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Abstract: Carbon materials are widely used in catalysis as effective catalyst supports. Carbon
supports can be produced from coal, organic precursors, biomass, and polymer wastes. Biomass is
one of the promising sources used to produce carbon-based materials with a high surface area and
a hierarchical structure. In this review, we briefly discuss the methods of biomass-derived carbon
supported catalyst preparation and their application in biodiesel production, organic synthesis
reactions, and electrocatalysis.
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1. Introduction

Carbon materials, such as graphite, graphene, activated carbon, carbon nanotubes
(CNT), nanosheets (CNS), and nanofibers (CNF), are widely used in catalysis. Such ma-
terials are considered to be promising catalytic supports because of their high specific
surface area, resistance to acidic or basic media, amphoteric character, high-temperature
stability, tailored pore size distribution, ability for modification, and cheapness [1-3].
Carbon supports can be produced from coal, organic precursors, biomass, and polymer
waste through different techniques, which are mainly based on thermochemical degrada-
tion/decomposition methods. In recent years, biomass-derived carbonaceous materials
have attracted great attention due to their cheapness, simple preparation, and wide range
of biomass resources.

To produce carbon materials from biomass, different thermochemical methods can
be used. Among them, four main techniques are highlighted (Figure 1). Combustion of
biomass is widely used to obtain ashes that are characterized by the contents of alkali and
alkali-earth metal compounds with a low content of carbon (1-15 wt.%). Depending on
the biomass type, the resulting ashes have different elemental compositions, varying from
10-50 wt.% of alkali metals, 5-20 wt.% of alkali-earth metals, 0.5-2 wt.% of Al, 2-80 wt.% of
Si, and 0.5-10 wt.% of Cl, P, Mn, Fe, Zn, etc. [4]. The calcination method is carried out in a
wide temperature range from 300 to 1000 °C [5]. Calcination can be performed either in the
air or in an inert atmosphere, resulting in the degradation of biomass components to form
carbon and inorganic compounds, such as alkali and alkali-earth metal carbonates and
carbides. During calcination, temperature and biomass retention time play a critical role in
the formation of the resulting carbon material morphology and structure. It is reported that
a high reaction temperature and a short retention time lead to the aggregation of particles
of Ca, Na, Mg, and Si oxides and, thus, reduce the specific surface area and porosity of the
resulting catalysts [6,7]. Despite the simplicity of the combustion and calcination methods,
the resulting materials have a low specific surface area, poor porosity, and low carbon
content, leading to their limited application in catalysis.
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Figure 1. Main methods for biomass-derived carbon production.

Another two methods are used to prepare biochar characterized by a high porosity
with a hierarchical structure. Pyrolysis is a widely used method to obtain biochar from
organogenic feedstock. Depending on the temperature and the feedstock residence time,
pyrolysis can be divided into slow pyrolysis occurring at 300700 °C for several hours [8,9]
and fast pyrolysis performed at 500-1000 °C at a residence time <10 s [10]. Typically, slow
pyrolysis results in a biochar yield ranging from 30 to 70 wt.%, while the fast process
provides a biochar yield of up to 15 wt.% [9]. Besides conventional non-catalytic pyrolysis
to provide biochar production, biomass feedstock can be preliminarily treated with a metal
salt solution (catalytic pyrolysis), which leads to the formation of metal-containing com-
posites. The carbonization method seems to be close to pyrolysis and consists of heating
biomass in an inert atmosphere (N or Ar) at relatively low temperatures. This method can
be divided into two types depending on the media used. Dry carbonization is carried out at
300-600 °C using dried feedstock [11]. Wet or hydrothermal carbonization (HTC) is per-
formed in superheated water using either dried or wet feedstock at a temperature of
180-800 °C [12]. The latter can be classified into high-temperature (300-800 °C) and
low-temperature (180-250 °C) HTC [13-15]. The high-temperature process results in the
formation of carbon materials with a high surface area and a high porosity, with a hierar-
chical structure, while the low-temperature HTC is used for the production of colloidal
carbonaceous spheres [15].

