a-c) HR-SEM images: (a) pristine graphite, (b) exfoliated GO, (c) reduced graphene oxide. (d) HR-TEM image: reduced graphene
oxide. Reproduced with permission from ref 31. Copyright 2013 Vorrada Loryuenyong et al., Hindawi.

Figure 3. XRD results of (a) pristine graphite, (b) exfoliated GO, (c)
reduced exfoliated graphene oxide. Reproduced with permission from
ref 31. Copyright 2013 Vorrada Loryuenyong et al., Hindawi.
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the presence of carbon black decrease the amount of stacking
which takes place in the reduced exfoliated graphene oxide
layers.34

2.4. Alternative Catalyst Support Materials. A large
factor that prevents widespread commercialization is the price
of production. To produce an electrocatalyst that will be able
to perform well requires high quality materials which can
become quite expensive due to the high price of the catalytic
metals used or the fairly novel nanocarbon supports which are
currently produced using very costly methods.35 One solution
to decreasing the price of the electrocatalyst is finding cheaper
alternatives for the carbon supports such as seen in the work
done by Kalyani, Anitha and Darchen, 2013.35 These authors
looked at using activated carbon (G-AC) produced from grass
biomass as a support for a platinum electrocatalyst for use in

water electrolysis. The results of their study showed that the
platinum electrocatalyst (Pt/G-AC) was comparable to
commercially available platinum electrocatalysts.35

Gan et al. 2019,36 conducted a study which used carbon
nanofibers derived from cellulose to immobilize cobalt ferrite
for its use in water treatment. The cobalt ferrite supported by
carbon nanofibers was then tested for its catalytic activity
toward peroxymonosulfate. Their work found that the
incorporation of the carbon nanofibers increase the activity
of cobalt ferrite by reducing agglomeration and increasing the
electron transfer rate.36

The research work mentioned above shows that activated
carbon derived from biomass has a large potential for
widespread application in fuel cell technology as it possesses
highly favorable characteristics such as good electrochemical

Figure 4. HR-SEM (A-C) and HR-TEM (D) images of the Pt/rGO/CB electrocatalyst with different rGO:CB ratios. (A) 25:75. (B) 50:50. (C)
75:25. HR-TEM of 50:50. Reproduced with permission from ref 33. Copyright 2016 Elsevier.

Figure 5. SEM imaging of (a) Pt/CB, (b) Pt/rEGO1-CB4, (c) Pt/rEGO2-CB3, (d) Pt/rEGO3-CB2, (e) Pt/rEGO4-CB1, and (f) Pt/rEGO.
Reproduced with permission from ref 34. Copyright 2021 Elsevier Ltd.
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activity, great stability, high porosity, and large specific surface
areas and can be produced at a much cheaper price when
compared to many other carbon nanomaterials.35−37

3. AGROWASTE BIOMASS AND ITS PRODUCTS
The world produces over one billion tons of organic waste in
the form of agrowaste biomass each year. With the lack of
proper waste management techniques and appropriate
facilities, a large portion of the waste goes unutilized and
ends up being burnt which produces a large amount of carbon
dioxide further contributing to global warming. Scientist have
therefore started looking into ways in which to utilize the waste
such as the production of biochar, biofilms, and other carbon
products.38

One product of biomass waste that gained large interest is
the conversion of biomass waste into activated carbon due to
its high tunability, which allows it to be used in a variety of
applications. Activated carbons consist of fused aromatic rings,
to which functional groups are bound. They are known for
being good absorbents for both organic and inorganic materials
in most environments. They possess large surface areas with
well organized macro-, meso-, and micro-pore structures, great
stability in a wide variety of environment conditions, and great
conduction properties.39,40

There are many examples of methods in which different
biomasses have been converted into activated carbon that
possess different qualities. Danish and Ahmad, 2018, produced
activated carbon using wood biomass as its precursor via a
pyrolysis method which was then tested for its wastewater
cleaning capabilities.40 Adinata, Wandaud, and Aroura, 2007,41

used palm shell biomass as the precursor to the activated
carbon which they then tested to observe how well it adsorbed
carbon dioxide. The results showed that activated carbon has a
large specific surface area of 1170 m2·g−1 and great pore
structure.41

