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was successfully transformed into an ordered graphite structure, as confirmed by the
disappearance of -OH groups (3400-3600 cm™) in Fourier-transform infrared (FTIR)
spectra and by X-ray diffraction (XRD) peak shifts from 23.50° to 26.50°. Subsequent
oxidation produced graphene oxide (GO) characterized by carbonyl (C=0) groups at
1704 ¢cm™, while nitrogen doping introduced C-N (1200 cm™) bonds, resulting in the
formation of NDG. Nitrogen doping is known to enhance electrochemical properties.
These findings highlight puspa wood as a promising precursor for NDG synthesis and
supports its  further
electrochemical investigation. This study demonstrates the promise of puspa wood
biomass as a sustainable carbon source for advanced anode materials, contributing to
eco-friendly battery technology.
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m INTRODUCTION and optimizing power systems. They help improve grid

The rising prices of conventional energy, combined stability, make energy usage more efficient, and provide
with emergency power when needed [3]. Among the different

environmental concerns, are driving a shift toward

increasing energy demand and growing

rechargeable battery technologies available, lithium-ion
sustainable renewable energy [1]. Hydropower was the batteries (LiBs) have become the most popular choice for
largest source of global renewable energy capacity in 2021, ~ BESS. This is because they offer several advantages,
totaling 1,362.087 GW out of a combined capacity of
3,089.984 GW. Solar photovoltaic energy followed with
866.027 GW, and wind energy contributed 825.663 GW

[2]. This rapid growth highlights the promising future of

including high energy density, low self-discharge rates,
long lifespan, lightweight design, and environmental
compatibility [4-6]. As a result, LiBs are widely used in
portable electronics, electric vehicles, and stationary
renewable energy, inspiring confidence in its expanding ~ energy storage systems [7].

role despite current challenges. LiBs have four main components: electrolyte,

Battery energy storage systems (BESS) are vital for
energy management, playing a crucial role in stabilizing

separator, cathode, and anode. The anode is particularly
important because it affects the battery's performance by
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managing the storage and release of lithium ions during
discharge and charging [8]. Currently, graphite is the
most commonly used anode material. However, it has
some significant drawbacks, including a low theoretical
specific capacity of 372 mAh/g, slow charging rates, and
reduced performance at low temperatures [9]. Because of
these issues, there has been a lot of research into
alternative anode materials. These alternatives include
alloy-based materials, transition-metal compounds, silicon-
based materials, and advanced carbon-based materials,
each with its own set of technical challenges [10].

Biomass-derived carbon materials are gaining
popularity as sustainable alternatives for energy storage
solutions. Puspa wood, in particular, stands out as a
promising source of carbon with significant potential for
advancing energy storage technologies, thanks to its high
cellulose and hemicellulose content, favorable carbon-to-
ash ratio, low sulfur content, and availability in many
regions. By using controlled pyrolysis and carbonization
methods, we can transform the complex molecular
structure of puspa wood into ordered carbon frameworks,
which are suitable for producing graphite and graphene.
As shown in Table 1, puspa wood has a strong chemical
composition compared to other common biomass
sources like sugarcane bagasse, coconut shell, and rice
husk. It offers higher carbon content and lower ash
content, both of which are essential for creating high-
purity carbon materials. Using puspa wood waste not only
helps address environmental issues related to biomass
disposal but also turns low-value waste into valuable
carbon materials [11]. This study aims to investigate
puspa wood as a new precursor for synthesizing nitrogen-
doped graphene (NDG) and to assess its structural and
chemical properties, supporting the development of
innovative energy storage solutions.

Graphene is a fascinating material that has attracted
significant attention due to its unique two-dimensional
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structure and impressive properties. It consists of a
single layer of carbon atoms arranged in a hexagonal
[16-18]. This
remarkable strength, excellent electrical and thermal
conductivity, and a large surface area [19]. These
qualities make graphene a promising option for use in

pattern structure gives graphene

next-generation LiB anodes. Unlike conventional
graphite, graphene-based anodes can store lithium ions
on both sides of the sheet, potentially leading to a higher
capacity [20]. However, one challenge with pure
graphene is its tendency to clump, which can reduce its
electrical conductivity and overall performance in
electrochemical applications [18].

One effective way to address the limitations of
graphene is through a process called heteroatom doping,
with a focus on nitrogen doping. This technique can
modify the electronic structure of graphene and improve
its electrochemical properties. NDG can be created using
several methods, such as chemical vapor deposition,
solvothermal treatment, plasma processing, and
hydrothermal synthesis. Among these options, the
hydrothermal method stands out due to its simplicity,
cost-effectiveness, scalability, and environmental
friendliness. Incorporating nitrogen into the graphene
structure introduces defects and micropores, which
enhances the material's properties. This doping improves
the wettability of the electrode, increases the energy with
which ions bind to the surface, and allows for faster ion
transport within the graphene framework [21-23].