Moreover, techniques such as gasification and torrefaction can be mentioned for
biochar production. Gasification is the process mainly used for synthesis gas produc-
tion from biomass occurring at a temperature of 750-900 °C. Meanwhile, about 10 wt.%
of biochar can be obtained by gasification [16]. Torrefaction is direct carbonization of
biomass at low temperatures (up to 250-300 °C), resulting in over 80 wt.% of biochar
formation [17]. The composition, structure, morphology, and textural properties of car-
bon materials strongly depend on the biomass type, the preparation method used, the
temperature, the size of the particle, the heating rate, the residence time, etc.

Despite the different production methods, biomass-derived carbon materials find a
wide range of application in catalysis. Four main directions can be highlighted: biodiesel
production, organic reactions, electrocatalysis, and photocatalysis. In this review, we briefly
discuss the first three directions for the use of biomass-derived carbon-based catalysts.

2. Biomass-Derived Carbon-Based Catalysts for Biodiesel Production

In recent years, biomass-carbon-based catalysts are widely used in esterification/trans-
esterification processes to produce fatty acid methyl esters (FAMEs). Carbon produced via
pyrolysis, calcination, or carbonization tends to be functionalized by sulfonic groups or
alkali to form acidic or basic active sites (Figure 2). Two directions for the functionalization
are used: (i) direct functionalization through the introduction of functional groups into the
raw material, and (ii) post-synthesis modification through the treatment of carbonaceous
materials [15].
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2.1. Acid-Functionalized Catalysts

Acidic carbon-based catalysts are efficiently applied in esterification/transesterification
processes. The most widely used ones are sulfonated carbons characterized by a high acid
density. These catalysts can substitute concentrated sulfuric acid in many reactions, in-
cluding biodiesel production [18]. Sulfonated catalysts are synthesized by either direct
sulfonation with H,SOj or by sulfonation via reductive alkylation. In contrast to concen-
trated sulfuric acid, carbon-based catalysts tend to cause less corrosion and can be easily
separated from the reaction mixture.

A review of recent works on sulfonated carbon catalysts shows that these catalysts,
regardless of the method of preparation, are consisted of amorphous or graphite-like carbon
with covalently bonded —-SO3H groups. The last ones provide the Bronsted acid sites with
a high density. The surface area of the resulting composites mainly depends on the carbon
preparation method. These catalysts have a high activity in the production of biodiesel from
feedstock with high free fatty acid (HFFA) content [19,20]. Incomplete carbonization of the
biomass raw material during the catalyst synthesis leads to the formation of a polycyclic
carbon-ring structure with -COOH or —-OH groups on the surface, which increases the
catalyst acidity and facilitates the covalent bonding of sulfonic groups [21,22].

Biomass-
derived

carbon . S Functionalization
s with acid or alkali

Carbon-
based
catalyst

Figure 2. Biomass-derived carbons for the application in biodiesel production. Summarized
from [23-46].

Table 1 presents the literature data on sulfonated carbon-based catalysts and their
activity during the esterification/transesterification process.
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Table 1. Sulfonated carbon-based catalysts for biodiesel production.

