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1.1 Lignocellulosic Biomass Conversion
to Value-Added Products

The term lignocellulosic biomass makes reference to organic matter such as dry
plants, food, crops, forestry and farming residues, municipal solid wastes, among
others [1–3]. At elemental level, its major components are carbon, hydrogen, oxygen,
nitrogen, and sulfur, also having traces of metallic species [4]. From the molecular
point of view, the principal constituents of lignocellulosic biomass, which are the
reason of its name, are cellulose, hemicellulose, and lignin [5].

1.1.1 Cellulose

Cellulose is a compound of the polysaccharide’s family and is considered as the
most abundant organic polymer in nature [6]. The annual production is higher than
1010 tons, reaching up to 1.5× 1012 tons [7]. The major sources are cotton and wood
[8], but it is also usually obtained from other precursors, for example, sugarcane
bagasse, orange peels, herbs, corn, wheat, among others [9, 10]. The structure of cel-
lulose is based on anhydroglucan monomers linked by β-1-4 glycosidic linkages, see
Figure 1.1 [11, 12]. Cellulose is a fibrous material, biodegradable, resistant, color-
less, odorless, and insoluble in water [13]. In Table 1.1 are shown some biomasses
and their cellulose content.

Cellulose is usually extracted to obtain value-added products. An easy way to
extract it is via solvents. It is well known that cellulose can be dissolved in different
substances, being NaOH-based solvents an attractive option because of the low cost
and easy recovery [18]. After its extraction, cellulose can be treated to obtain new
products for diverse applications:

● Ethanol production: Once cellulose is separated from hemicellulose and lignin, it
can be subjected to an enzymatic hydrolysis process. Because of this enzymatic
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Figure 1.1 Outline of the cellulose molecule.

Table 1.1 Examples of cellulose content in different biomasses.

Biomass Cellulose content (%) References

Pine cone 32.7 [14]
Sugarcane 45.8 [15]
Corn grains 27.3 [15]
Coconut shell 40.3 [16]
Peanut shell 42.2 [16]
Sunflower stalk 71.6 [17]
Cotton stalk 66.2 [17]
Oreganum stalk 62.6 [17]

hydrolysis, cellulose is broken down into glucose units, which can be fermented
to obtain ethanol.

● Cellulose fibers: These materials are characterized by lightweight, low cost,
biodegradability, good mechanical properties, among others. Cellulose fibers are
often used as a reinforcement material in diverse industries such as automotive,
packaging, marine, constructions, and military [19]. Consequently, a variety
of precursors such as rice and oat husk can be used [20]. Another important
and more recent application for cellulose fibers has been their use as an envi-
ronmentally friendly binder for battery and supercapacitor (SC) electrodes.
This application is making the development of green supercapacitors a reality.
Advantages include low price (US$ 0.5–2 kg−1), large availability, and no chem-
ical processing separation method is required. Additionally, low solubility in a
supercapacitor electrolyte and high thermal stability are also available [21–24].

● Cellulose films/membranes: Cellulose can be treated to obtain films/membranes
with diverse applications such as packaging films, water treatment, and drug
wrapping [25–27]. In the field of energy storage, cellulose membranes have been
employed as electrode separators in supercapacitors, showing low resistances to
charge transfer [28].

1.1.2 Hemicellulose

Hemicellulose is a biopolymer characterized for having a nonlinear structure.
After the cellulose, hemicellulose is the most abundant carbohydrate present in the
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plant cell walls, representing between 15% and 20% of its mass [29]. The structure
of hemicellulose presents branched chains made of units of polysaccharides
composed by five or six carbon atoms [30]. These units are galactomannans, such
as biopolymers of mannose and galactose, and xyloglucans, e.g. biopolymers of
glucose, xylose, and galactose [31] (Figure 1.2). In Table 1.2, some examples of
hemicellulose content are presented.

Among the applications of hemicellulose, hydrogels, food additives, emulsifiers,
adhesives, adsorbents, and binders in paper making [38, 39] are representative cases.
However, although this compound has applications as a binder, it cannot be used in
supercapacitor electrodes because these devices usually require liquid electrolytic
media, and hemicellulose has soluble portions in an aqueous medium [40].
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Figure 1.2 Structural units of hemicellulose.

Table 1.2 Examples of hemicellulose content in different biomasses.

Biomass Hemicellulose content (%) References

Switchgrass 27.8 [32]
Corn stalk leaf 42.55 [33]
Stone pine 27.0 [34]
Norway spruce 23.1 [34]
Holm oak 30.2 [34]
Grape pomace 7.9 [35]
Wheat straw 36.8 [36]
Bamboo 21.8 [37]
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1.1.3 Lignin

Lignin (from the Latin term lignun, which means wood [41]) is the name of the most
abundant natural phenolic polymer. This compound is formed by a cross-linking
structure that contains aliphatic hydroxyl, phenolic hydroxyl, and methoxyl groups
and interacts with hemicellulose by ether or ester linkages, being p-coumaryl
alcohol, coniferyl alcohol, and sinapyl alcohol the principal constituents [42]
(Figure 1.3). These precursors are present in high quantities, with a molecular
weight between 6× 105 and 15× 106 kg kmol−1 [43]. Because of its properties, lignin
is the structural component responsible for strength and stiffness of the plant cell
walls [44].

There are different classifications for lignin (Figure 1.4). The criterion based on its
origin is as follows:
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Figure 1.3 Conformational units of lignin.
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● Hardwood lignin: This term makes reference to lignin from angiosperms, i.e.
flowering plants. Angiosperm is the most diverse group in the plant kingdom,
including more than 300 000 species [45].

● Softwood lignin: This group has its origin in gymnosperms plants, such as pine and
spruce [46]. The gymnosperm lineage comprises approximately 1000 species and
their main characteristic is that they reproduce by exposed seeds; that is, they do
not produce fruit [47].

● Grass lignin: This is lignin from herbaceous plants, i.e. nonwoody species [48].

Besides the origin, lignin molecules are also differentiated by their chemical
composition. The main components of hardwood lignin are syringyl and guaiacyl,
whereas softwood lignin prevails guaiacyl monomers. Finally, in herbaceous
lignin, syringyl, guaiacyl, and p-hydroxyphenyl are the monomers that prevail [49].
According to the extraction method employed, lignin can be classified in different
categories, some of the best known are as follows:

● Kraft lignin: The Kraft process to obtain lignin is the most widely used industri-
ally. This process consists in the preparation of a solution, usually called white
liquor, based on NaOH and Na2S solved in water. For this reason, Kraft lignin is
also known as alkali lignin. The purpose of white liquor is to produce the frag-
mentation of lignin molecules into smaller fragments by reacting at temperatures
close to 170 ∘C for about two hours [50]. Kraft process can be divided into three
phases [51]. The first one is known as the initial phase (controlled by diffusion). It
is a pulping treatment carried out at 150 ∘C, resulting in dissolution of 20–25% of
the lignin present in biomass. The next phase is known as the bulk phase, which
occurs in the range of temperatures of 150–170 ∘C; this phase comprises firstly
in an increase of temperature from 150 to 170 ∘C, followed by a treatment at that
temperature (during the bulk phase, the process is controlled by kinetics instead of
diffusion). Because of this phase, the dissolution of about 60% of the lignin takes
place. The final phase, also known as the residual one, includes a treatment at
170 ∘C that slowly dissolves 10–15% of lignin present in biomass.

● Klason lignin: Contrary to Kraft-type lignin, Klason lignin is obtained by using
an acidic solution (72% of H2SO4). Klason method consists of acid hydrolysis of
extractable-free biomass to separate lignin from cellulose and hemicellulose using
the previously acid solution. The biomass is immersed in this solution for two
hours at 20 ∘C under stirring. Then, distilled water at boiling point is added to
dilute the solution up to 3%, and a reflux process is performed for four hours to
finally recover the lignin by filtration [52, 53].

● Sulfite lignin: This is obtained by the sulfite method of preparation of cellulose
pulp, which requires the use of calcium, magnesium, ammonium, or sodium
sulfite. This process is usual in paper industry to separate lignin from cellulose
and hemicellulose. Subsequently, cellulose is isolated. During this process, lignin
units undergo the breaking of the C—O bonds that interconnect them. Therefore,
the final product is not representative of the original lignin. The process requires
digestion of biomass in an aqueous sulfite solution among 140 and 170 ∘C to
perform different chemical reactions. These reactions include breaking in lignin
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Table 1.3 Examples of lignin content in different biomasses.