There has been research on synthesizing NDG from
various biomass sources, such as sugarcane bagasse and
coconut shell, using techniques like high-temperature
hydrothermal treatment and sonication. However, there
hasn't been any reported research specifically on
producing NDG from puspa wood biomass through a
simple, moderate-temperature hydrothermal process

[22,24-25]. Therefore, this study aims to develop an

Table 1. Chemical composition of biomass

Biomass sources  Cellulose (%) Hemicellulose (%) Lignin (%) References
Puspa wood 51.20 16.60 27.00 [12]
Sugarcane bagasse 42.20 27.60 21.60 [13]
Coconut shell 30.58 26.70 33.30 [14]
Rice husk 35.00 25.00 20.00 [15]
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eco-friendly and cost-effective hydrothermal method for
synthesizing NDG from puspa wood biomass and to
characterize its fundamental structural and chemical
properties. The evaluation of these properties is essential
to assess its potential suitability as a carbon-based anode
which subsequent
electrochemical validation in future work. By utilizing a

material, would  require
renewable biomass precursor, this work contributes to the
development of sustainable carbon materials while

reducing dependence on fossil-based resources [18].

m EXPERIMENTAL SECTION
Materials

Puspa wood biomass was obtained from a local
market in Indonesia. The chemicals used in this study
included sodium nitrate (NaNQOs, Merck), concentrated
sulfuric acid (H,SO4, Merck), potassium permanganate
(KMnOs, Merck), hydrogen peroxide (H,O,, Merck), and
hydrochloric acid (HCl, Merck), all of analytical grade.
Deionized water and distilled water were also used. All
materials were used without further purification.

Instrumentation

The biomass was processed using a laboratory saw,
grinder, and digital balance (Ohaus). Drying was
conducted in a laboratory oven, and particle size reduction
was performed using a sieve shaker equipped with a 200-
mesh sieve. Carbonization and ashing were performed in
a Thermolyne muffle furnace, while high-temperature
graphitization was carried out using a Nabertherm RHTH
120/600 high-temperature vacuum furnace (1800 °C).
Sample preparation utilized a magnetic stirrer, hot plate,
vacuum pump, ice bath, thermometer, glassware, and filter
paper. Exfoliation and dispersion processes employed a
BIOBASE Ultrasonic Cell Disrupter UCD-1000 probe
sonicator. Elemental composition (CHNS) was analyzed
using a CHNS Elementar analyzer. Crystalline structure
XRD-7000
diffractometer, while functional groups were identified

was examined with a Shimadzu

using a Perkin-Elmer UATR Spectrum Two instrument.
Procedure

Puspa wood powder was oven-dried at 105 °C for

2 h and sieved to obtain particles smaller than 1 mm
[26]. Moisture and ash contents were determined
following ASTM E871-80 and ASTM E1755, with the
ashing conducted in a Thermolyne muffle furnace.
Ultimate analysis for CHNS was performed using a
Perkin-Elmer 2004 instrument. The dried biomass was
carbonized at 600 °C for 3 h in a Nabertherm vacuum
furnace, and the resulting char was subsequently
graphitized at 1300 °C to convert amorphous carbon into
crystalline graphite [27-28]. The graphitized material was
crushed, sieved to 0.074 mm, and purified by stirring in
0.5 M HCI (1:10 w/v) for 12 h at room temperature to
remove metal impurities. The purified graphite was
rinsed to neutral pH and dried at 105 °C for 3 h.

Graphite oxide (GrO) was synthesized from
purified graphite using a modified Hummers method.
1 g of graphite was mixed with 0.5 g of NaNOs in 25 mL
of conc. H,SO, and stirred in an ice bath for 30 min to
maintain the temperature below 20 °C. KMnO; (3 g) was
then added gradually under the same conditions,
followed by stirring for 3 h until a dark-green color
indicated successful oxidation. Subsequently, 50 mL of
deionized water was added slowly, and the mixture was
heated to 90 °C. After cooling to 40-60 °C, 100 mL of
deionized water and 5mL of H,O, were added to
terminate the reaction. The resulting GrO was allowed
to stand overnight, filtered, washed to neutral pH, and
dried at 50 °C [27,29-30].

