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ABSTRACT

Agricultural by-products offer attractive renewable feedstock options for the production of carbon to be
used as electrode materials for energy storage applications. Developing insights into the carbonisation
behaviour of these alternative feedstocks will enable us to tune the materials and processing condi-
tions effectively. For the first time, this study reports the influence of lignocellulosic biomass variation
on the structure and properties of sorghum-derived hard carbon materials. Four primary plant sections
of sorghum biomass (leaf, sheath, upper stem and bottom stem), with different lignocellulosic composi-
tion and hierarchical native plant cell wall morphology, were partitioned from the harvested biomass and
subsequently carbonised. Thermal and structural analysis of these sections before and after carbonisation
revealed that both the morphology and associated lignocellulosic composition were influential upon the
structure and properties of the resultant carbon. The leaf section with the highest lignin and ash con-
tent yielded 23% carbon, with high crystallinity and a higher existence of graphite-like domains. It also
exhibited a highly porous structure and a large specific surface area. The sheath section with the highest
cellulose content yielded 26% carbon with thinner graphitic layers and a larger p-spacing compared to
other sections. Stem sections with high extractives facilitated early-stage stabilisation. The upper stem,
which had the lowest lignin and ash content, yielded 25% carbon with the lowest BET surface area and
pore volume. In contrast, the bottom stem yielded 30% carbon with more disordered turbostratic hard
carbon and a lower D-spacing compared to other sections. It is noted that a higher graphitic carbon ratio
can be achieved by selecting a biomass precursor with a higher lignin content and lower crystallinity
index. Additionally, the value of BET surface area and pore volume strongly correlates with starting lignin
content. This research contributes to developing a more sophisticated and comprehensive understanding
of how the subtle structural and compositional variations present in different plant sections of sorghum
biomass can influence the properties of carbonised materials, hopefully aiding the future potential for
enhanced tunability of sustainable biomass-derived carbon products.
© 2022 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction

terial platforms, these sources are limited and unsustainable. Lig-
nocellulose biomass is naturally abundant, renewable, and emerg-

Carbon is an exceptionally versatile and ubiquitous material
used in a myriad of applications. Consequently, the demand for
new and improved carbon materials is increasing in the global
market. Fossil fuel-derived materials have been the traditional pre-
cursors for carbon materials. However, as with many other ma-

* Corresponding authors.

E-mail addresses: p.annamalai@uq.edu.au (PK. Annamalai),
ashok.nanjundan@ugq.edu.au  (A.K. Nanjundan), darren.martin@uq.edu.au (D.J.
Martin).

https://doi.org/10.1016/j.cartre.2022.100168

ing as a sustainable precursor for carbon production [1 7]. Re-
cently, many agricultural residues have been explored as promis-
ing sources of lignocellulosic biomass due to their abundance, low
initial cost, and fast biomass accumulation [8 13]. Carbon has
been prepared from numerous agricultural residues such as stems,
shells, stones, fibres, peels, seeds, husks, and other waste [14]. Dif-
ferent biomass precursors generated various types of carbon under
the same growth conditions [15]. This is due to the naturally bio-
diverse and unique features of different plants. According to Deng
et al [16]., cellulose, hemicellulose, and lignin have a significant ef-
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fect on the properties of the resultant carbon material due to their
different intrinsic structures. Similarly, each section of a plant has
unique hierarchical plant cell wall structures and features due to
its specific role in the overall plant structure and physiology. So if
processed or refined in the same manner, it is typical to observe a
phenomenon where each plant section produces different material
products [17]. This has been explored in the context of cellulose
nanofibre (CNF) research but has not previously been extended to
investigate the effects on carbonised material properties [17 20].

Consequently, the plant section plays a vital role in the resul-
tant material properties [17,19,21,22] and should be considered an
essential parameter. However, traditionally the whole plant is har-
vested and used for the pyrolysis of carbon, generally neglecting
biomass variation across different plant tissues and therefore po-
tentially overlooking the opportunity to design and tune higher
performance, higher value carbon materials that are more “fit-for-
purpose”. To achieve improved control and obtain the best pos-
sible carbon property profile from lignocellulosic precursors, it is
therefore essential to understand the carbonisation behaviour of all
predominant plant sections separately. This approach should ad-
vance our understanding of the relationship between biomass and
derived carbon properties to a point where, potentially, we might
consider separating agricultural residues into numerous grades of
lignocellulose precursors, thus giving rise to specific carbon grades.

Sorghum, an ideal crop for arid or marginal land, is the fifth
most grown cereal crop worldwide in grain production [23]. It
is an attractive modern commercial crop, in part due to its high
drought tolerance and capacity to limit transpiration under high
evaporative demand, small upper leaves, and deep rooting be-
haviour [24]. It has high biomass production for biofuel and live-
stock feed applications [25,26]. It can grow well in traditionally
less-favourable farming areas and has an impressive pedigree of
disease resistance. Despite that, the systematic study of sorghum
to obtain active carbon is seldom reported [27,28]. In this study,
we report the physicochemical properties of systematically parti-
tioned primary plant sections, i.e., leaf, sheath, upper stem and
bottom stem of sorghum biomass before and after carbonisation,
to understand the influence of lignocellulosic composition and cell
morphology on the carbonisation behaviour and to facilitate the
development of a more comprehensive structure-property relation-
ship. To the best of our knowledge, no study is available that corre-
lates biomass variation across different plant sections to biomass-
derived carbon structure and properties. For this, we have chosen
the Sugargraze™ sorghum variety for its biomass quality and yield
based on a broader study involving several varieties as part of a
more substantial research project [29].