R . 1. R . 1. "
Biomass Preparation Method Feegsltlock Blodéc:)s;(lﬁsﬁyor;:gesw Bl\({)iclllzsel iglg’ Reference
Carbonization for 5 h at . .
C. inophyllum 400 °C, followed by C. inophyllum 01113/511 ethanol ratio
. . :30 mol, 0.3 g of 36.4 3.4 .. [23]
seeds sulfonation by H,SO4 Oil catalvst, 150 °C.2 h activity at 2nd cycle
(98 wt.%) at 150 °C. yst e
Pyrolysis for 5 h at 400 °C, C. inovhullum Oil/methanol ratio
Starch followed by sulfonation by ’ (glly 1:30 mol, 7.5 wt.% of 81.0 0.9 activity at 4th cvcle [24]
H,S0; (98 wt.%) at 150 °C. catalyst, 180 °C, 5 h. ty y
Ca;l())grlga?(i? for;_?)h at Oleic acid/methanol
Glucose , fOTOWed By Oleic acid ratio 1:50 mol, 5 wt.% 95.0 41 L [19]
sulfonation by H,SO4 of catalvst, 80 °C. 5 h activity at 50th cycle
(98 wt.%) at 150 °C. ysh 79
Pyrolysis for 3 h at 400 °C, Oil/methanol ratio
Starch followed by sulfonation by Waste oil 1:30 mol, 12 wt.% of 92.0 7.2 activity at 50th cvle [25]
H,SOy (98 wt.%) at 150 °C. catalyst, 80 °C, 15 h. y Y
Pyrolysis for 1 h at 400 °C, Acidified Oil/methanol ratio Over 90% of initial
Lignin followed by sulfonation by soybean 1:7 mol, 5 wt.% of 96.0 4.7 activity at 3rd cvcle [26]
H,S0; (98 wt.%) at 150 °C. soapstock catalyst, 70 °C, 5 h. y Y
Fast pyrolysis at 510 °C for Oil/methanol ratio
Rice husk 4 s, followed by sulfonation Waste oil 1:30 mol, 10 wt.% of 90.0 4.0 [27]
by HySO4 (98 wt.%) at 80 °C. catalyst, 80 °C, 15 h.
Carbonization for 5 h at . .
Mesoporous 400 °C, followed by Oil/methanol ratio
i’ Waste oil 1:3 vol., 10 wt.% of 98.0 - . [28]
starch sulfonation by HySOy4 catalvst. 80 °C. 18 h activity at 4th cycle
(99 wt.%) at 80 °C. yst 10N
Carbonization for 3 h at . .
o Oil/methanol ratio
Cotton stalk 450 °C, followed by Maduca 1:18 mol, 5 wt.% of 892 920 %0 [29]
sulfonation by HySO4 indica oil catalvst. 60 °C. 5 h activity at 7th cycle
(98 wt.%) at 80 °C. ysb A
Treatment by 30 wt.% H3POy, Oleic acid/methyl
Waste carbonization for 3 h at Oleic acid acetate ratio 1:50 mol, 503 } [30]
banana peel 600 °C, and then sulfonation 12 wt.% of catalyst, ’ activity at 5th cycle
by H,SO4 (98 wt.%) at 80 °C. 60 °C, 8 h.
Pyrolysis for 2 h at 600 °C, Qil/methanol ratio
Waste cork followed by sulfonation by Waste oil 1:25 mol, 1.5 wt.% of 98.0 - activity at 5th cycle [31]
H,S0, (98 wt.%) at 80 °C. catalyst, 65 °C, 6 h. Y
Treatment by H3POy (1:1), Palm fatt PFAD/methanol
Sugarcane calcination for 2 h at 400 °C, alm Iatty ratio 1:10 mol, 2 wt.% 90% of initial
. acid distillate 98.6 300.0 . [32]
bagasse and then sulfonation by (PFAD) of catalyst, activity at 6th cycle
CISO;H at 300 °C. 60 °C, 1.5 h.

* SA—surface area.

Carbonization and pyrolysis of biomass with sulfonation result in a relatively low
specific surface area of the catalyst. Meanwhile, pretreatment of biomass with phosphorous
acid leads to a significant increase in the surface area three times that of non-pretreated
ones [33]. Sulfonated biocarbon-based catalysts mainly show a FAME yield over 80 wt.%.
It is observed that the catalyst activity slightly depends on the specific surface area of the
catalysts, but the acid sites” density on the carbon surface plays an important role. However,
a high surface area can be crucial for the reactions with large molecules (i.e., triglycerides).
Thus, the catalyst surface area, acid site density, and carbon preparation method play
important roles in the acid-catalyzed esterification/transesterification process.

However, one of the main problems for sulfonated carbon-based catalysts is the loss
in activity after 5-7 cycles. Moreover, sulfonated catalysts tend to be deactivated at high
temperatures because of the loss of sulfonic groups from the surface. Thus, future works
should focus on the improvement of catalyst stability. Another challenge associated with
oil transesterification in the presence of biomass-derived catalysts is the investigation of
reaction kinetics and mechanisms.