Biomass Lignin content (%) References

Sugarcane bagasse 24.39 [59]
Fescue 29.43 [60]
Banana rachis 10.13 [61]
Rice straw 18.00 [62]
Bermuda grass 6.40 [62]
Bamboo 26.00 [62]
Corn cobs 15.78 [62]
Pine straw 22.65 [63]
Wheat straw 20.40 [63]
Flax fiber 14.88 [63]
Olive kernel 33.48 [64]
Peach kernel 47.76 [64]

bonds with carbohydrates, interconnections of lignin units, and the sulfonation of
aliphatic lignin chains. To obtain a high-purity material, the product is subjected
to a separation process with the purpose to separate hemicellulose and residual
carbohydrates through the aforementioned digestion [54].

● Soda lignin: Soda methodology is commonly used in the cases of fibers, e.g. sugar-
cane bagasse [55] and wheat straw [56]. The isolation of soda-type lignin requires
the acid precipitation and the patch of different variables. Biomass is mixed with
an alkaline solution formed with NaOH in a digester at 170 ∘C for at least one
hour to obtain a liquid, known as black liquor. Later, by filtration, the black liquor
is separated from the fibrous material, and sulfuric acid is added to a pH of 3–4.
During this step, a noticeable change in coloration is noticed from black to murky
brown. Finally, soda lignin is separated from the solution by decanting or vacuum
filtered and dried [57, 58].

Some examples of lignin content for different biomasses can be found in Table 1.3.
Lignin is used to be burned in the paper industry as a heat source in the recovery

process of chemical agents [65]. On the other hand, in order to produce value-added
materials from this precursor, thermochemical processes are the most common
route, as described in Section 1.2.

1.2 Production of Carbon Materials
by Thermochemical Processes

Thermochemical processes are efficient routes to obtain value-added products from
lignocellulosic precursors. The thermochemical processes usually have a greater effi-
ciency because of the amounts of biomass that can be treated and the speed at which
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the process occurs [66]. The most common thermochemical conversion routes are
hydrothermal liquefaction, gasification, and pyrolysis [67, 68].

1.2.1 Hydrothermal Processing

Hydrothermal processing (HP) is defined as the biomass conversion into biochar,
liquid fuels, and gases because of thermal process in a high-pressured water envi-
ronment, at near- or supercritical conditions, until breaking of the lignocellulosic
structure to the aforementioned products. According to the operating conditions, as
well as the desired product, hydrothermal processing can be classified as hydrother-
mal carbonization (T < 200 ∘C), hydrothermal liquefaction (200 ∘C<T < 375 ∘C), or
hydrothermal gasification (T > 375 ∘C) [69–72].

1.2.1.1 Hydrothermal Processing Mechanism
HP involves many complex reactions. In general, this process requires a pretreat-
ment to reduce particle size, remove contaminants, and can be performed in batch
or in continuous. Usually, biomass is processed at 350 ∘C and 150 bars to generate
a phase separation, resulting in CO2, biocrude, aqueous phase, and biochar [70].
Despite the occurrence of complex reactions that generate a great variety of prod-
ucts, HP process can be divided into conversion of carbohydrates and conversion of
lignin [73, 74].

● Conversion of carbohydrates: This makes reference to the reactions that occur in
cellulose and hemicellulose caused by the temperature and pressure of the pro-
cess. Cellulose is soluble in water at subcritical conditions, and it is easily solubi-
lized and hydrolyzed. On the other hand, hemicellulose compared to cellulose is
easier to be solubilized and hydrolyzed. It is known that almost 100% of hemicel-
lulose is hydrolyzed after two minutes at 230 ∘C and 34.5 MPa.

● Conversion of lignin: Because of ether bonds present in the lignin structure, during
HP, various phenols and methoxy phenols are formed and subsequently degraded
to obtain other products. With respect to solid materials (carbon), lignin content
in biomass is directly proportional to carbon yield because free phenoxyl radicals
formed during HP process reacts to form a solid residue through repolymerization.

Biochars obtained by HP have many applications, for example, generation of metal
oxide nanostructures, catalysis, water purification, CO2 sequestration, and the one
that is of interest in this chapter: energy storage [75]. Previous reports indicate that
biochars obtained at high pressure conditions in an aqueous environment have prop-
erties that make them suitable to be used as electrodes of supercapacitor devices
[76, 77].

1.2.2 Gasification

Gasification is defined as the environmentally friendly processing of carbonaceous
precursors, such as biomass, coal of mineral origin, among others, into gases, at tem-
peratures among 600 and 1500 ∘C in a limited oxygen system [78]. The origin of this
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process goes back to the 1800s when gas (Town gas) was obtained from coal for light-
ning and cooking. In the twentieth century, wood gasification gained popularity in
Europe for fueling cars [79]. The main products of this process are CO, CO2, H2,
and CH4 [80]. The purpose is to obtain a final product with high heating value. The
parameters that define the properties of the obtained gasses are related to character-
istics of the biomass such as size, density, elemental composition (C, H, O, N, and S),
lignocellulosic content, ash content, and moisture content (being a very important
parameter, because of biomass with high moisture content, 2260 kJ of extra energy
per each kilogram of water is required to react). Additionally, operation parameters
and design of the gasification reactor are also important [81].

1.2.2.1 Lignocellulosic Biomass Gasification Mechanism
The gasification process involves various stages as described below [80, 82, 83]:

Drying: In this stage, the biomass moisture is reduced to values of >5% because of
the heating effect. This stage occurs in the range of 100–200 ∘C.

Devolatilization: It is also known as pyrolysis. After drying, thermal treatment of
the biomass in a free-oxygen environment takes place at 200–700 ∘C. During this
phase, the biomass is transformed into a solid carbonaceous product, known as
biochar, owing to the emission of hydrocarbon gases caused by the decomposition
of the precursor into condensable gases that in turn react to become noncondens-
able (CO, CO2, H2, and CH4).

Oxidation: This stage occurs when the biochar reacts with oxygen at 800–1400 ∘C,
forming carbon monoxide and carbon dioxide (Eqs. (1.1) and (1.2)).
Formation of carbon monoxide (ΔH = −111 kJ mol−1):

C + 2O2 → CO (1.1)

Formation of carbon dioxide (ΔH = −394 kJ mol−1):

C + O2 → CO2 (1.2)

Reduction: It is characterized by the absence of oxygen, and the temperatures in
this stage are at 800–1000 ∘C. The reactions are mainly endothermic, such as
Boudouard reaction (Eq. (1.3)) and char gasification (Eq. (1.4)), while water gas
shift (Eq. (1.5)) and methanation (Eq. (1.6)) are exothermic.
Boudouard reaction (ΔH = 172 kJ mol−1):

C + CO2 → 2CO (1.3)

Char gasification reaction (ΔH = 131.5 kJ mol−1):

C + H2O → CO + H2 (1.4)

Water gas-shift reaction (ΔH = −41 kJ mol−1):

CO + H2O ↔ CO2 + H2 (1.5)

Methanation reaction (ΔH = −74.8 kJ mol−1):

C + 2H2 → CH4 (1.6)
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It is important to remember that in this process, noncondensable gases are the
main products. However, a considerable amount of biochar is produced as solid
residue [84]. This biochar can be used as a soil biofertilizer when buried, and
gasification becomes a process with negative CO2 balance. That is, a quantity of
CO2 is removed from the atmosphere [85]. Also, by using the biochar obtained as
an electrode material in supercapacitive devices, the CO2 balance of the process
becomes neutral.

1.2.3 Pyrolysis

Pyrolysis is the thermal process of biomass in complete absence of oxidizing gas or
with a small proportion of it, i.e. secondary oxidation reactions are avoided, inhibit-
ing the production of carbon dioxide. This allows several reactions to be performed,
and lignocellulosic components are broken into smaller units. Because of these reac-
tions, different products are obtained (biochar, liquid oil, and gases). It is important
to emphasize that the biochar obtained is mainly through to the conversion of lignin
because the other lignocellulosic compounds are gasified and transformed into oils
because of the increase in temperature [86], with permission of Elsevier.

The distribution of these products is based on the process parameters, for example,
residence temperature and heating rate [15]. Pyrolysis at temperatures greater than
1000 ∘C, and long residence times, favors the gas yields. Likewise, temperatures in
the range between 500 and 1000 ∘C and short residence times increase the yield of
obtaining oils. Finally, temperatures up to 500 ∘C benefit the carbon yield [11, 87]. In
order to produce biochars with suitable conditions for supercapacitors, temperatures
between 600 and 900 ∘C have proven to be the most appropriate [88–90].