Materials and methods
Materials

The sorghum (Sugargraze™) biomass was harvested from
the University of Queensland’s research facility (27°3245"S,
152°19’44"°E) at the Gatton campus after three months seeding.

Separation of plant sections

To investigate the different plant sections separately, manual
separation of leaf, sheath, and stem was performed in the lab.
Further separation of the stem was performed, and the compo-
nents were separated into two parts: less than 1 metre above
ground (bottom stem) and greater than 1 metre above ground (up-
per stem). The separated sorghum sections were further cut into
small pieces (~5 cm lengths), and any decayed plant material was
removed and discarded. The plant sections’ percentages in terms
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of their wet weight were calculated (Table S1, Supplementary ma-
terial). Each sorghum section was washed separately thrice for ap-
proximately 30 min with plenty of hot distilled water (80 °C) and
dried for three days at ~55 °C in a convection oven. Dried sorghum
section materials were ground with an SM 300 Retsch cutting mill
(3000 rpm - 1 mm mesh). Samples were dried in a vacuum at
50 °C for 24 h to remove any residual moisture for further use and
characterisation.

Lignocellulosic composition

The lignocellulosic composition of ground biomass samples was
analysed by a near-infrared spectroscopy (NIRS) method at Celig-
nis Biomass Analysis Laboratories, Limerick (Ireland). This analy-
sis was performed with visible and near-infrared radiation (wave-
length: 400-2500 nm). A FOSS XDS monochromator having Rapid
Content Analyser (RCA) and Vision 3.5 software was used for this
purpose [22].

Carbonisation

Biomass samples were carbonised at 1000 °C under a constant
nitrogen flow in a ceramic tube furnace (Carbolite). Carbonisation
involved an initial stabilisation by heating up to 240 °C at a heat-
ing rate of 5 °C/min and holding for 2 h, followed by stepping up
to a maximum carbonisation temperature of 1000 °C at a heating
rate of 5 °C/min and again holding for 2 h. The ceramic tube was
removed from the furnace upon cooling to room temperature, and
the carbon product was weighed and stored.

Thermal gravimetric analysis

To investigate the thermal stability and carbonisation yield of
lignocellulose, thermal gravimetric analysis (TGA) and derivative
thermogravimetric (DTG) analysis were performed. The analysis
was done using a thermogravimetric analyser (TGA STARe System,
Metler Toledo) by heating the samples from 25 °C to 500 °C at a
rate of 5 °C/min, under a flow of nitrogen.

X-ray diffractometer

Bruker D8 Advance X-ray diffractometer (Bruker, Germany) was
used to perform X-ray diffraction (XRD) analysis with a Cu Ko
source (A=1.54 A) at 45 kV and 40 mA. The scanning rate was 1°
per minute or 1.2 s per step with the range of 5 to 60°. The value
of full width at half maximum (FWHM) was found after fitting the
peak using a Gaussian curve. The crystallinity Index (Crl) was eval-
uated from XRD diffraction patterns by using the following relation
proposed by Segal et al [30].:

Crl = (Ixpp-lamp/l200)x100 where Iyoo is the intensity of the
(200) peak and Iymp is the hump between peaks (200) and (110)
(20 = 18°) [30,31].

The interlayer spacing (dgpg2) of biomass-derived carbon sam-
ples was calculated using the Bragg’s law equation: dgp, =
M/2sinowhere A is the wavelength of Cu Ko radiation (0.154 nm),
O is the diffraction angle [32].

The thickness of graphite-like structure L. of biomass-derived
carbon samples is calculated by:

Le=k)/Bsinowhere A is the wavelength of Cu Ka radiation, then
K = 0.89, B is FWHM of (002) peak [32].

The average number of graphene layers of biomass-derived car-
bon was calculated by:

N=Lc/dgoz

The average length L, of the graphite-like structure of biomass-
derived carbon was calculated by:

La = kA/Bsino

Where § is the FWHM of (100) peak [32].
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X-ray photoelectron spectrometry

X-ray Photoelectron Spectrometry (XPS) was used to evaluate
the surface composition, using a Kratos Axis ULTRA X-ray Photo-
electron Spectrometer incorporating a 165 mm hemispherical elec-
tron energy analyser. The incident radiation was Monochromatic
Al Ko X-rays (1486.6 eV) at 150 W (15 kV, 10 mA). The vacuum-
dried samples were scanned at an analyser pass energy of 160 eV
over 1200-0 eV binding energy range with 1.0 eV steps and a dwell
time of 100 ms for a wide survey and at 20 eV with 0.05 eV steps
and 250 Ms dwell time for narrow high-resolution survey. During
sample analysis, the base pressure in the analysis chamber was
10-9 Torr and 10-8 Torr. Atomic concentrations were calculated
using the CasaXPS version 2.3.14 software and a Shirley baseline
with Kratos library Relative Sensitivity Factors. Samples were run
in duplicates, and one spot on each sample was analysed. Peak
fitting of the high-resolution data was also performed using the
CasaXPS software. All high-resolution scans were charge-corrected
to the C-C peak at 284.6 eV.