A second product of biomass waste that has gained a large
amount of interest is biochar. Biochar is defined as the product
formed after biomass undergoes thermal conversion. Biochar
mainly consists of carbon, oxygen, and hydrogen but include a
variety of trace elements such as nitrogen group elements,
metals, metalloids, and nonmetals. The elemental composition
of the biochar is dependent on the biomass from which it is
derived. Biochar has been tested as an absorbent for both air
and water pollution. It was found that it performed well in both
applications due to biochar having large specific surface areas,
tune able pore structure, and functional groups present on its
surface.42,43

Based on the catalyst support selection criteria outlined by
Wang et al., 2016,27 both biochar and activated carbon have
the necessary characteristics to perform well as catalyst
supports for catalysts in proton exchange membrane fuel
cells (PEMFCs).27,39

3.1. The Effect of Production Conditions on Biochar.
There are many synthesis methods for biochar production, and
each produces biochar with different characteristics even
though they are derived from the same feedstock. These
methods of production affect characteristics such as total
surface area, porosity, pore distribution, functionalization, and
elemental composition.44 Biochar is produced through the
thermal conversion of biomass. The most commonly used
methods are slow pyrolysis, intermediate pyrolysis, fast
pyrolysis, and gasification (Table 1).45

Tan et al., 2021,46 conducted research to observe the
difference slow pyrolysis and fast pyrolysis would have on the
production of biochar from lignocellulosic and lignin biomass.
They found that using fast pyrolysis conditions produced a
biochar with low surface areas, poor porosity, and biochar yield
due to the depolymerization of the biochar’s surface. Hence
using the slow pyrolysis conditions are more favorable for
producing better quality biochar.46

3.2. The Effect of Production Conditions on Activated
Carbon. Activated carbon can be produced using either a one-
step or two-step process. These processes consist of either
physical activation, chemical activation, or a combination of
the two being physiochemical activation. Physical activation
uses thermal conversion to convert biomass into activated
carbon. Chemical activation uses alkali metals, alkaline earth
metals, and acids along with low temperature heating to
produce activated carbon from biomass. Physiochemical
activation combines both physical and chemical activation
methods to produce activated carbon.39,47

Kim et al., 2017,48 conducted a study that showed chemical
activation produced better results than physical activation
when comparing the characteristics of an activated carbon
made from phenol resin-based spherical carbon. The authors
compared thermal activation in the form of steam to chemical
activation using KOH. They found that chemical activation
produced a uniform pore development and greater yield, which
was attributed to the potassium behaving like a catalyst.48

3.3. Biochar and Activated Carbon Application in
Fuel Cells and Adjacent Fields. Activated carbon has good
characteristics to be a catalyst support as it possesses high
surface areas, it is inert in acidic and basic conditions, and the
pore structure can be altered to suit the necessary requirements
of the application.49

Gao et al., 2018,50 conducted experimentation on nickle-
cobalt electrocatalysts for a direct glucose alkaline fuel cell in
which they used traditionally produced activated carbon as the
support material.45 Dong et al., 2019,51 conducted exper-
imentation on FeCo2O4 macaroon-like structures which were
supported on activated carbon for use in a direct glucose
alkaline fuel cell. In both Gao et al., 2018,50 and Dong et al.,
2019,51 the catalysts showed an improvement in fuel cell
performance which was dually attributed to the improvement
in the catalyst and the support material.50,51 Although there is
proof of application for traditionally produced activated carbon
being used as a catalyst support, there are very limited
examples of activated carbon produced from biomass being
used. This is most likely attributed to the novelty of the
research.

