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Abstract. Carbon materials derived from biomass are drawing increasing attention due to its advantages in
economical as well as ecological production. Among the biomass resources to be utilized for that purpose,
lignin possesses unique characteristics: it is available in bulk quantity as a low-value by-product from the
pulp and paper industries and its chemical structure based on complex aromatic networks provides excellent
precursor for grahitic carbon materials such as graphene. The existing techniques to convert lignin to carbon
materials require long processing time, complex steps and higher temperatures, thus increasing the
production cost and hindering its commercialization. Here an alternate low-cost, one-pot synthesis method
utilizing organic solvent gel combustion technique is developed to yield crystalline graphene oxide as an end
product. Capacitor performance of the developed graphene oxide was investigated in terms of the

parameters involved in the synthesis procedure.

1 Introduction

Demand for environmental friendliness and renewable
nature on energy sources have been increasingly
prominent in recent years with the heightening concerns
about climate neutrality as well as depletion of natural
resources [1-5].  Supercapacitors, a type of
electrochemical capacitors, have attracted much attention
as one of the promising energy storage system for
leveling renewable power fluctuations, because of their
outstanding properties such as excellent cycle
performance, fast charging/discharging capability and
high power density [6-9]. The performance of
supercapacitors strongly depends on the electrode
employed, and carbon materials including graphene,
activated carbon, carbon nanotube and so on are among
the candidates sought after for the purpose [10-12].

A potential renewable source for the carbon materials
is lignocellulosic biomass [13]. In Malaysia, for instance,
about 5.4 million hectare of the oil palm agricultural land
generates about 80% of the biomass, making it one of
the largest contributors of lignocellulosic biomass in the
world [14]. On the other hand, crude lignin is obtained in
large quantities in the pulp and paper industries, mainly
as Kraft lignin and lignosulfonate. Kraft lignin is the
largest raw lignin byproduct produced from the pulping
process. As a low value compound, it has so far mainly
been used as a fuel source in combustion processes and
less than 5 % of its world supply has been used for other
purposes [15,16]. Therefore, valorization of lignin into
value-added chemicals or materials suitable for large-

scale industrial applications has been the focus of many
researches [17].

Lignin is regarded as a starting core for synthesis of
functional carbon materials, and numbers of functional
carbon materials like carbon fibers and porous carbon
with different functionalities can be synthesized from it
through thermochemical methods such as pyrolysis or
hydrothermal carbonization. Synthesis of amorphous
(activated carbon and carbon black) and crystalline
(carbon nanotubes/nanofibers and graphene) carbon
materials with controllable functionality often involve
tedious synthetic process. Furthermore, most of these
methods require fossil fuel-based chemical precursors
(e.g., CHs, CH,, and C,;H4), metal catalysts, and/or
complicated apparatus involving high processing
temperatures, which are not necessarily environmentally
friendly or economically sustainable [16].

Among those carbon materials, graphene has carbon
atoms in honeycomb structure and shows interesting
characteristics with excellent electrical and mechanical
properties [18,19]. It attracts significant attention due to
their potential applications in conductors, batteries,
catalysts and biosensors. Common production method
for graphene is by mechanical exfoliation, epitaxial
growth and chemical vapor deposition [20]. The large-
scale production of graphene from lignin available
globally, however, is bottlenecked due to the high cost of
its production.

In search of a low-cost process for graphene
synthesis from lignin, gel combustion method is chosen
in the current study. The citric acid sol-gel combustion
method is one of non-alkoxide sol-gel methods, which is
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efficient for the preparation of nanocrystalline inorganic
powders. The attractive features of this method are its
ability to synthesize materials with high purity, better
homogeneity and high surface area in a single step [21].
Even though the concept of gel autocombustion is
universal, the methods to be applied may not be the same
for all the materials. Thus in this research, synthesis
procedure utilizing gel combustion method will be
developed to obtain crystalline carbon material graphene
oxide as an end product from Kraft lignin, and their
supercapacitance performance will be evaluated based
on the synthesis parameters.

2 Experimental Procedure

Lignin purchased from Tokyo Chemical Industry was
used as a starting carbon material and A.R. grade citric
acid, ethylene glycol, magnesium nitrate purchased from
Sigma Aldrich were used as chelating, gelation and
combustion agent, respectively. Potassium hydroxide
was selected as solvent to dissolve the raw material and
other chemical agents.