The obtained GrO was used as the starting material
for NDG synthesis. For this purpose, 10 mg of GrO was
dispersed in 60 mL of deionized water and sonicated for
1 h to exfoliate it into graphene oxide (GO) sheets and
to ensure a homogeneous suspension. Then, 1 g of urea
was added as a nitrogen source, and the mixture was
stirred at 300 rpm for 20 min. The suspension was
transferred into a 200 mL Teflon-lined autoclave and
subjected to hydrothermal treatment at 120 °C for 12 h.
After cooling to room temperature, the resulting
product was washed with distilled water and dried at
60 °C for 12 h to obtain NDG [31]. Characterization was
conducted at different stages, including moisture and
ash determinations, elemental composition, XRD, and
FTIR analyses.
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m RESULTS AND DISCUSSION

The properties of puspa wood powder were analyzed
through ultimate analysis, as well as moisture and ash
content tests, as summarized in Table 2. The ultimate
analysis revealed that the elemental composition of puspa
wood consists of 43.98% carbon (C), 7.408% hydrogen
(H), 0.27% nitrogen (N), 0.045% sulfur (S), and 48.297%
oxygen (O, calculated by difference). The moisture
content and ash content of puspa wood powder were
found to be 10.596 and 1.256%, respectively. To evaluate
the suitability of puspa wood as a carbon precursor, these
values were compared with other biomass sources such as
sugarcane bagasse, coconut shell, rice husk, and oil palm
shell, also presented in Table 3. In comparison, the carbon
content of puspa wood (43.98%) is higher than that of
bagasse (43.38%) and rice husk (35.8%), but slightly lower
than that of coconut shell (47.17%) and oil palm shell
(48.68%). The hydrogen content of puspa wood (7.408%)
is higher than in all other referenced biomasses, indicating
a higher volatile matter content. Nitrogen and sulfur
were low (0.27 and 0.045%,
comparable to other biomasses, which is beneficial for

levels respectively),
minimizing pollutant emissions during carbonization.
Related to moisture content, puspa wood (10.596%)
falls between the values of sugarcane bagasse (7.95%) and
rice husk (9.5%) on the lower end, and coconut shell
(12%) and oil palm shell (15.21%) on the higher end,
suggesting that pre-drying could enhance carbonization
efficiency. The ash content of puspa wood (1.256%) is
significantly lower than that of rice husk (16.3%) and oil
palm shell (7.75%), and slightly higher than that of
bagasse (1%) but notably lower than coconut shell (3.4%).
This low ash content indicates that puspa wood generates
minimal residue

inorganic post-carbonization,
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reinforcing its potential as a high-purity carbon source
[32-35].

FTIR was used to identify the functional groups
present in puspa wood charcoal, puspa wood graphite,
GrO, GO, and NDG. Fig. 1 shows the spectra of puspa
wood charcoal and puspa wood graphite. The charcoal
spectrum exhibits absorption in the range of 3400-
3600 cm™, indicating the presence of ~-OH groups. This
suggests the decomposition of cellulose, hemicellulose,
and lignin constituents. In contrast, the graphite
spectrum shows no absorption in this region, confirming
that graphitization has led to the complete elimination of
-OH groups through the total decomposition of
biomass components [36-39]. Charcoal displays a
distinct absorption peak at 1693 cm™, corresponding to
C=0 bonds from acetyl ester and/or aldehyde functional
groups, which are residues of hemicellulose and lignin.
The peak at 1577 cm™ indicates the presence of C=C
bonds, suggesting the onset of graphitization as a result
of localized carbon structures [36,40]. An additional
absorption peak at 1405 cm™ represents C-H bonds,
likely originating from lignin components that were not
fully decomposed [41]. The band at 1169 cm™ is attributed
to C-O-C groups [42], while the absorption at 858 cm™

Table 2. Properties of sawdust used in this study

Properties wt.%

Moisture content 10.596
Ash content 1.256
Ultimate analysis

C 43.980
H 7.408
N 0.270
S 0.045
o* 48.297

*Calculated from the difference

Table 3. Comparison properties of puspa wood with other biomass

Biomass sources C(%) H (%) N (%) S(%) O (%)* Moisture (%) Ash(%) References
Puspa wood 4398 7.408 0.27 0.045 48.297 10.596 1.256 This study
Sugarcane bagasse 43.38 6.13 020 0.05 50.24 7.95 1.00 [32]
Coconut shell 47.17 6.50 0.21 0.04 46.08 12.00 3.40 [33]
Rice husk 3580 5.80 025 0.06 58.09 9.50 16.30 [34]
Oil palm shell 48.68 6.16 0.22 0.05 44.89 15.21 7.75 [35]

*Calculated from the difference

Muhammad Gibran Arrasyid et al.