2.2. Base-Functionalized Catalysts

Basic carbon-based catalysts are less used in the transesterification process in com-
parison to acidic ones. This is due to the high saponification activity of bases, especially
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for HFFA oils [33]. Moreover, a critical disadvantage of a basic catalyst is its sensitivity to
water [34]. Meanwhile, several studies on the application of base-functionalized carbon-
based catalysts can be mentioned. Two directions in the preparation of base-functionalized
carbon-based catalysts can be highlighted. The first one is calcination of biomass feedstock.
As it is known, plant biomass contains a high amount of alkali and alkali-earth metals [4].
Calcination leads to a decrease in the concentration of H, O, and C atoms, producing
alkali or alkali-metal oxides or hydroxides along with alumina or silicon oxides. The
second method for base-functionalized catalyst preparation is preliminary treatment of raw
biomass with solutions of KOH, potassium, or calcium salts (i.e., KF, Ca(Ac);), followed by
hydrothermal or thermal carbonization. This method results in a biochar containing metal
oxides on the surface. The last ones catalyze the transesterification process and show high
effectiveness. Table 2 presents the results of recent studies on transesterification of oils over

a base-functionalized catalyst.

Table 2. Basic carbon-based catalysts for biodiesel production.

(o)1

Biodiesel Synthesis

Biodiesel

SA %,

Biomass Preparation Method Feedstock Conditions Yield m?/g Reusability Reference
Red banana Calcination for 4 h Ceiba Oll/methar;ol ratio 1:12 90% of initial
o . mol, 2.5 wt.% of catalyst, 98.7 46.0 O [35]
peduncle at 700 °C. pentandra oil 65°C.2 h activity at 3rd cycle
Calcination for 4 h Bauhinia Oil/methanol ratio
Banana peels at 700 °C monandra 1:7.6 mol, 2.75 wt.% of 93.9 44 - [36]
: seed oil catalyst, 65 °C, 70 min.
L. Qil/methanol ratio
l'?li)sclf 2:;1 Calc;r;eg(l)(ar})g)r 1h Jatropha oil 1:12 mol, 7 wt.% of 90.0 - - [37]
' catalyst, 45 °C, 30 min.
Treatment with 1M HCl,
calcination for 4 h at . .
Sugarcane 700 °C, treatment with . Oil/methanol Eatlo
bagasse 1 M NaOH. and Waste oil 1:2 vol., 10 wt.% of 99.0 - - [38]
carbonization at 300 °C catalyst, 65 °C, 2 h.
for1h.
Carbonization for 4 h at
Waste date 450 °C, followed by Qil/methanol ratio
d impregnation by 1 M Waste oil 1:10 mol, 3 wt.% of 93.0 260 - [39]
seeds KOH and drying at room catalyst, 65 °C, 90 min.
temperature for 48 h.
HTC for 3 h at 250 °C, . .
Empty fruit followed by . Q1l/methanol ﬁatlo 80% of initial )
bunch impregnation by K,COj3 Waste oil 112 mol, 5 wt.% of 971 40562 activity at 5th cycle 401
and Cu(NOs) catalyst, 70 °C, 2 h.
3)2.
Carbonization for 3 h at . .
Coffee 600 °C, followed by ‘ Oil/methanol ratio 80% of initial ,
. . Waste oil 1:9 mol, 5 wt.% of 91.6 - .. [41]
grounds 1mpregr11<a(t)110{n by 1M catalyst, 90 °C, 2 h. activity at 5th cycle
Carbonization for 3 h at . .
Raw coffee 700 °C, followed by beat of oil/ melthanol r:mof 90% of initial
husks impregnation by Soybean oil 1:10 mol, 10 wt.% o 740 ) activity at 2nd cycle [42]
1 M KOH catalyst, 65 °C, 2 h.
Pyrolysis for 5 h at Oil/methanol ratio o o
Potato peel 500 °C, followed by Waste oil 1:9 mol, 3 wt.% of 97.5 - t1901 o oi ggtlal 1 [43]
calcination. catalyst, 60 °C, 2 h. activity a cyee
Hvacinth Carbonization for 8 h at Oil/methanol ratio
biyomass 600 °C, followed by Palm oil 1:12 mol, 15 wt.% of 97.6 - - [44]
impregnation by K,COg, catalyst, 65 °C, 3 h.
Waste Oil/methanol ratio
assion fruit Calcination for 1 h Palm oil 1:15 mol, 7 wt.% of 95.4 ) 78% of initial [45]
P peel at 500 °C catalyst, room ’ activity at 2nd cycle

temperature, 30 min

* SA—surface area.