Scanning electron microscopy

Morphological aspects of plant sections before and after car-
bonisation were analysed by Scanning electron microscopy (SEM).
Additionally, scanning electron microscopy-energy-dispersive X-ray
spectrometry (SEM-EDS) analysis was performed to identify the el-
emental composition of the materials. Before scanning, the sam-
ples were coated with a thin platinum layer (about 15 nm). The
plant section samples were loaded on the stub placed horizontally
for the surface analysis and vertically for the cross-section view
with the help of carbon tape. The carbonised sample was dispersed
into ethanol by ultrasonic treatment with a treatment duration of
1 min and deposited on the cleaned silicon substrate while dry-
ing on a hotplate. The samples were placed on the stub with the
help of carbon tape, coated with thin layer platinum (~15 nm) and
scanned using an SEM (JEOL 7001F) operating at 8 kV is used to
analyse the derived carbon samples.

Raman microscopy

Carbonised samples were investigated using a Raman spec-
trophotometer coupled with a microscope (inVia 2, Renishaw) with
a laser wavelength of 514 nm. Prior to the scan, calibration was
performed using reference silicon materials at Raman active vibra-
tion peak (520 cm~!). Raman spectrum of carbonised samples was
deconvoluted using a Gaussian fit to calculate Ap (1350 cm~1) and
A¢ (1590 cm1) ratio.

Nitrogen adsorption

The Micromeritics® Instrument Corporation TriStar Il was used
to measure samples’ porosity and specific surface area. Nitrogen
adsorption/desorption isotherms were measured at — 196 °C. Be-
fore measurement, samples were degassed by VacPrep™ 061 at
80 °C for 30 min and then 200 °C for 6 h in a vacuum of 15 psig
to eliminate moisture and other volatiles. The Specific surface area
and pore volume were calculated by Brunauer-Emmett-Teller (BET)
and Non-Linear Density Function Theory (NLDFT) methods.

Attenuated total reflectance fourier transform infrared spectroscopy
(ATR-FTIR)

Nicolet 6700 spectrophotometer was used to perform ATR-FTIR
analysis. Measurements were taken from 500 to 4000 cm~! in the
transmittance mode at 4 cm~! resolution with the accumulation of
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32 scans per analysis. The spectrometer uses ATR ImaginG Acces-
sory with a diamond crystal window. Spectrum software facilitates
obtaining the spectra.

Results and discussion

The influence of chemical and structural features of plant sec-
tion on the structure and properties of carbon is discussed by com-
paring the results before and after carbonisation.

Lignocellulosic composition of plant sections

The “whole-plant” sorghum biomass comprises 10% sheath, 13%
leaf, and 73% stem by mass, after 4% grain separation (Table S1,
Supplementary material). The stem section is divided into three
parts: a tip, upper stem, and bottom stem, which constitute 3, 30
and 40% by mass, respectively. Cellulose, hemicellulose and lignin
are the main lignocellulosic components [33] Table 1. presents the
lignocellulosic components (i.e., cellulose, hemicellulose, lignin, ex-
tractives, and ash) present in the various water-washed plant sec-
tions as analysed by the NIRS method. Further details on all com-
positions can be seen in Table S2 (Supplementary material). Ligno-
cellulosic composition depends on the specific features and func-
tions of plant sections and disease [34,35]. It is noted that the four
primary plant sections are associated with slightly different ligno-
cellulosic ratios, and this is due to the presence of an uneven dis-
tribution of organic and inorganic compounds during plant devel-
opment [10].

Lignin covalently links cellulose and hemicellulose and forms
a protecting boundary, which provides strong mechanical support
to increase the recalcitrance of the lignocellulosic biomass [33].
Lignin consists of many aromatic units has a high carbon content,
is chemically inert, thermally stable [16] and facilitates the devel-
opment of a layered and microporous carbon structure after car-
bonisation [36]. Similar lignin content is generally present for the
Sugargraze™ sorghum variety compared to other agricultural by-
products and sorghum varieties. This can be seen in Table S3 (Sup-
plementary material) and in the work reported by N. Reddy et al
[17].. Additionally, lignin also provides protection against pests and
pathogens [35]. Q. Liu et al [35]. reported that the cell wall of
pathogen-infected plants accumulated increased amounts of lignin.
This lignin accumulation creates a primary barrier that prevents
the spread of disease and reduces fungal and toxin infiltration into
plant cell walls [35]. Our results show that the amount of lignin
is highest in the leaf and decreased from sheath to bottom stem
and upper stem (Table 1). We also observed that the leaves of
the sorghum plant were more infected with pathogens than other
parts of the plant.