Lignin conversion procedure for graphene adopted
here is as follows.

¢ Kraft lignin was kept in an oven at 105 °C for 2 h to
remove its moisture.

e Calculated amount of Kraft lignin and magnesium
nitrate were added, followed by citric acid, into the
solvent and stirred for 1 h with magnetic stirrer to
prepare clear solution.

¢ Ethelene glycol was added into the solution at 1:1
volume ratio.

e The prepared composition was placed on a hot
plate at 80 °C and kept stirring to maintain the
homogeneity of the mixture.

¢ Depending on the volume of the initial solution, the
gelation time differs.

e Continued the heating even after gelation which
will removes the moisture and powder remained at
the bottom.

e Once moisture was removed autoignition started
and whole gel will be combusted and turn into
carbon powder.

¢ Synthesized samples were washed with hydroxide
solution to eliminate magnesium.

e Prepared samples were washed with acetone
several times.

¢ When necessary, potassium hydroxide washing was
also performed.

Prepared graphene samples were examined by
Raman spectroscopy (Horiba Jobin Yvon HR800), and
their capacitance by cyclic voltammetry (PARSTAT
4000, Princeton Applied Research, India.).

3 Results and Discussion

3.1. Appearance of Starting Lignin and
Produced Graphene

Figures 1 and 2 show physical appearances of the
starting lignin material and the synthesized graphene
samples, one as synthesized and the other KOH-washed.

Fig. 1. Starting Kraft lignin.

Fig. 2. Synthesized graphene samples (left: as prepared, right:
KOH-washed).

3.2. Raman Spectroscopy

Figures 3 and 4 exemplify Raman spectra of the
produced graphene shown in Fig. 2 using laser excitation
at 2.41 eV. Prominent features in the spectra are the so-
called G band of monolayer graphene appearing at about
1590 cm™ and the 2D band at about 2700 cm™. We also
see the so-called disorder-induced D band at about half
of the frequency of the 2D band (around 1360 cm™) for
the samples disordered or with fair amount of graphene
edges.

Referring to Figs. 3 and 4, the above observation in
Raman spectra of the prepared sample lies in the same
peak ranges of the reported graphene Raman shift [22]. It
ensures that the synthesized samples contain graphene
family, evidencing that the prepared samples are fully
converted into graphene material.
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Fig. 3. Raman Spectrum for the as synthesized sample.
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Fig. 4. Raman Spectrum for KOH washed synthesized sample.

Capacitance data found in Table 1 indicate that
washing of as-synthesized sample by KOH for Mg

3.3. Cyclic Voltammetry removal decreases its performance compared to the as-

Figures 5 and 6 show cyclic voltammograms of the two
samples shown in Fig. 2 and their Raman spectra
indicated in Figs. 3 and 4. On the left of each figure
cyclic voltammograms of the synthesized graphene
materials are shown with different sweeping rates, and
on the right, capacitance measurement with different
amperages. Table 1 summarizes the capacitance data for
these two samples at various current.
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Fig. 5. Left: Cyclic voltammogram of as-synthesized sample
under different scan rates. Right: Specific capacitance at 1-10
Alg.

prepared sample. It is due to the contribution of Mg
metal traces that as-prepared sample exhibits higher
performance compared to Mg-removed sample, although
the latter should contain potassium ion traces in the
sample.
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Fig. 6. Left: Cyclic voltammogram of KOH-washed
synthesized samples under different scan rates. Right: Specific
capacitance at 1-10 A/g.
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Table 1. Capacitance performance of the two samples.

Specific capacitance at following current
densities (A/g)

1 2 3 4 5 10

As synthesized 192 138 102 90 75 60

KOH washed 117 87 65 60 46 33

Sample

4 Conclusions

The present research indicated that lignin can be
converted into graphene material in one-pot synthesis
using gel combustion method. The prepared samples
showed promising performance for the application in the
field of supercapacitance.

Further exploration on the graphene oxide doping
with various metal dopants will enhance its
supercapacitance performance. Those efforts will be
helpful in commercializing the lignin biomass
conversion process, which will expand the valorization
of lignin biomass.
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