1.2.3.1 Lignocellulosic Biomass Pyrolysis
The pyrolysis process of lignocellulosic biomass does not occur in a single step.
Different stages have been studied as a function of resident temperature (Figure 1.5)
[88, 91].

Stage I: Dehydration. This stage comprises the temperature range from ambient tem-
perature to 200–220 ∘C. During this phase, water molecules are separated from the

Figure 1.5 Stages of biomass
pyrolysis. Source: Martínez-
Casillas et al. [88], with
permission of Elsevier.
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biomass into steam, without reactions involving the lignocellulosic components
[92, 93].

Stage II: Thermal decomposition of lignocellulosic components.
Hemicellulose decomposition: This occurs at temperatures from 200 to 280 ∘C.

Although the lignocellulosic components do not degrade to a single specific
temperature (these processes occur in different ranges). The first component
to undergo alterations in its structure due to thermal action is hemicellulose.
The hemicellulose molecule begins to decompose at temperatures below
300 ∘C, predominating at temperatures close to 280 ∘C.

Cellulose decomposition: This reaction takes place at temperatures 260–350 ∘C.
Cellulose reacts because of thermal effect to form molecules of anhydrocellu-
lose and levoglucosan. Being cellulose the component present in greater quan-
tity, it is at this stage of the process in which the greatest transformation of
biomass occurs [94].

Lignin decomposition: This is the final stage of the process and occurs at temper-
atures above 280 ∘C. Subsequent to its thermochemical decomposition, lignin
becomes a solid material, rich in carbon (fixed carbon or biochar).

These processes begin at different temperatures, but they occur simultane-
ously where the temperature ranges are intercepted [93].

Stage III: Formation of stable structures of fixed carbon. Fixed carbon structures are
conformed mainly for lignin derivatives.

There are some differences if pyrolysis occurs with the three lignocellulosic com-
ponents added separately and mixed, in comparison to the original biomass, or indi-
vidually isolated. Structural decomposition of cellulose, hemicellulose, and lignin
occurs at different temperatures because transfer limitations that can be related to
heat and/or mass, caused by the mixture, and the effect of inorganic components.
Despite that cellulose or hemicellulose is formed of polysaccharides, lignin is formed
by heavy cross-linked units of three kinds of benzene–propane, giving it higher ther-
mal stability [95–97]. When pyrolysis is performed at temperatures below 500 ∘C,
the processes that occur in hemicellulose and lignin are exothermic. That is, heat
is released mainly because of carbonization. However, at temperatures higher than
that, the process becomes endothermic because the main reaction is volatilization
[98]. Although there is no clear consensus on the characteristics that define them,
pyrolysis is usually classified into three categories according to the parameters of the
process (Figure 1.6).

1.2.3.2 Fast Pyrolysis
Fast pyrolysis began in 1973. This process has been used mainly for bio-oil produc-
tion, with yields of up to 75%. Because of the oil crisis, the prices of this energetic
increased very fast, which made it necessary to look for cheaper alternatives. In those
years, the first rapid pyrolysis process was based on processing woody biomass at
500 ∘C [99]. The operational parameters for fast pyrolysis are biomass residence time
of about 10–20 seconds [100], high heating ramps, as well as high rates of heat trans-
fer (for which the biomass must be ground), residence times of the vapors generally
less than two seconds to minimize secondary reactions, and quick cooling of these
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Figure 1.6 Pyrolysis classification.

vapors to obtain the bio-oil as a product [101]. Some authors consider temperatures
above 500 ∘C as the optimal temperature to perform fast pyrolysis for bio-oil produc-
tion [102]. Others prefer temperatures around 500 ∘C [101], and there are works in
which it was determined to be 450 ∘C as the most adequate [103].

1.2.3.3 Intermediate Pyrolysis
Intermediate pyrolysis is in the gap between fast and slow pyrolysis. In this category,
residence temperature is comprised in the range up to 500 ∘C and rarely between
that of 500–650 ∘C. In addition, vapor residence time is about 2–4 seconds, and the
residence time for the biomass usually is 0.5–30 minutes. Typically, the products are
distributed in the range of 40–60% for bio-oil, 20–30% for noncondensable vapors,
and 15–25% for biochar [104, 105].

1.2.3.4 Slow Pyrolysis
Slow pyrolysis receives its name because of slower heating ramp, generally about
10 ∘C min−1 and longer residence times. Some authors consider for slow pyrolysis
a residence time between 5 and 30 minutes [100], but others claim that about one
hour is correct [106]. Slow pyrolysis is better than fast, and intermediate to obtain
biochar due to the obtained yields: 35% for biochar, 30% for bio-oil, and 35% for gas
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[107]. Additionally, there is a discrepancy regarding the temperatures that define
slow pyrolysis. It is known that this process rises, in most cases, at lower tempera-
tures than 500 ∘C [102], and other works reject it, arguing that it occurs between 300
and 750 ∘C [108]. Because this slow pyrolysis is recommended to obtain a greater
yield of biochar, this process is more recommended for carbon materials suitable for
supercapacitor applications.

1.2.4 Solar Pyrolysis

A sustainable alternative to traditional pyrolysis that uses fossil fuels as a heat source
is solar pyrolysis. In this green process, concentrated solar energy is used to replace
that provided by nonrenewable sources; thus, this allows to reach a higher energy
efficiency in the process. During solar pyrolysis, biomass absorbs energy from the
sun to become biofuels in an environmentally friendly process. The main advantage
of converting biomass by solar pyrolysis is the sustainability of the process because
renewable solar thermal energy is used. Also, higher heating ramps can be reached,
as well as higher cooling ramps, because of the volatile compounds, which inhibit
secondary reactions [109, 110].

Solar pyrolysis is a viable option because of intensity of solar radiation. It has been
determined that the intensity of solar radiation in the Earth’s atmosphere corre-
sponds to approximately 1.4 W m−2, while the average over the surface is between
200 and 400 kW m−2 for each 24-hour period. However, there are points in latitudes
in which up to 1000 kW m−2 can be reached [111]. To take advantage of this radiation
efficiently, it is necessary to use concentration systems and heliostats (Figure 1.7).

Concentrator

Pyrometer

Shutter

Heliostat

Argon gas inlet

Pyrex balloon reactor

Gas analyzer
Condensator

Gas outlet

K thermocouples

(a)

(b) (c)

Figure 1.7 Instituto de Energías Renovables-Universidad Nacional Autónoma de México
(IER-UNAM) solar furnace HoSIER (by its acronym in Spanish). (a) Schematic diagram.
Source: Ayala-Cortés et al. [112], with permission of Elsevier. (b) Heliostat. (c) Concentrator
and photoreactor.
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In the same way as with traditional pyrolysis, in the solar pyrolysis, the operating
conditions have a very important influence on the properties of the obtained prod-
ucts, such as biochar. For example, biochar with properties similar to Vulcan® com-
mercial carbon has been obtained with Agave angustifolia as a precursor [112]. Like-
wise, biochar from pecan nutshell has been the first obtained from solar pyrolysis to
be used as a supercapacitor electrode [88].

1.3 Nanoporous Carbon Obtained from Biomass
for SC Applications

The term biochar denotes a system formed during the thermochemical conversion
of material coming from the biomass found in nature. This may be achieved in a
controlled environment of oxygen [113], as it was previously pointed out. Biochar
is characterized to be formed in more than 50% of carbon. Typically, this element
is present in values between 70% and 80%. Additionally, O, N, H, and S are usually
present in smaller quantities, as well as mineral elements such as Na, Mg, K, and
Ca [114]. These materials are present in biomass, as discussed above. Because of
the intrinsic biomass porosity, biochars usually can have high porosity that yields
high surfaces in comparison with other materials depending on the followed ther-
mochemical process. Pores can be classified in four categories according to its size:
(i) ultramicropores (width< 1 nm), (ii) micropores (ranging from 1 to 2 nm), (iii)
mesopores (ranging from 2 to 50 nm), and (iv) macropores (those pores with sizes
larger than 50 nm) [115]. There are routes to increase the porosity of biochar; this
process is known as activation. It can be physical or chemical, and it is detailed in
Sections 1.3.2, 1.3.2.1, and 1.3.2.2. Porosity of biochar influences various properties,
such as the ability to adsorb pollutants [114] and metal particles [116] to improve
soil conditions [117]. However, electrochemical applications in supercapacitors are
specifically discussed in this chapter.