The amount of lignin content in the leaf is 21%. In reported
studies, the range of lignin in sorghum leaves varies from 9 to 33%
(Table S3, Supplementary material). Additionally, the lignin content
in the sorghum upper and the bottom stem is 14 and 17%. In re-
ported studies, the lignin content in stem varies from 6 to 18% (Ta-
ble S3, Supplementary material). Furthermore, the higher amount
of lignin in the bottom part of the stem compared to the upper
part is in agreement with another reported sorghum stem study
where the lower stem had a more “woody” texture (Table S3, Sup-
plementary material) [21].

Cellulose is the fundamental and structural component of all
green plant primary cell walls. This fibrous, resilient, and water-
insoluble polysaccharide provides a stable structure and tensile
strength to the primary cell wall and fibers [33]. The thermal sta-
bility of cellulose is highly dependant on its crystallinity [37]. Due
to oxygenated functional groups, cellulose forms a mesoporous
structure in carbon upon pyrolytic treatments [36]. During carbon-
isation, after desorption of physically adsorbed water around 25 to
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Table 1
Compositional and crystallinity information for primary sorghum plant sections was obtained by lignocellulosic analysis, XRD (including EDS
analysis ), mereury-porosimeter and XPS.
Leaf Sheath Upper stem Bottom stem

Cellulose 28 35 24 26

Hemicellulose 17 19 9 9.5

Lignin 21 18 14 17

Extractives 7 4 37 28

Ash 9.5 9 5 5.5

XRD Crl (%) 46 46 41 54

XPS survey analysis[atomic%]  C: 810: 16N: 2.5Si: 0.7  C: 790: 18N: 1.2Si: 1.5  C: 690: 28N: 2.1 C: 720: 26N: 1.2Sr 0.03

EDS analysis|[Wt%] C: 650: 14Si: 18Ca: 2 C: 120: 21Si: 66 C: 810: 13K: 5 C: 620: 16Si: 17ClL: 2K: 3

150 °C, splitting-off of structural water occurs from 150 to 240 °C
[31,37,38]. Afterwards, chain scissions and depolymerization reac-
tions occur during the range of 240 to 400 °C [31,37,38]. This is
proceeded with the breaking of C—O and C—C bonds within ring
units, along with the removal of more water, CO, and CO,. Finally,
aromatization and carbonization above 400 °C or the formation of
graphite-like layers occurs at elevated temperatures [31,37,38]. It is
postulated that the final carbon residue generated from each cel-
lulose ring unit is based on four-carbon atoms, which act as the
basic building blocks for graphite layer formation [31,39]. Overall,
cellulose content (28%) present in the Sugargraze™ sorghum plant
lies within the range of published values for other sorghum vari-
eties (21-36%) [40]. Still, it is lower than some of the other agri-
cultural by-products presented in Table S3 (Supplementary mate-
rial). Again, the reasons for these differences can be broadly as-
cribed to evolution and mechanical function. A higher cellulose
content is noted in those plants which need to support a rela-
tively higher weight of the fruit or grain, for example, pineapple
and banana fibers in Table S3 (Supplementary material). On the
other hand, fibers of bagasse, corn stover, sorghum stalks, barley,
wheat and rice straw have a lower cellulose content and are asso-
ciated with the relatively smaller weights of grain as compared to
pineapple and banana, as shown in Table S3 (Supplementary mate-
rial) [17,34]. The same concept applies to the plant sections; for ex-
ample, the sheath is also required to support the relatively higher
leaf weight and so is associated with a higher cellulose content.
The sheath has the highest amount of cellulose (35%) as compared
to other plant sections, namely leaf, bottom stem, and upper stem,
as indicated by the fraction of total sugar and ratio of «-cellulose.
The sheath is an elongated, cylindrical structure that acts as a pro-
tective covering and supports the relatively larger sized leaves of
the plant. A higher alpha-cellulose content in the sheath helps
the plant to remain stiff and strong. Likewise, the stem being the
largest portion of the plant shows slight variations in cellulose con-
tent depending on height. In the upper stem and bottom stem, we
measured 24 and 26% of cellulose, respectively. These values are
near compared to the reported range for stems from other species
of sorghum, where they reported 27 to 65% (Table S3, Supplemen-
tary material). However, the difference may be attributed to dif-
ferent the methods used to characterise lignocellulose composition
within the literature. Additionally, the cellulose content of sorghum
(Sugargraze™) sheath and leaf is very similar to the other reported
non-wood agricultural by-products like wheat straw, corn stover
and rice (30-40%) [17].

Hemicellulose is a combination of typically amorphous polysac-
charides present in the plant’s secondary cell wall and, together
with cellulose, lignin, protein, and other materials, they provide
water-binding and viscoelastic properties to the green plant cell
wall. Mechanically, hemicellulose has little contribution in terms
of fibre strength and stiffness. In comparison with cellulose, hemi-
cellulose has an amorphous structure and low degree of polymer-
ization, therefore lower thermal and chemical stability and is con-
sequently easily degradable into monosaccharides [41]. Overall, the

sorghum plant studied here appears to have a lower hemicellulose
content than other sorghum varieties [40] and other reported agri-
cultural waste (Table S3, Supplementary material). The hemicellu-
lose content is lower in the upper stem and higher in the sheath.
The hemicellulose content decreases from sheath > leaf > bottom
stem > upper stem.