Table 1. Different Production Methods of Biochar.
Temperatures, Residence Times, and Product
Composition45

process
temp
(°C)

residence
time

liquid
(bio-
oil)
(%)

solid
(biochar)

(%)

gas
(syngas)

(%)

fast pyrolysis 300−
1000

short (<2 s) 75 12 13

intermediate
pyrolysis

∼500 moderate
(10−20 s)

50 25 25

slow pyrolysis 100−
1000

long
(5−30 min)

30 35 35

gasification >800 moderate
(10−20 s)

5 10 85
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Biochar has a wide range of applications such as an
absorbent, soil amendment, catalysts, and others. Biochar has
seen application in fuel cells, not as an electrode but rather as
the fuel in direct carbon fuel cells and in phosphoric acid fuel
cells.42

Although biochar has not been directly used as an electrode
in fuel cell technology, it has been used in adjacent fields such
as supercapacitors. Like for fuel cells the performance of the
supercapacitor is based on the electrodes used.23,52 The
characteristics that make a good superconductor electrode are
similar to those of what is needed for a good support material
in fuel cells. They need high surface areas, high conductivity,
high stability to increase the lifespan, and high energy density.
The materials used for supercapacitor electrodes are carbon
material, conductive polymers, and transition metal oxides
which are similar to the materials tried as support materials for
fuel cell electrocatalysts.53,54

Zhang et al., 2022,52 conducted experimentation on apple-
pomace-based biochar for use in a supercapacitor. The apple-
pomace-based biochar had a high specific surface area of
2010.16 m2.g−1 and showed high material stability by retaining
95.7% of its capacity after 5000 cycles in 6 M KOH.47 The lack
of research into biochar as a catalyst support material is most
likely due to its novelty but the research done by Zhang et al.,
2022,52 and others proves that biochar possesses all the
necessary requirements to be a strong catalyst support material.

4. SUGGESTED PHYSICAL CHARACTERIZATION
Potential support materials need to possess the following
characteristics which were outlined by Wang et al., 2016:27

sufficient electron conductivity, high specific surface area,
suitable pore structure, high stability in acidic and basic
environments, and strong adhesion between support and
catalyst material.27

Specific surface area and suitable pore structure are
important characteristics when assessing potential catalyst
supports. The most widely used method for determining these
two quantities is the use of the Brunauer−Emmett−Teller
(BET) isotherm which uses the physical adsorption of nitrogen
gas onto a solid surface to determine the specific surface area
and average pore size and volume.55 Kumar et al., 2020,56

synthesized high surface area biochar from dry seaweed
(Sargassum tenerrimum) as a support material for a nickle-
cobalt bimetallic catalyst for the selective hydrogenation of
phenols. The authors used BET to observe the effect that
KOH pre-impregnation ratio, temperature, heating rate, and
residence time will have on the surface area.56

Fourier transport infrared (FTIR) spectroscopy is an
important characterization technique for catalyst support
materials. FTIR is used to detect the presence and intensity
of surface functional groups present on the support material.
The surface functional groups are important as they assist in
mass transporting and are the binding sites for the catalytic
material.57,58

X-ray diffraction (XRD) analysis is a powerful character-
ization technique which can offer a large quantity of
information about crystallinity, crystal defects, structures, and
average grain size.59

This information is important as it gives information on
necessary characteristics, such as conductivity, particle size and
texture, and interlayer spacing.

Liu et al., 2021,60 synthesized a biochar from corn straw
which was used as a support material for a silicon-manganese

binary catalyst for the adsorption and removal of Cu(II) from
water. The authors used FTIR to confirm the surface
functional groups present on the biochar support and used
XRD in conjunction with the FTIR results to confirm how the
catalytic metals were bound to the functional groups in the
form of SiO2, MnOx, and MnSiO3.

60

Electron conductivity is important for support materials as
these materials need to provide a good electron transfer
pathway, as it is the basic premise on which fuel cells operate.
Conductivity meters are used to determine the conductivity of
materials.27

Scanning electron microscopy (SEM), energy-dispersive X-
ray (EDX) spectroscopy, and Raman spectroscopy are a group
of techniques usually coupled together. SEM gives an overview
of the morphology of the sample, while EDX provides chemical
composition of the sample. Raman spectroscopy is used to
detect defects in the material.61

Chia et al., 2012,62 conducted experimentation on a wood
derived biochar in its unmodified and modified state with
Fe(II) and bentonite. The authors used a combination of FTIR
and Raman spectroscopy to determine the effect that the
modification had on the bond distribution in the biochar and
conducted SEM-EDX to determine if there was an effect on
the elemental composition of the biochars.62