1.3.1 Supercapacitors

SCs are electric energy storage devices that remain in the gap between conventional
capacitors and rechargeable batteries [118]. In Figure 1.8, a visual comparison of
such devices, comparing their specific energy and power, is shown. For electric or
hybrid vehicles, these devices are the key technologies, and therefore, fuel cells and
combustion energy are included for comparison. Nowadays, Li battery technology
represents the best energy storage option in the market for electric vehicles, fulfill-
ing the power and energy requirements in combination with price. Nevertheless,
there are heat management problems because of their limited power, causing pre-
mature degradation of the Li batteries. In general terms, SCs have approximately 100
times more power than a Li battery, and on the order of 10 000 times, the energy of
a traditional capacitor [119]. Therefore, SCs can be used in hybrid systems coupled
with these battery technologies or separately [120]. It has been previously reported
[121] that when an SC is in combination with a Li battery in a hybrid device, the
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Figure 1.8 Ragone plot of energy storage devices, including fuel cells and combustion
energy. Source: Cuentas-Gallegos et al. [118], with permission of Jenny Stanford Publishing.

extra power is provided by the SC, preventing the heat from the battery and therefore
protecting it from its degradation. In addition to extending the life of the Li battery,
SCs are characterized by a long-life cycle, fast charge–discharge, low maintenance,
and cheaper in terms of power [122, 123].

The history of SC goes back to 1957, when the first US patent 2,800,616 by Howard
Becker was registered. This patent consisted of capacitor elaborated employing car-
bon electrodes of great surface [124]. More recently, various materials other than car-
bon have been tested as supercapacitor electrodes, and it has been determined that
they store electrical energy by means of various mechanisms. Furthermore, a classi-
fication of supercapacitors has arisen in function of the storage mechanism [125].

1.3.1.1 Electric Double-Layer Capacitors (EDLCs)
Double layer corresponds to the phenomena occurring by charge accumulation in
the inter-phase formed when a solid electrode is immersed in an electrolytic medium
[118]. The opposite charged ions present in the electrolyte form a layer around the
solid electrode to neutralize its electrical charge. The existence of this double layer
stores energy analogously to the parallel plates of a conventional capacitor. How-
ever, in the SC, the separation between charges is of the order of nanometers instead
of centimeters [126, 127]. This mechanism significantly enhances the capacitance
properties at the electrode surface. Several theories have emerged to explain the
behavior of the double-layer mechanism, which is still a subject of debate.

1. Helmholtz model: The first double-layer model was proposed by Helmholtz [128].
His theory established the existence of a compact rigid layer formed by ions
around the electrodes of opposite electrical charge at a distance d (Figure 1.9a).
The origin of this ion layer is due to the electric potential Ψ0 of the electrode
material. The electric charges stored in this region are responsible for the
capacitive behavior of the device. Nowadays, it is known that this model has
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Figure 1.9 Schematic representation of double-layer models. (a) Helmholtz model, (b)
Gouy–Chapman model, and (c) Stern model. Source: González et al. [129], with permission
of Elsevier.

some deficiencies because it avoids electrostatic interactions beyond the first ion
layer and excludes ion concentration in the electrolyte [130]. This model defines
the double-layer capacitance as [131]:

C =
SrS0A

d
(1.7)

where C = capacitance, Sr = electrolyte dielectric constant, S0 = dielectric con-
stant of the vacuum, d = charge separation distance, and A = electrode surface
area.

2. Gouy–Chapman model: This model is established by Louis George Gouy
and David Leonard Chapman [132, 133]. Unlike the Helmholtz model, the
Gouy–Chapman theory established that the formed layer is not rigid or compact
because of the applied potential and electrolyte concentration (Figure 1.9b).
Instead of the rigid compact layer, a diffuse layer is formed by the ions solved in
the solution, and it is limited by the counterpotential Ψ. The disadvantage of this
model is that it does not explain the behavior of a highly charged double layer
[129, 130].

3. Stern model: It was proposed by Otto Stern. Stern theory is based on some modi-
fications of the Gouy–Chapman model. This model established the limit of prox-
imity of the ions to the surface of the electrode, suggesting the existence of a
compact layer, known as the Stern layer (Figure 1.9c). In this layer, there is a
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plane, known as inner Helmholtz plane (IHP), composed by specifically adsorbed
ions. Likewise, it was established that the outer Helmholtz plane (OHP) is com-
posed by nonspecifically adsorbed counterions. After the limit of this layer, the
diffuse layer is found [134].

1.3.2 Carbon Materials for EDLC

In addition to its large porosity, carbon materials have other properties such as good
electric conductivity, low cost, and good electrochemical performance. This is the
reason why these materials are the most employed for SC electrodes [118, 135]. Dif-
ferent lignocellulosic precursors have been used to produce biochar with the purpose
to be implemented in SC, e.g. pecan nutshell [88], corn straw [136], algae [137], wood
[138], flowers [139], and lotus leaf [140]. Nevertheless, it is very important to have
in consideration many aspects, such as carbon yield, elemental composition, avail-
ability, low price, among others. Likewise, the most appropriate is also to avoid the
use of food products [141].

Generally, although not in all cases, carbons that have a greater surface area can
store more energy because of the double layer. Some anomalies occur for various
reasons, such as electric resistance due to functional groups or defects, pores inac-
cessible to electrolyte ions, low affinity between the electrode surface and the elec-
trolyte (hydrophilic/hydrophobic behavior), electrolyte decomposition, just to cite
some [142]. Therefore, there are processes that help to increase the surface area of
the carbon materials through pore opening, known as activation, as detailed below.
There are two choices to perform this activation process, namely, chemical and/or
physical activation. Each activation methodology involves certain advantages and
disadvantages with respect to the other. The chemical route requires lower temper-
atures than that of the physical route. However, it is usually more expensive, and
pollutants are generated by the activating agent. On the other hand, physical acti-
vation requires higher temperatures, but it can be more environmentally friendly,
with good efficiency. In addition, the pore size distribution (PSD) and surface area
obtained by both tracks are usually different [143–146]. Moreover, activated carbons
from pecan nutshell have been analyzed as supercapacitor electrodes, reaching up to
150 F g−1 of capacitance [88]. On the other hand, carbon from leather waste activated
with KOH has reached more than 265 F g−1 [147].

1.3.2.1 Physical Activation
Physical activation corresponds to a methodology of two stages that requires agents
in gas phase. That is, the presence of CO2, steam with or without air, is also necessary.
The agents can be used together or separately. However, the separate use of these
agents in the same carbon matrix does not produce identical results. The first step
of physical activation involves heating the biomass sample under inert atmosphere
at temperatures below 1000 ∘C to obtain a biochar by the thermodegradation of its
components. The second step is based on heating the biochar at a higher tempera-
ture. Nevertheless, instead of using inert atmosphere, an oxidizing agent is imple-
mented [148]. The presence of these oxidizing agents at high temperatures generates
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reactions with the biochar structure. While the activation with steam and CO2 is an
endothermic process and therefore easy to control (Eqs. (1.8)–(1.10)), the activation
with oxygen is exothermic (Eq. (1.11)) and therefore more difficult to control. For this
reason, such activation is not common [149]. Regarding the development of poros-
ity, the activation by physical treatments generates pores in the range of micropores
and a fraction of mesopores [142, 150–152].

When activated with carbon dioxide (ΔH = 159 kJ mol−1)

C + CO2 → 2CO (1.8)

When activated with steam (ΔH = 117 kJ mol−1)

C + H2O → CO + H2 (1.9)

At high temperatures, water gas shift reaction (ΔH = −41 kJ mol−1) may also
occur:

CO + H2O ↔ CO2 + H2 (1.10)

When activated with air (ΔH = −406 kJ mol−1)

C + O2 → CO2 (1.11)

1.3.2.2 Chemical Activation
The chemical activation of biochar refers to biomass impregnation with an activat-
ing agent, such as ZnCl2, H3PO4, NaOH, KOH, and K2CO3. The function of the
activating agents is to increase the porosity through dehydration and degradation
processes, which occur at lower temperatures compared to physical activation [153,
154]. Generally, in lignocellulosic precursors, KOH, H3PO4, ZnCl2, and K2CO3 are
commonly used as activating agents. There are differences in the porosity devel-
oped when using an activating agent with respect to another. In biochars activated
with KOH and ZnCl2, microporosity prevails. While those activated with H3PO4 and
K2CO3, a significant portion of pores are mesoporous [155–158]. Not all activating
agents work using the same mechanism. For instance, the mechanism of an acid
agent (H3PO4), an alkali (KOH), and a salt (K2CO3) are described below.