Indones. J. Chem., 2026, 26 (3), 975 - 984 979

—— Carbonized puspa wood
— Graphite before purification
Graphite after purification

l

Absorbance (a.u.)

9/l

L9l
69L1

8G01
gg\i\

/A

oL

veLlL
€551
LeVL
8GL1
G901
vai

N

Cc-0

cH

/

C=0,C=C,CH

T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig 1. FTIR spectra of charcoal, graphite before and after
washing

indicates the presence of aromatic C-H bonds, signifying
that some aromatic ring structures were retained. This is
typical in carbon materials like graphite. However, while
FTIR can effectively identify functional groups, it does not
provide sufficient information about layer thickness or
the degree of graphene exfoliation [43].

In contrast to charcoal, the absorption bands
observed in graphite exhibit variations in intensity,
although the functional groups remain interconnected.
As shown in Fig. 1, the absence of absorption in the 3400-
3600 cm™' region indicates that -OH groups are no longer
present in graphite. This confirms that the graphitization

-OH
functionalities, signaling the complete decomposition of

process was successful in eliminating
cellulose, hemicellulose, and lignin [44]. The C=0 peaks
in graphite—both before and after washing—appear less
intense than in charcoal, with peaks observed at
1767 cm™ (before washing) and 1734 cm™ (after
washing). This suggests a reduction in C=O groups
following further purification [45]. Furthermore, the
peaks at 1641 and 1553 cm™ in graphite are more
symmetrical than those in charcoal, indicating a more
orderly and homogeneous distribution of C=C bonds
[40]. The peaks at 1464 and 1437 cm ™" also show reduced
intensity, especially in washed graphite, reflecting a
more complete decomposition of lignin components
[41,46]. A clear difference is observed between graphite
before and after washing. In unwashed graphite, a single
absorption peak appears at 1058 cm™, corresponding to
C-O stretching in alkoxy groups [47]. In contrast, the
washed graphite shows two distinct peaks at 1158 and
1065 cm™, which are attributed to C-O-C and C-O
groups, respectively [48-49]. Lastly, absorption bands at
851 cm™" (before washing) and 844 cm™ (after washing)
correspond to aromatic C-H bonds, whose reduced
intensity compared to charcoal indicates a higher degree
of graphitization and improved graphite quality [41,43].

Fig. 2 shows that the FTIR spectra of GrO and GO
exhibit similar patterns, with no significant structural
changes observed. This is expected, as GO is essentially
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Fig 2. FTIR spectra of GrO, GO, and NDG
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a more exfoliated form of GrO, produced through
sonication. In the range of 3400-3600 cm™, a broad
absorption band corresponding to -OH stretching is
observed in both samples, confirming the presence of
-OH and indicating successful synthesis using the
modified Hummers method [30]. The peaks at 1704 cm™
(GrO) and 1711 cm™ (GO) correspond to C=0 stretching
vibrations, which are characteristic of oxidized graphite
structures and are a direct result of the oxidation process
introduced by the modified Hummers method [27,50-
51]. Meanwhile, the bands at 1569 cm™ for GrO and
1564 cm™ for GO are attributed to unoxidized C=C bonds
remaining within the graphitic domains, indicating
partial retention of the original sp*-hybridized carbon
structure [52-53]. Both spectra also show a peak at
1202 cm™, associated with the C-O-C group, likely
originating from cellulose-based residues in the original
graphite precursor [36,49].

In contrast, the FTIR spectrum of NDG reveals the
emergence of three key functional groups consistent with
nitrogen doping: C=C and C-N bonds [54-55]. The
persistence of the C=C bond absorption at 1566 cm™
indicates that the doping process does not completely
disrupt the carbon network, allowing the retention of the
underlying sp*-hybridized structure [56]. A new peak at
1200 cm™ is attributed to C-N stretching, which results
from the reduction of oxygen-containing groups (e.g., C-
O) and their substitution by nitrogen functionalities. This
transformation suggests the effective substitution of C-O
groups in GO by C-N groups in NDG [53,55]. It is
important to note that while FTIR effectively identifies
functional groups present in the samples, it does not

provide sufficient information regarding the layer
thickness or the degree of exfoliation of graphene
materials.