Transmission electron microscopy (TEM) is a technique
used to observe the structure of the studied material. TEM
offers the ability to observe the actual structure of the material
instead of the predicted structure provided by techniques such
as XRD and NMR.63

5. CONCLUSION
Direct methanol fuel cells offer great potential for application
in small scale portable devices. However, DMFCs still face
many challenges which prevent its commercialization such as
the cost of materials and current catalysts technologies which
limit their performance. Although carbon nanomaterials have
been used to improve performance, cost is still a challenge.
Therefore, the use of carbon based materials derived from
biowaste could alleviate a portion of the cost, as they are
relatively much cheaper to produce than most novel carbon
nanomaterials. The great characteristics of carbon-based
materials derived from biomass waste match that of what is
required for a support material for electrocatalysis in direct
methanol fuel cells. It is due to this and the positive impact
they have already had as support materials for catalysts in other
applications that it can therefore be concluded that the
utilization of these activated carbons and biochars as
monosupports or alongside other carbon nanomaterials in a
nanocomposite support should result in the enhancement of
the performance of the platinum based electrocatalyst in a
direct methanol fuel cell.

6. LIMITATIONS AND FUTURE OUTLOOK
Great progress has been made regarding the development of
electrocatalysts for direct methanol fuel cells. Much of this
progress can be attributed to further research and development
into carbon nanomaterials as supports for the electrocatalysts.
This technology has shown high potential as a viable solution
and could be the basis of many breakthroughs which allow the
direct methanol fuel cell to reach its true theoretical potential.4

However, this technology like DMFC faces its own set of
challenges such as cost, synthesis methods, platinum loading
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issues, and electrode preparation methods. Much of the cost
related to fuel cells is due to the price of producing the
electrocatalyst. The price of the electrode is due to two
components, the platinum and the support material.5,6

The price of the platinum electrocatalyst could decrease with
the development of single atom catalysis (SAC) technology
which has seen a decrease in the amount of platinum mass
loading needed in order to achieve current catalyst perform-
ance figures and therefore, will decrease the overall price.64,65

The high cost of the support materials is attributed to the
novelty of carbon nanomaterials and their expensive synthesis
methods. This cost could decrease with time as more
affordable and sustainable methods of synthesis are discovered.
The price of the support materials could also decrease due to
the use of biomass derived carbon nanomaterials, such as some
of the work mentioned above. The utilization of biomass
derived carbon materials as support materials for electro-
catalysts is a fairly new area of research and can prove fruitful
due to the great characteristics that biochars and activated
carbons possess.
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S. Engineered catalyst layer design with graphene-carbon black hybrid
supports for enhanced platinum utilization in PEM fuel cell. Int J
Hydrogen Energy. 2017, 42 (2), 1085−1092.
(34) Ji, Z.; Perez-Page, M.; Chen, J.; Rodriguez, R. G.; Cai, R.;

Haigh, S. J.; Holmes, S. M. A structured catalyst support combining
electrochemically exfoliated graphene oxide and carbon black for
enhanced performance and durability in low-temperature hydrogen
fuel cells. Energy 2021, 226, 120318.
(35) Kalyani, P; Anitha, A; Darchen, A. Activated carbon from grass

- A green alternative catalyst support for water electrolysis. Int J
Hydrogen Energy. 2013, 38 (25), 10364−10372.
(36) Gan, L.; Zhong, Q.; Geng, A.; Wang, L.; Song, C.; Han, S.; Cui,

J.; Xu, L. Cellulose derived carbon nanofiber: A promising biochar
support to enhance the catalytic performance of CoFe2O4 in
activating peroxymonosulfate for recycled dimethyl phthalate
degradation. Sci. Total Environ. 2019, 694, 133705.
(37) Okiemute Akpasi, S; Michael Smarte Anekwe, I; Adedeji, J;