Extractives are the non-structural components of lignocellulosic
biomass. They are elements that tend to resist insect attack and
decay by fungi. Upper stems have the highest extractives. Extrac-
tives typically have low thermal stability and provide early-stage
stabilisation during carbonisation.

Components that contribute to residual ash, such as silica (SiO5)
phytoliths present in grasses, facilitate functional protective fea-
tures against plant-feeding organisms, help retain outer structure,
and additionally stop the plant from wilting during drought. The
ash content is higher in sorghum (Sugargraze™) than other re-
ported sorghum varieties [17], presumably associated with drought
tolerance traits [10]. Research shows that a high amount of ash is
linked with low micropore surface area [42]. However, it is also
reported that biomass precursors with high ash content generate
porous materials [43,44].

The influence of these compositional variations is perhaps more
well-understood in the pulp and paper and biofuels industries. Fi-
bres with higher cellulose contents have better properties and are
relatively easier to process (refine or fibrillate). This is because
noncellulosic components such as lignin make it more difficult to
bleach the fibres, and lignin also makes the fibres stiff, harsh to
handle [17,19] and “recalcitrant” in terms of subsequent mechan-
ical or chemical biorefining [45 48]. In the well-established micro
and nanocellulose fibre literature, a higher amount of hemicellu-
lose and a lower amount of lignin certainly facilitate the use of
milder chemicals (delignification and bleaching, for example) and
less energy-intensive mechanical fibrillation treatments [49 51]. On
the other hand, the influence of lignocellulosic composition on
carbonation behaviour is not as well understood. This work in-
vestigates this behaviour by systematically investigating sorghum
plant sections and their subsequent carbonisation. The sorghum
upper stem section was associated with the lowest lignin content
within the plant. Therefore, this upper stem material is likely more
amenable to further pulping and mechanical refining than the bot-
tom stem.

X-ray diffraction (XRD) analysis

X-ray diffraction (XRD) analysis was performed to understand
the influence of lignocellulosic composition on the hard carbon
formation as a function of the degree of crystallinity. The X-ray
diffractograms of water washed sorghum leaf, sheath, upper stem
and bottom stem are presented in Fig. 1a. The XRD patterns dis-
played a combination of crystalline peaks with a broad, amorphous
hump centred at around 18.5 26. Well-defined crystalline cellulose
I peaks can be seen at 20 around 15°, 16°, 22°, and 34°, which
correspond to (101), (10T), (200), and (004) planes, respectively
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Fig. 1. XRD pattern of water-washed sorghum plant sections (leaf, sheath, upper and bottom stem); (a) before and, (b) after carbonisation at 1000 °C.

[31,37]. The hump around 18.5° is associated with the amorphous
phase or disordered regions. The Crystallinity Index (Crl) is a mea-
sure of the degree of cellulose order within the biomass. The in-
tensity of the amorphous phase is lower in the bottom stem sec-
tion, suggesting less amorphous components, and corroborated by
the higher Crl. The calculated Crl of sorghum leaf, sheath, up-
per and bottom stem were 46, 46, 41 and 54%, respectively. The
amorphous, hemicellulose-rich regions facilitate water channelling
and other chemical absorptions for the sorghum plant cell wall
Sorghum plant section fibres have a relatively low Crl compared to
the reported percentage crystallinity values for corn husk, cotton,
corn stalks, and linen fibres [17]. In fact, the percentage Crl of the
sorghum plant section fibres is lower than most other reported lig-
nocellulosic fibres [17] but falls within the range of other reported
sorghum varieties (31-50%) [52]. Generally, the percentage crys-
tallinity of fibres could be associated with the growth habit and
breeding of the commercial crop varieties. Sugargraze™ Sorghum
is bred primarily as a forage cultivar for animal feed. As such, it
is relatively easy to grow and promotes more plant and less grain
(i.e., zero or very small seed heads). Therefore, it could be argued
that these commercially bred plants may inherently have a lower
crystallinity simply because of these requirements of less mechan-
ical integrity (to support large, heavy seed heads) and fast growth
requirements [17,19,28].

After the carbonisation of sorghum at 1000 °C, the diffraction
peaks at (101), (10T), (200), and (004) disappear. The two broad
peaks around at 20 = 21° and 43.8° assigned to the (002) and
(101) reflections of turbostratic carbon are now observed [20,53].
The XRD patterns for the four carbonised sorghum plant sections
are shown in Fig. 1b. The prominent sharp peaks can be seen
for the leaf and bottom stem sections, corresponding to various
common inorganic deposits. Quartz phytoliths (Q) are commonly
present in grass leaves [54]. Calcite I improves leaf photosynthe-
sis for a plant grown under water deficit (sorghum is an arid grass
species) [55]. The familiar presence of inorganic deposits also de-
pends on the growth conditions. As discussed above, leaf sections
have higher ash than other parts of plants.