Chemical reactions when activated with KOH

6KOH + 2C → 2K + 3H2 + 2K2CO3 (1.12)

K2CO3 + 2C → 2K + 3CO (1.13)

K2CO3 → K2O + CO2 (1.14)

Chemical reactions when activated with K2CO3

K2CO3 → K2O + CO2 (1.15)

K2CO3 + C → K2O + 2CO (1.16)

K2O + C → 2K + CO (1.17)
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Figure 1.10 Biochar from Agave
angustifolia activated with K2CO3.

Activation with H3PO4: This acid has its main effect before the pyrolysis of biomass
with less effect in carbonization. During the impregnation period, this acid inter-
acts with biomass oxygen functional groups, allowing the bond breaking between
lignin and cellulose. During pyrolysis, H3PO4 increases the thermal stability, pro-
moting a higher carbon yield and the dehydration at 200 ∘C. This aids to obtain
more stable aromatic structures. However, new chemical bonds between phos-
phorus and carbon can be formed [88]. The pores caused by this activating agent
are mainly micro- and mesoporous [150, 159].

Activation with KOH: This activating agent acts through two mechanisms. The first
involves microporosity formation because of the addition of KOH to the biomass
that causes changes in the structure. The second mechanism occurs during the
pyrolysis, and it is based on the superficial atom gasification from biochar. The
porosity resulting from the activation of KOH as an agent remains in the order of
the micropores (Eqs. (1.12)–(1.14)) [150, 160].

Activation with K2CO3: The first step of this activation results in the decomposi-
tion of a fraction of K2CO3 into CO2 and K2O (Eq. (1.15)). The other fraction of
K2CO3 reacts with carbon atoms to form K2O and CO (Eq. (1.16)). Finally, K2O
obtained by both mechanisms reacts with carbon to obtain metallic potassium
and CO (Eq. (1.17)) [156]. An example of biochar activated with this carbonate is
shown in Figure 1.10.

1.3.2.3 Pseudocapacitors
This branch of SC is not assembled with carbon-based electrodes, and it is out of the
scope of this chapter. However, pseudocapacitive materials can be used in combi-
nation with a carbon material that stores energy through the double layer to form
hybrid supercapacitors (HSCs). Pseudocapacitors are those SCs that work by means
of fast faradaic processes that involves electron transfer mechanism that take place
on the electrode–electrolyte interphase [161]. Pseudocapacitors have similar electro-
chemical signature than that of an electric double-layer capacitor (EDLC). However,
the energy storage phenomenon occurs due to reversible faradaic processes of rapid
kinetics. In addition, the response of a pseudocapacitor exhibits a linear dependence
of the charge and voltage [162]. In summary, the differences between the storage
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by means of the double layer and pseudocapacitive processes are the double layer
is a nonfaradaic process, whereas pseudocapacitance is faradaic and usually stores
more energy than the double layer. Additionally, the pseudocapacitance is limited
for kinetic reasons and it presents a restricted potential range [163].

1.3.2.4 Hybrid Supercapacitors
HSCs receive this name because they are a combination of EDLC and faradaic
devices. HSCs employ a battery-like electrode, which provides high energy, and a
capacitor-like electrode, which provides power. The purpose of combining these
two types of electrodes in the same device is to deliver high energy, in a combination
with high power. Hybrid systems can be formed of pseudocapacitive oxide and
capacitive carbon materials, or lithium-insertion electrodes and capacitive carbon
materials [131, 164]. Among the carbon materials that are usually implemented as
a capacitive electrode in the assembly of HSCs are graphene, carbon nanotubes,
and activated carbon. With respect to the faradaic electrode, this is usually based
on transition metal oxides, hydroxides, sulfides, conductive polymers, among
others [165].

Some examples are HSCs assembled with transition metal oxides of Mn and Co
(MnCoO4) and activated carbon [166], hydroxides and chitosan-derived carbon
[167], sulfides (CoNi2S4) and activated carbon [168], conducting polymers and
graphene [169], lithium-based materials and activated carbon [170], among many
others.

1.4 Computational Simulation of Nanocarbon Structures
from Lignin-Derived Materials with Potential Application
in Energy Storage Devices

1.4.1 Computational Study of Lignin from Different
Computational Approaches

The study of lignin from a theoretical perspective has been the subject of intense
research. As it was previously discussed above, it may be extended to multiple appli-
cations, including storage and energy conversion when transformed into carbon
structures. Qin et al. [171] used quantum theoretical methodologies to study struc-
tural changes in lignin at the phosphoric acid-acetone process and its related reac-
tions. Qin and coworkers initially studied a lignin model (see Figure 1.11) using a
reactive potential at the ReaxFF level [172]. From the relaxed structures, the cal-
culations by density functional theory (DFT) were developed with the generalized
gradient approximation (GGA)/PBE functional and with the DNP [173] basis set
and using the DMol3 computational code [173]. Solvation effects were accounted in
the electronic structure calculations with reference to the dielectric constants and
the polarizable continuum method. Additionally, the search of transition states was
also performed to explore lignin reactivity in the simulated process with the aid of
the quadratic synchronous transition (QST) method [174].
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As it was previously discussed, lignin corresponds to a macromolecule formed
of three hydroxycinnamyl alcohols: sinapyl alcohol, coniferyl, and p-coumaryl (see
Figure 1.12). For notation, such monomers are known as syringyl (S), guaiacyl (G),
and p-hydroxyphenyl (H). After incorporated into a lignin polymer, they are known
as monolignols [175]. Such monolignols are depicted (see Figure 1.12). Each group
is highly reactive during the polymerization with the following hierarchy: S<G<H.

In this respect, there is a directionality in the bonding at sites 3 and 5 (see
Figure 1.12), which yielded stronger C—C bonds than those of C–O pairs. Fur-
thermore, a wide range of possibilities could rise for the C—C and C—O bonds.
The most common is the β-O-4 alkyl aryl ether. Nevertheless, the bonds β-β, β-5,
β-1, and 5-5 could also be present (see Figure 1.12b). When the lignin polymer was
formed, the β-O-4 and β-β bonds were responsible to form linear chains, while
the branching could be attributed to α-O-4, 5-O-4, and eight-membered rings
of dibenzodioxocin [176, 177]. Consequently, the structure of lignin was of high
relevance because a deep knowledge of the building blocks forming lignin could be
fundamental to tailor materials, with desirable applications in biofuel production or
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on its incorporation into molecular devices, such as those for energy storage when
transformed to carbon by any thermochemical process.

Intermolecular interaction during lignin pyrolysis is widely studied theoretically
because lignin and formation of derived products are simultaneously presented
in the real pyrolysis process. The principal mechanism of pyrolysis is the uni-
molecular decomposition [178]. Jiang et al. performed a theoretical study using
M06-2X/6-31+G(d,p) functional using Gaussian 09 program [179] and experiments
of analytical pyrolysis gas and chromatography/mass spectrometry (Py-GC/MS) to
evaluate the intermolecular interaction. The results showed a strong interaction
of radicals, lignin, or derivated products through H-subtraction reactions and
concluded that the unimolecular decomposition is not the dominant mechanism in
the lignin pyrolysis [178] and it may affect the pyrolysis process.

An alternative to simulate the pyrolysis process, evolving longer time scales and in
which no bond formation or breaking is necessarily involved, the implementation
of molecular dynamics (MD) simulations based on Newtonian classical mechan-
ics, is an adequate choice. The processes that involve oxidative coupling require the
exclusive use of quantum mechanical calculations based on the resolution of the
many-body Schrödinger equation, with the aid of DFT, as the most reliable alterna-
tive. Massive systems with several hundreds of atoms may be easily tractable from
the theoretical methods, within an affordable time, but the handling of smaller sized
systems is the adequate approach in the implementation of DFT calculations. A com-
prehensible review on such methodologies has been developed by Cramer [180].
Moreover, there are also alternative theoretical schemes, which have given accept-
able results, such as the semiempirical methods, comparable with DFT, but at a
faster rate. This could be achieved after (i) neglecting the electron–electron inter-
action (and excluding dispersive forces) and (ii) introducing fitting parameters that
consider electron correlation (for instance, PM3 [181] and AM1 [182], PDDG1PM3
[183] methods). Therefore, the study of the rotation in the C—C or C—O bonds
should be analyzed by searching conformers. This can be studied with semiempirical
or MD simulations and genetic algorithms to scan lower energy conformers. Never-
theless, the functionals recently developed incorporate dispersion effects at a high
degree of accuracy and can be successfully implemented in the study of molecular
lignin, as it has been shown somewhere else [184, 185].