The successful nitrogen doping of biomass-derived
graphene has been achieved via various methods, as
summarized in Table 4. For example, NDG has been
synthesized from sugarcane bagasse using high-
temperature hydrothermal treatment and from coconut
shell via sonication or ammonia treatment [21,24-25]. In
this work, we demonstrate that a moderate
hydrothermal process (120 °C, 12 h) with urea is equally
effective for doping nitrogen into graphene derived from
the novel puspa wood precursor, as confirmed by the
characteristic C-N (1200 cm™) FTIR peaks. This
consistency across different biomass sources and doping
techniques validates the core finding of successful NDG
synthesis and situates our methodological approach
within the existing literature.

Fig. 3 displays XRD patterns of carbonized
charcoal and graphite, both before and after the washing
process. The presence of amorphous phases in the
samples may be attributed to the use of biomass-based
raw materials [27]. The diffractogram data were analyzed
using X'Pert HighScore Plus software to identify the
crystalline phases and elemental compositions. For
reference from JCPDS 00-041-1487, pure graphite
typically exhibits a characteristic diffraction peak at
20 =26.54°. In contrast, the diffractogram of puspa
wood charcoal indicates that the carbon remains
predominantly in an amorphous form. A notable peak
at 20 = 29.82° suggests the presence of inorganic mineral
content, specifically calcium carbonate (CaCOs), which is

Table 4. Comparison of synthesis methods and FTIR of NDG from various biomass precursors

Bi Nit dopi FTIR peak
iomass itrogen sources/doping pja s Study focus References
precursor methods (cm™)
Puspa wood Urea/Hydrothermal C—N: 1200 Synthe.sis and characterization for LiB anode This study
(120°C, 12 h) potential
S Urea/Hydroth 1 C=N: ~1550,
b:g:srsc:ne reé4o}: Cr) 024 if)m N C-N: ~1197 Synthesis for supercapacitor electrode [22]
Urea/Mechanical icati C=N ~2400,
Coconut shell reariiec a(zlﬁ? sonication C_N: ~1150 Synthesis of working electrodes [24]
Coconut shell Ammonia (NH;)/Stirring C—N: 1396 Synthesis for electrical conductivity 25]
(72 h, r.t) measurement
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often retained from the biomass source [10]. The XRD
patterns of graphite, both before and after washing,
exhibit a sharp peak within the 20 range of 23.50°-26.50°,
indicating a more ordered crystalline structure compared
to the amorphous charcoal [30]. Additionally, a distinct
peak observed around 20 = 43.00°-44.00° further supports
the improved graphitic ordering in these samples [27].

Another diffraction peak observed at 26 = 37.70°
may be attributed to a reaction between the carbon sample
and the alumina (ALOs) crucible at high temperatures
during graphitization [57-58]. Washing treatment using
HCI appears effective in removing residual CaCOs, as
evidenced by the absence of corresponding peaks in the
washed graphite sample. This suggests that the post-
washing graphite exhibits higher purity compared to the
unwashed version. In summary, the XRD analysis
confirms the successful transformation of amorphous
charcoal into a more crystalline graphite structure, with
HCI washing further enhancing the purity by eliminating
inorganic contaminants such as CaCOs.

This study has several limitations that point to
First, the
performance of the synthesized NDG as a LiB anode has

needed future work. electrochemical
not been tested. Data from cyclic voltammetry,

galvanostatic ~ charge-discharge, and impedance
spectroscopy are required to confirm its battery potential.
Furthermore, material characterization relied primarily

on FTIR and XRD, which lack the depth provided by

complementary techniques such as Raman spectroscopy
(for defect
morphology), surface area analysis (BET), and XPS (for

analysis), electron microscopy (for
nitrogen bonding configuration). Because of these
limitations, a direct quantitative comparison with other
NDG materials was not possible. Future studies should
therefore focus on both electrochemical testing and
deeper material analysis to fully assess NDG's suitability
for energy storage.

m CONCLUSION

NDG was successfully synthesized from puspa
wood biomass through a multi-step process involving
carbonization, graphitization, oxidation, and a
moderate-temperature hydrothermal doping using urea.
FTIR analysis confirmed the incorporation of nitrogen
via the presence of characteristic C-N bonds, while XRD
indicated the transformation of amorphous carbon into
a more ordered graphitic structure. These findings
establish puspa wood as a viable and novel precursor for
sustainable carbon materials. However, the definitive
assessment of its electrochemical performance as a LiB
anode remains beyond the scope of this foundational
work and constitutes its primary limitation. Therefore,
while the synthesized NDG exhibits

structural properties, future research must include

promising

comprehensive electrochemical characterization (e.g.,
CV, EIS, galvanostatic) alongside advanced material
analysis (e.g., Raman, BET, XPS) to validate its practical
utility in energy storage applications.
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