The activity of base-functionalized catalysts is determined by both the base concen-
tration and catalyst surface area. In this case, the surface area seems to be a significant
factor, providing good triglyceride adsorption on the catalyst as well as the distribution and
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availability of basic active sites. For this reason, the carbonization method (in particular,
HTC) can be one of the most promising methods. Additionally, the use of additional alkali
during the catalyst preparation process provides higher activity and biodiesel yield in
comparison with catalysts obtained without impregnation.

Generally, base-functionalized carbon catalysts prepared through the calcination
method are less stable and lose their activity after 3-5 consecutive cycles because of the
leaching of alkali via water or methanol or because the interaction of alkali with free fatty
acids. Meanwhile, catalysts prepared by the carbonization method, followed by activation
by a base, maintain their effectiveness in terms of oil conversion of FAME yield for a mini-
mum of five cycles. In spite of the lower stability, alkali catalysts allow transesterification
to be performed at lower temperatures (even at room temperature) with a high biodiesel
yield. This can be significant from an economical point of view.

In summary, basic biocarbon catalysts have proven to have a higher conversion of
oil into biodiesel at a lower reaction temperature in comparison with sulfonated ones.
However, the use of these composites in the transesterification of waste cooking oil is
limited because of the high free fatty acid content in the oil.

3. Biomass-Derived Carbon-Based Catalysts for Biomass Conversion and
Organic Synthesis

Sulfonated biomass-derived carbons have been effectively used for biomass conversion
into valuable chemicals, such as furfural, 5-hydroxymethylfurfural, 5-ethoxymethylfurfural,
and hexitols. The presence of -SO3H groups on the carbon surface effectively catalyzes the
hydrolysis and dehydration of polysaccharides of biomass (cellulose and hemicelluloses)
(Figure 3) [15]. These catalysts are mainly produced by biomass pyrolysis with or without
templates, followed by sulfonation by concentrated sulfuric acid. As for biodiesel synthesis,
the resulting composites have the same structure and are characterized by high acidity. The
summarized results are presented in Table 3.

OH

CH,0H CH,0H CH,0H

Figure 3. Application of acidic carbon-based catalysts for biomass conversion. Summarized
from [46-55].
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Table 3. Sulfonated carbon-based catalysts for biomass conversion.
Reaction Product Number of Cycles
Carbon Source Feedstock Conditions Product Yield, wt.%  without Loss in Activity Reference
Sucrose Cellulose 110°C,4h Glucose 74.5 - [46]
Microcrystalline Eucalyptus 120°C,3h Glucose 76.0 3 [47]
cellulose flakes
Glucose Cellulose 110°C,4h Reducing sugars 72.7 5 [48]
Sucrose Cellulose 120°C,4h Glucose 59.0 4 [49]
Cellulose Cellulose 130°C,3h Reducing sugars 68.9 3 [50]
Glucose Fructose 130°C,10min  5-hydroxymethylfurfural 91.2 5 [51]
Cellulose Fructose 80 °C, 10 min 5-hydroxymethylfurfural 83.0 5 [52]
Cornstalk Cornstalk 170 °C, 30 min Furfural 68.2 - [53]
Waste Camelia 5
oleifera shells Fructose 100°C,24h 5-ethoxymethylfurfural 25.0 4 [54]
Chestnut shell . Waste 180 °C, 15 min Furfural 68.7 7 [55]
lignocellulose

High catalytic activity of sulfonated carbons in biomass hydrolysis and dehydration
reactions can be attributed to the high ability of SO3H-groups to adsorb carbohydrates,
as well as their tolerance to hydration. Moreover, the catalyst effect in hydrolysis de-
pends significantly on the water concentration and reaches a maximum when the water
content is equal to the catalyst acidity [15,56]. In comparison with traditionally used cat-
alysts containing Lewis and Bronsted acid sites (e.g., zeolites, Amberlyst, and Nafion),
sulfonated carbons show higher effectiveness in biomass hydrolysis and dehydration and
are considered promising for obtaining platform molecules from biomass.