Furthermore, the bottom stem section is the lower part of the
plant stem, closer to the soil. The (002) peak of the leaf is nar-
rower and slightly more intense than the others, revealing a higher
graphitisation degree. We suggest that this is primarily due to the
higher lignin content [16,31,56]. The more robust thermal stability
of aromatic units in lignin makes it more stable. It is presented in

Table 2 that leaf, sheath, upper stem, and bottom stem section de-
rived carbons are associated with the graphite-like nanocrystal in-
terlayer spacing (dgg) of 0.39, 0.42, 0.4 and 0.37 nm, respectively.
The minimum D-spacing obtained is more than 0.335 nm, which
is close to the interlayer spacing of graphite [57]. The obtained
graphite-like nanocrystal domains are further investigated by the
average thickness (L¢), length (L;) and the number of graphene
layers (N) [32]. The number of graphene layers (N) has a high in-
fluence on the properties of graphene-based materials and their
applications. The optical absorption and electrical resistance of
graphene are proportional to the number of graphene layers. The
higher number of layers reflects more incident light in the visi-
ble region. Similarly, the electrical resistance increases when the
number of layers decreases [58]. For hard carbon anodes, a higher
graphitisation degree can be associated with a lower charge trans-
fer resistance [16]. It is usually believed that the number of layers
of graphene is dependant on their production method [58], but in
this work, it is noted that it is also dependant on the unique fea-
tures of the biomass precursors (Table 1 and 2).

Raman spectroscopy

The Raman spectra of carbonised sorghum plant sections are
shown in Fig. 2. The G peaks in 1580 cm~! represent the vibra-
tions of sp2-carbon atoms in the ring and chain structure, i.e., or-
dered carbon. D peaks in 1350 cm~! represent the vibrations of
sp3-carbon atoms, i.e., disordered carbon. The high intensity of G
peaks is noted in all carbonised samples of sorghum plant parts,
which indicates a high graphitisation degree [20,53]. The p-band
and G-band peaks were deconvoluted using Gaussian fit and the
D/G ratio (Ap/Ag) was calculated using the area under the curve
Table 2. presents the Ap/Ag ratio for leaf, sheath, upper and bottom
stem. The calculated Ap/Ag ratio for carbonised leaf is 2.2, which
is lower than carbonised sheath (2.7), upper stem (2.5) and bot-
tom stem (2.8). A lower D/G ratio of carbonised leaves suggests a
higher proportion of ordered carbon.

The D/G ratio is influenced by lignin content (thermally sta-
ble aromatic units) [16] and Crl [31,56] Fig. 3. shows the corre-
lation of the Ap/Ag ratio with lignin content and biomass Crl. Leaf
and sheath have the same Crl. Leaf has higher lignin content than
the sheath, which co-occurs with lower disordered carbon content.
Leaf has a higher Crl and lignin value than upper stem. The dif-
ference of lignin content is higher than the difference of Crl, so
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ical differences between the four plant sections. Water-washed
sorghum sections surface and cross-section SEM images are shown
in Fig. 4. The sorghum water-washed leaf surface displays multi-
ple open pores or stoma (Fig. 4a), facilitating photosynthesis. Ad-
ditionally, the other elongated structures on the leaf surface can
be associated with trichomes [59]. The leaf cross-sectional view
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Fig. 4. SEM images of water-washed sorghum plant sections (leaf, sheath, upper stem and bottom stem) before and after carbonisation.

reveals many sheet-like structures and cavities (particularly void
spaces). These cavities are more open and elongated. (Fig. 4b). The
sheath surface (Fig. 4d) is clean and comprises smooth linear ar-
rangements of fibres, while the cross-section (Fig. 4e) shows long
agglomerated thread-like structures with small void spaces. The
stem shows dense structures with minute pores. The surface mor-
phology of the upper stem shows a smooth surface, but with ob-
vious underlying anisotropy and orientation in the stem direction
binding microfibres together into a bundle (Fig. 4g).

The upper stem cross-section SEM image reveals the presence
of sheet-like structures. Additionally, duct-like structures are ob-
served, and these are conduits to transfer water and other re-
quired nutrients for plant growth (Fig. 4h) Fig. 4.j shows the outer
surface of the bottom stem, which shows the rough surface with
humps and cavities. SEM cross-sectional image of the bottom stem
(Fig. 4k) shows long and thick fibres bundled together tightly.
Energy-dispersive X-ray spectroscopy (EDX) measurements were
performed for sorghum plant sections (Table 1). Elemental analysis
indicates higher carbon wt.% content in the upper stem, while the
sheath shows the higher oxygen amount. Additionally, elements
other than carbon and oxygen also exist; for example, the leaf has

Si and Ca, the sheath has Si, the upper stem has K, and the bottom
stem shows the existence of Si, Cl and K.