Lewis Kiambi, S. Biochar Development as a Catalyst and Its
Application. Biochar - Productive Technologies, Properties and
Application [Working Title] 2022, 105439 DOI: 10.5772/inte-
chopen.105439.
(38) BS, G. Review on Application of Agro-Waste Biomass Biochar

for Adsorption and Bioremediation Dye. Biomed J Sci Tech Res. 2017,
1 (7), 1928−1930.
(39) Ao, W; Fu, J; Mao, X; et al. Microwave assisted preparation of

activated carbon from biomass: A review. Renew Sustain Energy Rev.
2018, 92 (May), 958−979.
(40) Danish, M; Ahmad, T. A review on utilization of wood biomass

as a sustainable precursor for activated carbon production and
application. Renew Sustain Energy Rev. 2018, 87, 1−21.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c02283
ACS Omega 2023, 8, 40972−40981

40980

https://doi.org/10.1002/smll.201101594
https://doi.org/10.1002/smll.201101594
https://doi.org/10.1016/j.proeng.2017.04.143
https://doi.org/10.1016/j.proeng.2017.04.143
https://doi.org/10.1016/j.proeng.2017.04.143
https://doi.org/10.1016/j.apsusc.2018.10.050
https://doi.org/10.1016/j.apsusc.2018.10.050
https://doi.org/10.1016/j.apsusc.2018.10.050
https://doi.org/10.1016/j.carbon.2018.01.093
https://doi.org/10.1016/j.carbon.2018.01.093
https://doi.org/10.1016/j.carbon.2018.01.093
https://doi.org/10.1016/j.jpowsour.2014.04.021
https://doi.org/10.1016/j.jpowsour.2014.04.021
https://doi.org/10.1016/j.jpowsour.2014.04.021
https://doi.org/10.1021/acs.energyfuels.1c02010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.1c02010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijhydene.2021.02.037
https://doi.org/10.1016/j.ijhydene.2021.02.037
https://doi.org/10.1016/j.ijhydene.2021.02.037
https://doi.org/10.1016/j.jechem.2018.01.029
https://doi.org/10.1016/j.jechem.2018.01.029
https://doi.org/10.1016/j.jechem.2018.01.029
https://doi.org/10.1016/j.electacta.2022.140128
https://doi.org/10.1016/j.electacta.2022.140128
https://doi.org/10.1016/j.electacta.2022.140128
https://doi.org/10.1007/s42773-021-00101-6
https://doi.org/10.1007/s42773-021-00101-6
https://doi.org/10.1007/s42773-021-00101-6
https://doi.org/10.1016/j.ccr.2020.213585
https://doi.org/10.1016/j.ccr.2020.213585
https://doi.org/10.1016/j.ccr.2020.213585
https://doi.org/10.1016/j.renene.2017.06.027
https://doi.org/10.1016/j.egyr.2021.08.003
https://doi.org/10.1016/j.egyr.2021.08.003
https://doi.org/10.1186/s11671-018-2799-4
https://doi.org/10.1186/s11671-018-2799-4
https://doi.org/10.1186/s11671-018-2799-4
https://doi.org/10.1016/j.carbon.2012.08.055
https://doi.org/10.1016/j.carbon.2012.08.055
https://doi.org/10.3390/ma10060580
https://doi.org/10.3390/ma10060580
https://doi.org/10.1016/j.ijhydene.2009.06.013
https://doi.org/10.1016/j.ijhydene.2009.06.013
https://doi.org/10.1016/j.ijhydene.2009.06.013
https://doi.org/10.1016/j.ijhydene.2020.04.202
https://doi.org/10.1016/j.ijhydene.2016.03.147
https://doi.org/10.1016/j.ijhydene.2016.03.147
https://doi.org/10.1016/j.nanoen.2019.104048
https://doi.org/10.1016/j.nanoen.2019.104048
https://doi.org/10.1016/j.nanoen.2019.104048
https://doi.org/10.1016/j.apenergy.2018.09.117
https://doi.org/10.1016/j.apenergy.2018.09.117
https://doi.org/10.1016/S0009-2509(00)00233-5
https://doi.org/10.1016/S0009-2509(00)00233-5
https://doi.org/10.1016/j.ijhydene.2010.05.111
https://doi.org/10.1002/adma.202210757
https://doi.org/10.1002/adma.202210757