Besides the functionalization of biocarbon with acid or basic sites, the production of
carbon-based composites containing different metal nanoparticles is widely used. Carbon-
supported catalysts have great potential in many organic reactions, such as hydrogenation,
oxidation, alkylation, and dehydrohalogenation. Biomass-derived carbonaceous supports
for metal-containing catalysts are effectively prepared through hydrothermal or dry car-
bonization, thus providing a high surface area for the resulting materials (2001000 m?/g).
The active metal-containing phase is traditionally formed by impregnation of the carbon
supports with solutions of metal salts. Acetate and nitrates are widely used as metal precur-
sors because of their easy decomposition by heating or calcination (Figure 4). A summary
of the reactions using biomass-derived carbon-based catalysts is shown in Table 4.

C

Active metal particle

co

Impregnation
Biomass- Calcination
derived

carbon

A

Figure 4. Preparation of biochar-based metal-containing catalysts. Summarized from [57,58].



Catalysts 2023, 13, 655

8 of 14

Table 4. Summary of biomass-derived carbon-based catalysts for organic reactions.

Carbon Source and . Product Number of
. . Reaction A Cycles
Preparation Active Phase Substrate e Product Selectivity, . Reference
o Conditions o without Loss
Conditions wt.% . -
in Activity
Hydrogenation
Shrimp sh.ell and Core-shell . 110 °C, 40 bar .
pyrolysis at Co@CorO Nitroarenes H 6h Amines 99.0 3 [57]
600-800 °C for 2 h. 54 2
Bamboo shoots and Core-shell . 110 °C, 5 MPa .
HTS at 850 °C. Co@Co30, Nitroarenes H,. 5h Amines >90.0 6 [58]
Room
Bamboo shoots and
HTS at 850 °C. Pd Alkynes temperature, Alkenes 95.0 - [58]
latmH,, 7h
170 °C, formic
Bamboo ShOOtOS and Co/P Nitroarenes acid as Amines >97.0 - [58]
HTS at 850 °C.
H-donor, 7 h
Cornstalks and o .
carbonization at Pt Cinnamaldehyde 120HC’ g(}]lbar Hyili(c)gﬁoalmyl 95.0 - [59]
300 °C for 3 h. z
Starch and N 150 °C, 5 MPa v-
HTC at 500 °C. Ru Levulinic acid H,,3h valerolactone 99.0 5 (601
Sucrose and Room
HTS with poly(ionic Au-Pd Phenylacetylene  temperature, Styrene 99.0 - [61]
liquid). latmH,,7h
Other reactions
Starch and .
gelation, followed by Fe304 Benzyl alcohol 130°C, MW, Benzaldehyde 74.0 5 [62]
. 1 atm air
carbonization.
Tannic acid and
gel formation, .
followed by Cu/Ni Furfural Methylfurane 48.0 4 [63]
. core-shell
carbonization
at 900 °C.
Sugarcane bagasse Methane
and Ni/NiO, MgO CHy + CO, 750°C,40 h Synthesis gas conversion 5 [64]
HTC at 600 °C. > 80%
Shrimp shell and o
pyrolysis at gggc_(s)h(e)u Arylhallides 130H C,Ziohbar Cycloalkenes >90.0 4 [65]
600-800 °C for 2 h. S z
Room
Bamboo ShOOtS and Pd Alkynes temperature, Vinylsilanes 96.0 - [58]
HTC at 850 °C.
latmH,,25h
Bamboo shoots and Core-shell Nitroarenes 110 °C, 5 MPa Sté‘;l;:ui‘:)l(ly 81.0 ) 58]
HTC at 850 °C. Co@Co30; Hy,5h omp : .
imines
Starch and Todobenzene + 130 °C, MW,
carbonization at Pd methvl acrvlat 2min, 0.1g Biaryles 95.0 2 [66]
600 °C. cthylacrytate catalyst
Starch and Benzeneboronic 130 °C, MW,
carbonization at Pd acid + 2min,0.1g Biaryles 99.0 3 [67]
600 °C. bromobenzene catalyst
Chitosan and Phenylboronic 70°C,7h
carbonization at Au acid 0.01 g catalyst biphenyl 86.0 - [68]

750 °C.