In this direction, DFT methodologies have been used to aid in the understand-
ing of unknown properties of lignin-related systems such as thermodynamic control
of lignin biosynthesis, in which it was elucidated that the number of lignin bonds
should be correlated with their thermodynamic stability. Moreover, DFT has also
aided to understand the spin distribution hypothesis, which stands that the lignin
sites with a larger number of unpaired electrons are susceptible to a higher reactivity.
To analyze the electronic structure properties from lignin monomers (monolignols)
and related compounds, DFT was required. Durbeej et al. [186–188] performed a
theoretical study at the DFT/Becke-3-Lee-Yang-Par (B3LYP) [189] level of theory, by
simulating solvent effects with the polarizable continuum approach in order to study
oxidative coupling on coniferyl monomers. It was disclosed that a large number of
unpaired electrons are allocated at the O4 phenoxy radical. This gave insights into the
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preservation of β-O-4 bonding observed in lignin. Additionally, an energy ranking
was stated in the following order: β-β< β-5< 5-5, and they consistently found that
the strongest bond was β-O-4.

Following this same level of theory, Huang and He [190] performed a DFT
study at the B3LYP/6-31G(d,p) level to study the behavior of lignin pyrolysis
and the principal products. They used a model of lignin dimer of α-O-4 linkage
(see Figure 1.13). Three reaction pathways were proposed for Cα–O, O–CH3,
and Cα–Cβ. The major channel of pyrolysis was a reaction of Cα—O bond. The
O—CH3 bond is competitive with the Cα–Cβ reaction mechanism of pyroly-
sis. The bond dissociation energies from 177.4 to 396.6 kJ mol−1 followed the
order: Cα–O<O–CH3 <Cα–Cβ <O–H<O–Caromatic <Cβ–OH<Cα–Caromatic and
the products obtained from pyrolysis (see Figure 1.13) were phenolic compounds
(guaiacol [8], p-hydroxyphenyl-acetaldehyde [5], p-hydroxyphenyl-ethanol [7], and
2-hydroxybenzaldehyde [13]).

Beste et al. [184, 185, 191, 192] studied lignin pyrolysis with DFT approaches by
considering lignin-related models. They considered phenethyl phenyl ether (PPE) to
study reactivity for hydrogen abstraction. It was shown that it could be depleted in
the pyrolysis process from the α and β positions. The possibilities to obtain smaller
chains in the pyrolysis were also developed by assessing the enthalpies of dissocia-
tion of C–C and C–O pairs.
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The discovery of covalent attractions was identified in the study of a double-
stranded lignin chain. Such interactions were determinant in the monolignol
orientation. Combined theoretical/experimental studies have also been performed
for monolignols in the gaseous phase to show that allyl chains were contained
in fixed positions, in which the hydroxyl group interacted with the π-electrons of
the vinyl group. The phenolic hydroxyl group of coniferyl and sinapyl gave rise to
hydrogen bonding with the methoxy groups.

As it was previously suggested, the use of MD simulations defeated the compu-
tational barrier of DFT calculations since a much larger number (about 105) of
atoms could be accounted in the computations. This may be achievable because
of the incorporation of a force field that does not necessarily include an exhaustive
treatment of electron correlation. In this direction, MD simulations based on
the Chemistry at Harvard Molecular Mechanics (CHARMM) force field were
performed on the β-O-4 guaiacyl dimer in a water solvent environment. It was
disclosed that the intermolecular bonding was more likely to be formed than
the intramolecular bonding [193]. Those results were supported by experimental
evidence with nuclear magnetic resonance (NMR) spectroscopy, showing transient
intermolecular hydrogen bonding [194].

Besomes and Mazeau [195] also studied the interactions lignin–cellulose. The cel-
lulose structure was responsible for changes in the geometry of lignin phenol rings
upon adsorption. On the other hand, Besomes and Mazeau [196] studied the adsorp-
tion of cellulose on a reduced molecular model of lignin of β-O-4 guaiacyl polymers,
in which lignin adsorbed with flat orientations on cellulose. It was found that van
der Waals (vdW) interactions ruled the adsorption.

Moreover, a CHARMM potential for lignin was developed [197] with an analo-
gous methodology as that for proteins and nucleic acids [198]. Reduced models of
lignin (methoxybenzene and p-hydroxyphenol) were used to accelerate the process.
Such CHARMM potential was developed with descriptors obtained from quantum
chemical parameters. Combined experimental/MD simulation studies have also
been performed by using small-angle neutron scattering (SANS) to analyze the
molecular geometry of softwood lignin systems [199] (see Figure 1.14). It was
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Figure 1.14 (a and b) Lignin molecular surfaces obtained by a probe molecule of 4.0 Å at
different radii of gyration and (c) probability function of the radius in a sphere, which was
adjusted to the surface depicted in (b). Source: From Petridis et al. [199], with permission
from the American Physical Society.
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concluded that the geometry of lignin polymers was highly sensitive to temper-
ature. Furthermore, as it was previously stated, the use of MD simulations was
preferable to speed up calculations in massive systems. This has also been scaled up
in high-performance computing, with a large number of processors (approximately
30 000). Further reading on the interactions lignin/cellulose in aqueous solutions
may be found somewhere else [200, 201].

Regarding the study of the geometry of lignin, stiffness of bamboo fibrils was also
analyzed [202] because the strength of this fiber is similar to that of steel or concrete.
Its molecular structure was formed of cellulose microfibrils with hemicellulose and
lignin, coexisting in a lignin carbohydrate complex (LCC). The elastic moduli in
these structures were studied and also the adsorption energies among the compo-
nents. The results revealed that hemicellulose presented better mechanical proper-
ties than those of lignin (see Figure 1.15). Moreover, lignin was more susceptible
to be adsorbed on the cellulose microfibrils. It was also disclosed that vdW effects
between lignin and cellulose ruled the attraction. Furthermore, the strong adherence
of lignin to cellulose microfibrils was due to the vdW attraction forces with lignin and
cellulose. Additionally, the weakest interaction in the cellulose structure was found
in the interface of the amorphous region.

That study was performed by using a force field for the condensed-phase
optimized molecular potentials for atomistic simulation studies (COMPASS)
[203], which included thermal, structural, and mechanical properties of a set
of compounds, such as cellulose [204]. The modeling considered vdW effects
and nonbonded interactions, which were given by the combination of Coulomb
attractions (Eelec) and the Lennard-Jones (LJ) function for vdW attractions (EvdW).
This scheme has also shown to adequately describe hydrogen bonding.

Amorphous/amorphous
interface

LCC/CNC interface

LCC

CNC

Amorphous
cellulose

LCC/amorphous
interface

LCC/LCC interface

γ = 160 mJ m–2

γ = 106 mJ m–2

γ = 44 mJ m–2

γ = 54 mJ m–2

Figure 1.15 A molecular model representing the bonding among lignin and cellulose of a
bamboo fiber. The weakest bonding is at the amorphous region, and it may probably give
the adhesive properties to the bamboo fibrils. Source: Youssefian and Rahbar [202].
Springer Nature. CC BY 4.0.
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1.4.2 Computational Studies of Lignin Through Pyrolysis-Simulated
Molecular Dynamics

The range of applications of lignin-related systems has allowed to explore its
electronic structure properties. For instance, Janesko [205] studied the interac-
tions among lignin and cellulose with ionic liquids in order to elucidate possible
rates to synthesize fuels and chemical feedstock from biomass. In that work,
dispersion-corrected density functional theory (DFT-D) was used to analyze
the interactions among an ionic liquid and a lignin/cellulose system. It was

2c: 26.4 (4.8)

2e: 17.7 (4.4)

2g: 19.1 (13.9) 2h: 16.7 (12.7)

2f: 19.4 (6.5)

2d: 20.3 (0.7)

Figure 1.16 The atoms
highlighted in green
represent the ionic liquid. In
the top side of the figure,
the relaxed molecular
models of Glu and LigOH are
shown. The second, third,
and last rows represent their
compounds with Cl−,
mmim+ , and single
[mmimm][Cl] ions.
Additionally, the binding
enthalpies are shown, as
computed with the presence
of a solvent. Source: Janesko
[205], with permission of
Royal Society of Chemistry.
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considered imidazolium chloride anions, (1,4)-dimethoxy-β-D-glucopyranose,
1-(4-methoxyphenyl)-2-methoxyethanol as the molecular systems for the ionic
liquid; cellulose and lignin, respectively. It was reported that lignin presented a
strong π-stacking with the ionic liquid (see Figure 1.16). This could be used as a
tool to tune the relative solubility of cellulose and lignin with the aid of ionic liquid
cations. The study was carried out by using Gaussian 09 computational code [179]
with the B97-D dispersion-corrected exchange–correlational functional [206] and
the 6-311++G(2d,2p) basis set. The calculations were performed in an aqueous
environment within the integral equation formalism-variant polarizable continuum
model [207]. Moreover, the PM6 [208] semiempirical method, the Couple Cluster
(CCSD (T)), and the Moller–Plesset many-body perturbation theories at second
order were also implemented in the computations to benchmark the methodologies.