SEM images of carbon material derived from sorghum plant
leaf, sheath, upper stem and bottom stem sections are presented
in Fig. 4c, f, I and I, respectively. More rod-like structures were
observed in the sorghum sheath, upper stem and bottom stem-
derived carbons, while a higher percentage of sheet-like structures
were observed in the sorghum leaf-derived carbon. In addition to
the native plant cell wall architectures, this might be partly driven
by a higher amount of lignin in the leaves. Upon pyrolysis, lignin
tends to transform to nanosheets due to planar molecular architec-
ture and the more robust thermal stability of these aromatic units.
This 2d sheet-like structure is often accompanied by a high surface
area [16]. Additionally, interesting spots on the carbonised bot-
tom stem material are observed in the SEM image (Fig. 41). These
might be due to the presence of silica. As already mentioned in
the XRD section, the high-intensity signatures in the XRD pattern
of the bottom stem are due to these inorganic components. EDX
was used for analysing the presence of inorganic components in
carbonised samples. As represented in Table 2, the bottom stem
showed a higher amount of carbon content after carbonisation,
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while a higher presence of oxygen was noted in the sheath. In ad-
dition to carbon and oxygen, Si and other elements (Mg, P, Ca, K
and Cl) were persistent across the upper and lower stem after car-
bonisation. Depending on the application requirements, these inor-
ganic contaminants may be removed either at the stage of biore-
fining or after carbonisation.

X-ray photoelectron spectroscopy (XPS)

The X-ray photoelectron spectroscopy (XPS) survey scan for all
sorghum sections is presented in Figure S1 (Supplementary mate-
rial). The accompanying percentage of carbon and oxygen is pre-
sented in Table 1. It is noted from the C 1 s high-resolution XPS
spectra that carbon and oxygen are the main surface elements
present, with traces of nitrogen, silicon and strontium. The high-
resolution carbon spectra Fig. 5 (a-d) of biomass sorghum were
deconvoluted into C-C, C-0-C, C = 0O, and COOH [28, 57]. The in-
tensity of C-0-C, associated with pure cellulose and C-C, is asso-
ciated with aliphatic and aromatic carbon backbones [37]. The leaf
presents the highest C-C intensity, consistent with the lignocellu-
losic composition results. On the other hand, the stems show the
highest intensity for C-0-C, showing cellulose is the main surface
element for stem sections.

The X-ray photoelectron spectroscopic (XPS) survey of car-
bonised samples is presented in Figure S1 (Supplementary mate-
rial). The accompanying percentage of carbon and oxygen is pre-
sented in Table 2. The C 1 s peak is at about 285 eV. The up-
per stem shows the highest percentage of carbon (92.0 at%), while
the bottom stem, leaf and sheath show 91, 82 and 76 at%, respec-
tively. Dopants such as oxygen have a high influence on the proper-
ties of carbon materials. The XPS survey shows O1s peak at about
534 eV (Figure S1, Supplementary material). The sheath has the
highest levels of 18 at% oxygen, while leaf, bottom stem and up-
per stem show 14, 8 and 7 at%, respectively. The C 1 s spectrum
of carbonised samples was deconvoluted (Fig. 5(e-h)) into a com-
ponent of C-C/C = C (ca. 284 eV), C-0-C (ca. 286 eV) and C = O
(ca. 287 eV). The spectra at ca. 290.0 eV are associated with (-
7r) graphitic carbons. It is noted that high (7 -7) graphitic carbons
were produced in the presence of higher lignin and lower Crl val-
ues for the associated precursors. As mentioned earlier, this is most
probably due to the higher thermal stability of aromatic units in
lignin [16].

Nitrogen adsorption

The resulting carbonised sorghum plant sections were char-
acterised by N, adsorption-desorption measurements. The pore
size distribution curves (Fig. 6(a)) and the surface areas were
calculated by the BJH and BET methods. All carbonised plant
sections show the mixed Type I/IV isotherms, indicating the pres-
ence of a hierarchical distribution of micropores and mesopores.
The initial uptake of N, at a low-pressure range (P/P° < 0.1)
of the carbonised leaf is much larger compared to the sheath,
upper stem and bottom stem (Fig. 6(b)). It is indicated that the
carbonised leaf has a large number of micropores. The surface
area derived from the micropores increases in the order of leaf
> sheath > bottom stem > upper stem. This trend is associated
with the lignin and ash content in the biomass precursor. Gergova
et al. reported that lignin-derived char shows higher BET surface
area (Sggr) and more total pore volume than char derived from
cellulose [16,36,60]. In other reports, ash also shows association
with carbon material porosity [43,44,61 63]. Similar trends are
observed in this work, where the higher lignin and ash content
plant sections (leaf > sheath > bottom stem > upper stem) have
higher Sger and pore volume (Figure S2 (Supplementary material)).

""" c VP V O
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s—and-mesopores. The BET surface area for carbonised leaf, sheath,
bottom stem and upper stem sections was 311, 197, 71 and 54
m? g — 1, respectively (Table 2). The larger BET surface area
of carbonised leaf might be associated with large pore volume
(Table 2), and potentially also due to the sheet-like morphological
structure;-which-was-generated-due-to-the-influence-of-higher-ligni

i [16]. Thus, significant differences between
carbonised sorghum plant sections are observed.