Along with traditional carbon-based catalysts, biomass-derived ones exhibit high
activity in different reactions. Moreover, the “green” nature of these systems makes them
preferable for use in sustainable technologies. Carbon materials derived from biomass are
considered to provide a high dispersion of metals deposited on their surface, as well as a
narrow metal particle size distribution, leading to a higher reducibility of the active phase.
Moreover, the presence of dopped atoms (i.e., N and O) on the carbon surface increases
the catalyst activity in comparison with traditional carbon-based catalysts. The higher
surface area of the biocarbon-derived catalysts compared to those supported on inorganic
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oxides (such as SiO; or Al,O3) also provides a good availability of active sites and higher
hydrogen adsorption, resulting in their higher activity [15].

4. Biomass-Derived Carbon-Based Catalysts for Electrocatalysis

Carbon-based materials are widely used as catalyst supports in electrocatalysis.
Biomass-based carbon is a cheap and structured material that can be easily synthesized for
large-scale applications. These supports can effectively replace existing electrocatalysts in
the electrooxidation processes, hydrogen or oxygen revolution reactions (HRR and ORR),
and oxygen reduction reactions [15]. Electrocatalysts based on biomass-derived carbons
have shown high activity and stable onset potential.

The structure of carbonaceous supports plays a great role in electrocatalysis. A higher
activity has been shown by catalysts with a graphite- or grapheme-like structure. Biomass-
based carbon catalysts as electrocatalysts are usually synthesized through pyrolysis or
carbonization of biomass feedstock. The control over the synthesis process temperature,
time of carbonization, and pyrolysis atmosphere are the key factors that allow the required
structure of carbon-based catalysts to be obtained [15]. Moreover, the introduction of
heteroatoms in the crystal lattice of carbon is a key factor for these electrocatalysts since
it forms the active sites [69]. Doping usually serves as a charge transfer and modification
of the electronic structure of carbon atoms (Figure 5). Among the doping heteroatoms,
nitrogen, phosphorus, sulfur, and oxygen should be mentioned.

An overview of carbon-based electrocatalysts, their synthesis methods, structure, and
onset potential is presented in Table 5.

Table 5. Summary of biomass-derived carbon-based electrocatalysts.

Catalyst Carbon Source Synthesis Conditions Crystal Structure Porosity Onset Potential, V Reaction Catalyst Stability Reference
Juice extraction, mixing with
. - K, PdCly, hydrothermal o Tk . Mi
Pd/N-C Mildew starting carbonization at 180 °C for ¢, CrapRielike structure with icroporots 05 Methanel 90% in 50 cycles 70]
angewas and pyrolysis in nitrogen 24 8rap SA*=26m"/g
atmosphere at 800 °C for 2 h.
R ° - o " M s
N-C N-rich yuba Carbonization at 850 'C, Graphite-like structure with esoporous, | 097 Fuel cells 85% after 5000 s 711
followed by impregnation. pyridinic and pyrrolic N SA * =740-1000 m~ /g
Impregnation with an iron salt, FeaC crystals over a Oxygen
Fe3C/C Cellulose fiber addition of dicyandiamide, 3~ I - 098 Ve 85% after 10,000 s [721
- . graphite-like structure reduction
carbonization, and etching.
Impregnation with melanin,
(MgOH)2C03/ and NaCl, Graphite-like structure with
g carbonization at 900 °C, pyridinic and pyrrolic N, 2 0.88 in ORR o . -
FeOx/N-C Acomn shell treatment with hemin, and Fe30y, and Fe; Oy coated SA*=819m*/g 0.72 in HRR ORR and HRR 73% after 36,000 s 1731
calcination in nitrogen with C
atmosphere.
- . R . o " Mi .
N-C Wood char Activation Wlth .alkah and doping Grapblge the structure w ith 1CTOP°"°"‘25 02 ORR 95% after 1200 min 1741
with nitrogen. pyridinic and pyrrolic N SA*=1924m*/g
Impregnation with CoCly, o . Mesoporous,
Co/C Cott(g:):rbon ultrasonification, and Grapa l’;ﬁzrhkhzitsncl;;z;wuh jb Por u;' - Lie-SeS, cells 70% after 45 cycles [751
carbonization at 900 °C for 3 h. P SA*=358m"/g
Impregnation with RuCls,
Ru/N-C Yeasts calcinations at 950 °C for 5 h, and Graphite-like structure - 02 HRR 85% after 60 h [76]
doping with nitrogen.
Impregnation with Fe(NO3)3,
Fe304/N-C Yeasts calcinations at 950 °C for 5 h, and Graphite-like structure - 0.3 ORR 85% after 60 h [76]
doping with nitrogen.
Sugar beet, corn Impregnation with Mo salt,
Mo/C stover, pine, and pyrolysis at 600 °C for 6 h, and Graphite-like structure - 03-05V HRR - [77]
miscanthus NaCl/NaF salt flux.
. Carbonization followed by Graphite-like structure with -
N-C Cocoon silk activation by KOH. pyridinic and pyrrolic N B 06 ORR B 78l
N-C Cocoon silk Pyrolysis f‘ﬁly"g:glby activation 1D structure - 0.85 ORR 95% after 12,000 s 1791
2.
Precarbonization, activation with
N-C Keratin KOH, and treatment in ammonia Grapheme-like 2D structure - 0.8 ORR 92% after 300 s [80]
at 1000 °C.
- M s
N-C Coconut shell Carbonization followed by Graphite-like structure esoporon> 90% after 12 h 181]
activation by H3POy SA*=1260m*/g
N-C OPh!OPogon Hydrothermal cgrbomzanon Carbon nanodot/nanosheet ~ 0.88 ORR ~ 1821
japonicus at180 °C. aggregates
. Pyrolysis at 600 °C and activation Lo o o Y
N-C Basswood in ammonia atmosphere. Graphite-like structure SA*=1438m*/g 0.98 ORR 95% after 20 h [83]
- o
N-C Pinecone Precarbonization at 800 °C and Graphite-like structure - 095 ORR - [84]
activation in ammonia.
g Spent coffee Pyrolysis followed by activation o Tike _ 2 o . -
N-C grounds by K Graphite-like structure SA*=1018 m* /g 0.94 ORR 95% after 10,000 s [85]
Carbonization followed by
N-C Banana peels activation by KOH, and treatment Graphite-like structure SA * = 1756 m? /g 0.98 ORR 95% after 10,000 s [86]