https://doi.org/10.1021/acs.energyfuels.1c00453?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.1c00453?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.1c00453?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s12274-014-0695-5
https://doi.org/10.1007/s12274-014-0695-5
https://doi.org/10.1016/j.pmatsci.2016.06.002
https://doi.org/10.1016/j.pmatsci.2016.06.002
https://doi.org/10.1016/j.pmatsci.2016.06.002
https://doi.org/10.1016/j.mtcomm.2015.02.003
https://doi.org/10.1016/j.mtcomm.2015.02.003
https://doi.org/10.1016/j.mtcomm.2015.02.003
https://doi.org/10.1016/j.cattod.2017.02.015
https://doi.org/10.1016/j.cattod.2017.02.015
https://doi.org/10.1016/j.progpolymsci.2016.12.010
https://doi.org/10.1016/j.progpolymsci.2016.12.010
https://doi.org/10.1016/j.progpolymsci.2016.12.010
https://doi.org/10.1155/2013/923403
https://doi.org/10.1155/2013/923403
https://doi.org/10.1155/2013/923403
https://doi.org/10.1016/j.jpowsour.2012.02.011
https://doi.org/10.1016/j.jpowsour.2012.02.011
https://doi.org/10.1016/j.ijhydene.2016.08.210
https://doi.org/10.1016/j.ijhydene.2016.08.210
https://doi.org/10.1016/j.energy.2021.120318
https://doi.org/10.1016/j.energy.2021.120318
https://doi.org/10.1016/j.energy.2021.120318
https://doi.org/10.1016/j.energy.2021.120318
https://doi.org/10.1016/j.ijhydene.2013.06.022
https://doi.org/10.1016/j.ijhydene.2013.06.022
https://doi.org/10.1016/j.scitotenv.2019.133705
https://doi.org/10.1016/j.scitotenv.2019.133705
https://doi.org/10.1016/j.scitotenv.2019.133705
https://doi.org/10.1016/j.scitotenv.2019.133705
https://doi.org/10.5772/intechopen.105439
https://doi.org/10.5772/intechopen.105439
https://doi.org/10.5772/intechopen.105439?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5772/intechopen.105439?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.26717/BJSTR.2017.01.000585
https://doi.org/10.26717/BJSTR.2017.01.000585
https://doi.org/10.1016/j.rser.2018.04.051
https://doi.org/10.1016/j.rser.2018.04.051
https://doi.org/10.1016/j.rser.2018.02.003
https://doi.org/10.1016/j.rser.2018.02.003
https://doi.org/10.1016/j.rser.2018.02.003
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02283?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(41) Adinata, D; Wan Daud, W. M. A.; Aroua, M. K. Preparation
and characterization of activated carbon from palm shell by chemical
activation with K2CO3. Bioresour. Technol. 2007, 98 (1), 145−149.
(42) Cha, J. S.; Park, S. H.; Jung, S. C.; et al. Production and

utilization of biochar: A review. J Ind Eng Chem. 2016, 40, 1−15.
(43) Li, J; Dai, J; Liu, G; et al. Biochar from microwave pyrolysis of

biomass: A review. Biomass and Bioenergy. 2016, 94, 228−244.
(44) Kamarudin, N. S.; Dahalan, F. A.; Hasan, M; et al. Biochar: A

review of its history, characteristics, factors that influence its yield,
methods of production, application in wastewater treatment and
recent development. Biointerface Res Appl Chem. 2021, 12 (6), 7914−
7926.
(45) Ahmad, M; Rajapaksha, A. U.; Lim, J. E.; et al. Biochar as a

sorbent for contaminant management in soil and water: A review.
Chemosphere. 2014, 99, 19−33.
(46) Tan, H; Lee, C. T.; Ong, P. Y.; et al. A Review On The

Comparison Between Slow Pyrolysis And Fast Pyrolysis On The
Quality Of Lignocellulosic And Lignin-Based Biochar. IOP Conf Ser
Mater Sci Eng. 2021, 1051 (1), 012075.
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