Thermal properties

Thermogravimetric analysis (TGA) is useful to investigate the
thermal decomposition behaviour of lignocellulose precursors
Fig. 7.(a) shows the TGA (weight loss curve), and Fig. 7(b) shows
the derivative thermogravimetric (DTG) for water-washed sorghum
plant sections. There is a notable difference in the carbonisation
behaviour amongst the four plant sections. The initial weight loss
range around ~ 40 °C to 150 °C is related to the evaporation and
desorption of fibre-bound water [37]. After dehydration, a com-
plex process begins in which the decomposition of carbohydrates
and lignin happens [31]. The onset decomposition temperature (T,)
is unique for every plant section. Higher T, is associated with a
higher thermal stability of biomass precursors. The Upper and bot-
tom stem has the lowest To. The low thermal stability of stems is
associated with a high content of extractives because extractives
have lower molecular weight and high volatility. Hemicellulose de-
compositions start in the next temperature range and are associ-
ated with the weight losses observed between 220 °C to 315 °C.
The sheath has a lower T, compared to leaf, which might be due
to the decomposition of high amounts of hemicellulose in the
sheath. Hemicellulose has low thermal stability due to its amor-
phous structure and relatively low degree of polymerization. The
cellulose phase decomposition range is between 315 °C to 400 °C
[64]. Usually, all cellulose is carbonised when the temperature ex-
ceeds 400 °C. The bottom stem shows higher thermal stability
when compared to the upper stem. This is interesting because al-
though they have an almost identical morphology and lignocellu-
losic composition, they display significant differences in Crl. It is
already reported that a higher degree of crystallinity and a higher
amount of lignin can enhance the lignocellulose thermal stability
[31,37,38]. Consequently, a higher temperature and energy are re-
quired for degradation.

Thermally stable lignin does not decompose easily. Usually, its
decomposition occurs gradually over a wide temperature range,
starting from ~200 °C up to 700 °C. Additionally, lignin gener-
ally generates the highest solid residue [64]. The residual masses
for leaf, sheath, upper and bottom stem were found from TGA at
500 °C to be 25.6, 24.9, 25 and 30 wt%, respectively. On the other
hand, the manual calculation of percentage yield obtained after
carbonisation at 1000 °C were 23, 26, 24 and 28 wt% for leaf,
sheath, upper stem and bottom stem, respectively. These results
show that all components contribute to the yield of activated prod-
ucts [16]. This difference in the calculations is because of two main
factors. The first is temperature, and the other is the stabilisation
step (which is missing in TGA). Hence, the lignocellulosic compo-
sition significantly influences the carbonisation behaviour, and this
difference is due to the unique inherent structures and chemical
natures of lignocellulosic components.

The Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR) spectra of water-washed sorghum plant
sections show a clear difference in the lignocellulosic chemical
compositions between sorghum leaf, sheath and stems (Figure S3
(a)). The lower intensities for upper and bottom stems at 2920
cm~! (Symmetrical C-H bond stretching in aromatic methoxyl,
methyl and methylene groups, C-H, asymmetric stretching) [65],
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and 2846 cm~! (C-H stretching bond of alkane group) [37] and 817
cm~! (C-H out of plane bending) [66] are associated with plant
sections having lower lignin and hemicellulose contents, as com-
pared to other sections of sorghum plants, i.e., leaf and sheath.
These results are also in agreement with the results obtained
through composition analysis presented in Table 1. After carboni-
sation (Figure S3 (b)), the peaks for the above discussed functional
groups were disappeared. The presence of peaks in leaf and sheath
carbon FTIR spectra can relate to the oxygen functional group. This
can be associated with XPS results, which show high oxygen con-
tent in leaf and sheath.

Conclusions

This study investigates for the first time the variability in car-
bonisation behaviour of sorghum biomass as a function of differ-
ent plant sections. We do this to arrive at a more sophisticated
understanding of the relationship between lignocellulosic compo-
sition and the structure and properties of derived carbon mate-
rials. Sorghum (Sugargraze™) biomass was partitioned into four
different plant sections: leaf, sheath, upper stem and bottom stem,

which exhibited differences in lignocellulosic composition, native
plant cell wall hierarchical morphology, and crystallinity. Different
plant sections generated unique carbon features (structure, mor-
phology, porosity and yield) under identical pyrolysis conditions.
The leaf with the highest lignin content yields 23% carbon with
high crystallinity and the highest number of graphitic layers. This
leaf section also exhibits high BET surface area and microporosity
with sheet-like morphology. The sheath section with high cellu-
lose content yields 26% carbon with thinner graphitic layers and a
larger D-spacing compared to other sections. Stems with high ex-
tractives facilitate early-stage stabilisation. The upper stem yields
25% carbon and is accompanied by a low BET surface area and pore
volume, whereas the bottom stem yields 30% carbon with a higher
proportion of disordered carbon and a lower D-spacing. It is noted
that the Ap/Ag ratio, an important measure of carbon quality for
many applications, is correlated with an increase in the Crl and
a decrease in the lignin content of the biomass precursor. Lignin
and ash content in the precursor has a positive relationship with
Sger and the pore volume of the resulting carbon. Hence, carbon
structure and properties can be judiciously controlled by selecting
or blending different plant sections. For the future, this investiga-
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tion of carbonisation behaviour also facilitates the development of
a more sophisticated structure-property relationship for biomass-
derived carbon materials.
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