with ammonia

* SA—surface area.
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Pyrydinic N
Graphitic N

Oxydized N

Figure 5. Overall structure of N-doped carbon-based electrocatalyst. Summarized from [69,70,73,77-85].

For electrocatalysts, the distribution of metal-containing particles and heteroatoms,
the crystal structure of carbonaceous support, and its porosity play a great role. It has been
shown that the presence of heteroatoms exhibits a higher catalytic activity than that of non-
doped carbons, as well as a higher potential stability. The hierarchical porous structure can
also improve the activity of these electrocatalysts in most reactions because of the facilitation
of the diffusion of reactants and products [69,87]. A high surface area of the electrodes
obtained from biocarbons is crucial for the energy storage and ion/electron transport. Thus,
biomass-derived carbonaceous materials can be effectively applied as supercapacitors.
Biomass-derived carbon electrodes can be considered a promising alternative to traditional
electrodes [87].

5. Conclusions and Future Prospective

The key requirements that catalysts should meet are high activity and selectivity
toward the target products, stability in the reaction medium, mechanical effects, and tem-
perature. In terms of structure, heterogeneous catalysts should have a uniform distribution
of the active phase, thus avoiding its aggregation; high porosity to allow reagent molecules
to easily reach the active sites; and a proper structure of the active sites to catalyze the
target reactions. Therefore, the catalyst design is of great interest.

Carbon-based catalysts have attracted much attention in recent years. Their low cost,
simple preparation methods, and “green” nature make carbon materials a promising sup-
port for catalysts. Biomass can be successfully used for the preparation of carbon-based
catalysts through different methods, mainly based on thermochemical decomposition.
Different types of biomasses, e.g., starch, lignin, cellulose, chitosan, wood, agricultural or
food waste, and marine waste, can be promising carbon feedstock. Expanding biomass
sources, development of new methods for direct catalyst synthesis, expanding the choice
of synthesis conditions, and development of “green” preparation methods are the main
directions for future research for biomass-derived catalyst synthesis. Moreover, wider appli-
cations of biomass-derived catalysts, including electrocatalysis, fine and organic synthesis,
and flow processes, should be developed to provide sustainable and environmentally
friendly processes.
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