In the search of applications of lignin-derived materials, the simulated pyrolysis
of lignin monomer rings has been studied. That is, Zhang et al. [209] studied
such systems with MD simulations at the ReaxFF level [210]. A massive model
of 15 920 atoms was used based on Adler’s lignin softwood model [211]. During
the pyrolysis simulations, the monomer aryl rings of α-O-4, β-O-4, α-O-4, and β-5
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mainly presented a Cα/Cβ ether bond breaking (see Figure 1.17) at the first reaction
pathway. Moreover, in the bonds β-β and γ-O-α, the bond breaking in the Cα—O
ether and its aryl ring were also predominant. The simulated pyrolysis also reported
ring opening as a consequence of the breaking of other bonding such as 4-O-5, 5-5,
β-1, β-2, and β-5.

Intermediate compounds giving rise to stable aryl ring opening were addressed
to phenoxy radicals, three-membered rings, bridged five-membered rings, and
six-membered rings. It was also concluded that the breaking of the bonds α-O-4
and β-O-4 could be responsible for the rising of adjacent bonding with the phe-
noxy radicals. Additionally, the first stage in the pyrolysis-simulated reaction
exposed hidden intermediate complexes. This is an important issue in the control
of aryl ring opening. It could be directly related to the formation of aromatic
compounds used in energy conversion and storage. Such results could also aid to
tailor lignin-derived materials to obtain aromatic chemical products for diverse
applications. The computations were performed with ReaxFF [210] on a massive
model of 40 lignin macromolecules, as dictated by Adler’s model (15 920 atoms). A
graphics processing unit (GPU) version of the Reax code [212] was implemented in
this study to speed up the calculations. The MD simulations were carried out with
the NVT ensemble with a 0.4 K ps−1 heating rate starting from room temperature
up to 2100 K. The calculations were performed with the Reax module implemented
in large-scale atomic/molecular massively parallel simulator (LAMMPS) [213]
computational code.

The theoretical study of lignin has also been extended on the computation
of the electronic structure properties of conifer alcohol as a molecular model
system of lignin. Such model was used to analyze its antioxidant potential for
hydrocarbons, such as petroleum asphalt. In this respect, Pan and Cheng [214] used
ab initio MD calculations to simulate the interaction between both species. The
calculations revealed that the radicals of asphalt are responsible for the formation
of agglomerates or decomposition of asphalt. An highest occupied molecular orbital
(HOMO)–lowest unoccupied molecular orbital (LUMO) gap of lignin, which was
larger than that of the asphalt, was not recommendable to protect it from decom-
position because no antioxidant activity was observed. In that respect, the lignin
model should previously be evaluated on its hydrophobicity and compatibility with
the corresponding hydrocarbon. This study could be used as a tool to determine
lignin models for antioxidant capacities in hydrocarbons.

In a more general context, pyrolysis of phenolic compounds has also been stud-
ied with analogous systems [215] to those forming the lignin macromolecule (see
Figure 1.18). That is, Qi et al. [215] performed a comparative work in which three
different theoretical approaches were explored: DFT, self-consistent charge density
functional tight-binding (SCC-DFTB) and MD at the ReaxFF level. A generic pheno-
lic polymer was used as a model system (see Figure 1.18), namely, the cross-linked
phenol formaldehyde resin molecule. The pyrolysis was simulated from an initial
temperature of 2500 K until reaching a final temperature of 3500 K. The reactivity
giving rise to subproducts and char were thoroughly examined. After comparing all
methodologies, it was reported that the same subproducts were obtained but with
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Figure 1.18 (a) Phenol resin
molecule; and (b) simulation box
with a total of 132 atoms. Source:
Qi et al. [215], with permission of
American Chemical Society.

(a)

(b)

different yields. The DFTB methodology dramatically overestimated CO release and
it underestimated free hydrogen formation and hydrocarbons, as compared with
the DFT methodology. In the case of ReaxFF, free hydrogen was also underesti-
mated with respect to DFT. The same behavior was observed for fused carbon rings.
Particularly, the formation of five- and six-membered rings was identified at 2500 K.
The formation of H2O, CO, and char was analyzed. Additionally, the pyrolysis was
also studied with quantum nuclear effects, which could be directly related to its
chemical equilibrium. The char analysis deduced the rising of the carbon five- and
six-membered rings. Nevertheless, the rising of rings with five carbon members and
one oxygen member were also identified. This behavior was expected to result in
chemical stabilization of the structure, which could reduce the formation of graphi-
tized structures in the resulting char after pyrolysis. This may also be associated with
the physicochemical properties of the char.

The DFTB calculations in that benchmark study were performed with the
SCC-DFTB [216], as implemented in the DFTB+ computational code [217]. DFT MD
was carried out with the PW91 functional [218] with the Vienna ab initio simulation
package (VASP) computational code [219]. ReaxFF was used with the Chenoweth
et al. force field [172] by using LAMMPS [213] computational code. The simulations
were performed in a box with 132 atoms. All calculations were done in accordance
with the NVT canonical ensemble with the aid of a Nosé–Hoover thermostat.
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The pyrolysis of lignin was also analyzed by Zhang et al. [220] at the ReaxFF level
with a GPU-based version (GMP-Reax). Adler’s molecular model was implemented,
and the simulated pyrolysis was performed from room temperature to 2100 K and
from 500 to 2100 K. The massive lignin model under study contained 15 920 atoms.
The simulation was performed in three stages, and the reaction mechanism in the
aryl monomers and substituents of propyl chains and methoxy was also studied.
At the beginning of the simulation, the α- and β-O-4 were broken. Moreover, in the
subsequent part of the simulation, the breaking of all bonding was revealed. During
this stage, the formation of propyl and methoxy was also observed. Finally; at the
third stage, the rising of heavy pyrolysates was reported, which was addressed to
the mixing of five-, six-, and seven-membered rings. Furthermore, the formation
of small molecules during the computations revealed close agreement with that
observed in experimental works. The final stage was also characterized with
the absence of C6–C23 species, which were converted into C0–C5 species. Char
formation was also observed from the presence of carbon clusters with 160 or
more atoms (C160+) and also molecular hydrogen. This is mainly characterized
by the formation of five-, six-, and seven-membered rings. In this respect, it would
be straightforward to use this methodology to explore physicochemical properties
in char formation in order to elucidate potential applications in electrodes for
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Figure 1.19 (a) Molecular model of lignin spirodienone with the rings involved in the
study and (b) reactive route of the linkages in the molecular model for D and E bonds (1 and
2, respectively) Source: Mar and Kulik [221], with permission of American Chemical Society.
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supercapacitor applications. Consequently, this pioneer work represents a key
starting point to further study phenomena by computational methodologies related
to lignin pyrolysis. In that study, the simulation box was initially relaxed by using
the NPT ensemble at 300 K and 760 Torr. The simulated annealing was led to a
target temperature of 800 K with the NVT ensemble. The simulation box size was
58 Å, and the Berendsen thermostat was used.

Mar and Kulik [221] performed ab initio MD simulations in hundreds of pos-
sible reaction coordinates. In that study, lignin polymerization was analyzed in a
simulated pyrolysis process. The model system under study was the spirodienone
lignin (see Figure 1.19a). Such system was chosen because approximately 10% of the
total lignin in softwoods has been observed. Mar and Kulik identified some favor-
able pathways for polymerization (see Figure 1.19). The most stable fragments in
the spirodienone lignin formed small energy barriers in C—C bonding, allowing
the structure to be susceptible for lignin depolymerization. This may also aid to
tailor novel catalytic materials. TeraChem computational code [222] was used at
the ωPBEh level of theory. The search of transition states was performed with the
methodology given by the climbing image nudged elastic band (NEB) [223].

1.5 Tailoring Nanocarbon Structures to Enhance
the Performance of Electrodes in Supercapacitors

Materials based on lignin and subjected to pyrolysis conditions have also been ana-
lyzed to deepen into the structural properties of char formation. That is, Muñiz
et al. [86] performed a pioneer study to explore the capabilities of carbon char for
energy storage applications. In this direction, the quest of novel nanoporous carbon
materials coming from biomass resulted in a breakthrough. In that work, a com-
bined experimental and theoretical study was carried out, in which macromolecu-
lar models of lignin (Adler’s model), cellulose, and hemicellulose were considered.
The simulated pyrolysis was modeled at the ReaxFF level in massive model sys-
tems (see Figure 1.20a–c) for the three lignocellulosic components. The annealing
was implemented from room temperature to a target temperature of 1280 K in order

(a) (b) (c)

Figure 1.20 Simulation boxes of (a) cellulose, (b) hemicellulose, and (c) lignin. Source: (a,
b) Muñiz et al. [224]. Elsevier. CC BY 4.0. (c) Muñiz et al. [86], with permission of Elsevier.
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to simulate the experimental conditions. The annealing process remained constant
during a period of time and the systems were further stabilized until reaching room
temperature. The key goal of the study was to evaluate the resulting char to identify
structural properties that could be of interest to implement carbon systems for super-
capacitors or batteries. Moreover, chemical reactivity of the lignocellulosic compo-
nents was thoroughly analyzed using the PBE functional. Isolated molecular systems
were evaluated via the Fukui indexes of electrophilic attack. It was found that cellu-
lose and hemicellulose were highly reactive at the carbon sites, while lignin appeared
to present low reactivity at all carbon rings forming the macromolecule. Such theo-
retical results are in agreement with evidence from the laboratory, in which lignin
content on biomass determined the yield of carbon.

The simulated annealing was modeled in the temperature ranges previously dis-
cussed and the formation of subproducts, such as H2O, H2, and CO2, was identified
(see Figure 1.21). The formation of char (C300+ and C3500+) was mainly identified
after 700 K for the lignin pyrolysis. The resulting nanoporous structures were charac-
terized using radial distribution functions (RDFs), which were intended to quantify
the number of C—C bonding pairs in the amorphous carbon structure.

Because the study was performed for different lignin densities and heating rates,
the RDF profiles followed a tendency that showed characteristic peaks located at
1.4 and 2.5 Å, yielding a hybridized sp2/sp3 structure with graphitized morphology.
Additionally, X-ray diffraction (XRD) of Agave angustifolia was also performed
in that study by using a pyrolyzed sample, with the conditions obtained at a
solar furnace with the experimental conditions given in our group [112], as it
was previously discussed. A fast Fourier transform (FFT) was subsequently used
to obtain experimental RDF profiles of char with densities close to 1 g cc−1 (see

Temperature (K)

N
um

be
r 

of
 m

ol
ec

ul
es

300
0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

80.00

90.00

800 1280 1174 978

H2O

CO2
CH4O

CH2O
C300+

C3500+

CH4

H2

782 586 390 300

Figure 1.21 Simulated lignin pyrolysis at a heating rate of 0.005 K fs−1. The density of the
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Figure 1.22 RDF profiles of different nanoporous carbon materials. Note that
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et al. [86], with permission of Elsevier.

Figure 1.22). The characteristic peaks were also reproduced, disclosing the atomistic
structure of char nanoporous carbon coming from lignocellulosic components.
This is shown in Figure 1.23. Additionally, PSD theoretically obtained was also
evaluated, showing that those nanoporous structures close to a density of 0.8 g cc−1

reported maxima around 15 Å. According to Pandolfo and Hollenkamp [225],
such size distribution is highly preferable to yield large double-layer capacities
in supercapacitor applications, as it was previously reported in carbon aerogel
with H2SO4. Moreover, the graphitized structure along with PSD could represent
descriptors in the in silico design of nanoporous carbon electrodes coming from
biomass.

(a) (b) (c)

Figure 1.23 Simulation boxes of char after pyrolysis. The simulations were performed at
(a) 0.1 K fs−1, (b) 0.0196 K fs−1, and (c) 0.005 K fs−1. Source: Muñiz et al. [86], with permission
of Elsevier.
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That is, depending on the biomass origin, it would be possible to select pyrolysis
routes with controlled conditions that could give us optimal parameters to obtain
nanoporous structures in one of the alternatives of controlled pyrolysis. Additionally,
Muñiz and coworkers considered two different approaches to model lignin pyrol-
ysis: (i) The evaluation of reactivity of all atomic sites during the annealing and
(ii) the detachment of O and H atoms at the second part of the simulated pyrol-
ysis. According to the RDF profiles, it was concluded that the last approach was
not physically feasible and excluded the reactivity of the lignin components. The
additional structural data of the final simulated pyrolysis were also collected and
analyzed by Muñiz et al. [224]. Such data could be used to model further superca-
pacitor electrodes, in which the nanoporosity is crucial to determine the capacitive
properties and performance. In those works, the ReaxFF module of LAMMPS code
was employed, using NVT ensemble and Kim’s reactive force field potential [226].
The simulated pyrolysis of lignocellulosic components has not been performed. This
could be imperative to elucidate the role of cellulose and hemicellulose gasification
in the remaining structure of pyrolyzed derived lignin products. Theoretical calcula-
tions on the dependence of three components during pyrolysis are being performed
in our group.

1.5.1 MD to Aid the Design of EDLCs

The performance of EDLCs could be improved if the electrode–electrolyte interac-
tions are enhanced in the device. Because of this fact, the MD could give tendencies
to achieve this target, for instance, through the optimization of parameters involved
in the performance of supercapacitors. As previously suggested, electrode geometry
could be modified with MD. Thus, the pore size and topography of a carbon electrode
can influence the electric double-layers (EDLs) capacitance [227]. The MD studies of
porous materials are based on porosity carbon matrixes that have polyhedral voids,
with diverse PSD in their structure [228]. To perform a systematic study, it is nec-
essary to build numerical models with random frameworks of carbon. The Reverse
Monte Carlo protocol [229] is a methodology to obtain a structure as that obtained
in the laboratory. Consequently, the electrode system could be tailored for MD sim-
ulation and to investigate the molecular motion to compare different properties in
the geometry, such as PSD, homogeneity, among others.

MD has also been used to study gaseous molecules such as N2, adsorbed at the
interlayer between the electrode and the electrolyte. It has been performed by sim-
ulating the adsorption of dissolved N2 in an EDL of an aqueous electrolyte near
the spherical carbon electrode. The adsorption in the negatively charged electrode
increases and decreases under a moderate surface charge density and high surface
charge density, respectively [230].

Using MD has also been used to study properties of carbon anodes synthetized
from lignin, applied to Li-ion batteries, in which the anode corresponded to the
experimental data. Thus, it is possible to show that Li ions did not intercalate among
carbon nanocrystallite layers. In this kind of system, it was observed how the Li ions
were not localized within the carbon nanocrystallites. Moreover, with the aim to
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Figure 1.24 Reaction pathways
proposed for the homolytic
cleavage of Cα—O bond. Source:
From McNutt et al. [231], with
permission of Elsevier.

identify the migration of the Li ions at interfaces beyond the nanocrystallites based
on carbon, a reduced model was simulated within an amorphous carbon matrix
using ReaxFF [231]. It could be concluded that the most favorable position to the
Li ions is in the region comprising the crystallite and those section of carbon with
an amorphous geometry (see Figure 1.24).

1.6 Perspectives for Future Development

One of the routes to explore more insights into lignin structure and reactivity is to
use calculations based on coarse-grained methodology, where each atom is repre-
sented by a particle. The computing time in this case is significantly reduced, and
the properties of lignin may be studied at microsecond time scales. Furthermore,
a systematic study combining spectroscopic NMR chemical shifts obtained experi-
mentally, and those computed by DFT methodologies may also bring more clues to
understand the spectral assignments and its corresponding origins.

The semiempirical quantum mechanical/molecular mechanical (QM/MM)
methodologies could not be neglected because it is possible to incorporate a massive
number of atoms simulating lignin and its corresponding environment. That is, it
could directly aid to study more realistic models of fibers containing lignin during
the pyrolysis process. Such QM/MM methodology may introduce quantum terms
only in those bonds participating in the reactive process. Such techniques and
their combinations with experimental tools may give more appropriate descriptors
that are capable to accurately model lignin during and after the pyrolysis process.
This may represent a fundamental tool to design electrodes in supercapacitors
with improved properties that allow lignin devices to be competitive with other
materials commercially available. The use of ab initio methodologies such as DFT
and the implementation of MD are key tools that combined with experimental
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data may significantly improve the tailoring of lignin-based materials to be used in
supercapacitors or batteries.
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