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1 Introduction

Tin dioxide and graphene derivative nanocomposites (SnO,/GO
and SnO,/rGO) have garnered significant interest due to their
synergistic electrical, optical, catalytic, electrochemical, and
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The development of sustainable, single-step protocols for fabricating metal oxide-graphene
heterostructures remains a critical challenge to overcome the toxicity and complexity of conventional
synthesis methods. In this regard, this paper reports a one-pot, cellulose-based hydrothermal route for
obtaining reduced graphene oxide/tin dioxide (rGO/SnO,) nanocomposites. This route exploits tin(i)
chloride as a dual-action reducing agent (Lewis acid) and isomerization/dehydration catalyst, inducing
the cellulose — glucose — fructose — 5-HMF reaction cascade and the concomitant aromatization to
sp? carbon while oxidizing Sn®* to rutile SnO,. The process vyields uniformly dispersed SnO,
nanocrystallites anchored on few-layer reduced graphene, as confirmed by ATR-FTIR/Raman, XRD, SEM/
EDX, and TEM. Raman analysis shows low structural disorder (D/G = 1.72), XRD identifies rutile SnO,
with an average crystallite size of ~5.4 nm, and TEM reveals a homogeneous nano-SnO, distribution on
wrinkled rGO sheets. TGA indicates a Csp?/SnO, mass ratio of ~8, supporting high graphitic content.
Density functional theory on a representative SnzOg-rGO model indicates a moderate HOMO-LUMO
gap (~1.30 eV), substantial electrophilicity, and a balanced electrostatic potential, consistent with
efficient interfacial electronic communication and adsorption-driven reactivity. By integrating in situ
nucleation of ultrasmall SnO, with the formation of conductive rGO, the architecture aligns with state-
of-the-art SnO,/graphene hybrids known to accelerate charge transport and redox kinetics for energy
storage, catalysis, and gas sensing. The green, single-step workflow avoids external reducing agents and
graphitic exfoliation steps, offering a scalable pathway to high-quality SnO,/rGO heterointerfaces that

are broadly applicable to electrochemical, photocatalytic, and room-temperature sensing platforms.

dielectric properties.* These hybrids are model platforms where
intimate SnO,-graphitic interfaces enhance redox Kkinetics,
electron percolation, and charge separation while suppressing
carrier recombination.>® This underpins state-of-the-art
performance in energy storage for alkali-ion batteries,* electro-
catalysis such as nitrogen reduction® and oxygen reduction in
microbial fuel cells,® and photocatalysis for degrading organic
dyes.”® The design of such multiphase hybrids relies heavily on
optimizing the heterojunction to facilitate charge transfer,
a concept extensively explored in recent literature regarding

Mohamed, 1st

doping and nanocomposite engineering.*'® Furthermore, their
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potential in optical and semiconductor applications'* and high-
performance room-temperature gas sensing, achieved through
optimized microstructures and p-n junction effects,>** is well-
established.

Despite these advances, the sustainable synthesis of high-
quality graphitic composites remains a challenge. Moreover,
several research efforts have contributed to the development of
alternative  graphitic materials meeting the desired
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characteristics," including increasing the reduction rate of GO,
which could improve its structural, optical, magnetic, and
electrical properties.">'® The electrochemical route for GO
reduction is the predominant route in almost all published
works, using several popular types of reducing agents, such as
strong alkaline hydrazine,"” hydroquinone,' sodium borohy-
dride,* hydrohalic acids® and green agents such as ascorbic
acid,*** ethylene glycol,* glucose** and vitamin C (ref. 25) that
have been proposed. The methods generally still require a pre-
exfoliation step of graphite. This exfoliation is essential to
increase the accessibility of tin ions involved in the subsequent
reaction for the reduction of the exfoliated graphite,***” yet
physical and chemical exfoliation often produces a heteroge-
neous variety of nitrogenous or oxygenated graphene-based
sheets, such as reduced graphene oxide (rGO).”® In addition,
the rGO possesses more active sites with an enlarged interlayer
distance, despite the high temperature operating (2500 °C).>

However, this approach is hindered by the heterogeneous
distribution of oxygenated zones on the carbon surface, which
promotes stannic agglomeration and results in poor interfacial
contact.®® This contact heterogeneity at the supramolecular
scale introduces structural defects, thereby limiting the appli-
cation of these composites in high-precision electronic devices,
particularly those involving chemical vapor deposition (CVD)*
and epitaxial growth methods.**

Various techniques have been employed to introduce SnO,
into the carbon matrix, including spray drying,** microwave,*
ultrasonic treatment* and hydrothermal®* methods. Among
these, the hydrothermal technique is often preferred due to its
ability to yield desired sheet morphologies and tuned hybrid
nanostructure dimensions.*® The hydrothermal method is
recognized as the most direct and simplest pathway for the in
situ incorporation of metal oxides within graphene nano-
sheets,* offering advantages such as relatively low tempera-
tures, simple equipment, low costs, and high efficiency.?”
Furthermore, it offers distinct advantages in controlling
porosity and crystallite size compared to precipitation or sol-gel
methods.'**** Despite the versatility of hydrothermal
synthesis, conventional pathways remain fundamentally multi-
step, often rely on toxic chemicals, and start from processed
graphite or graphene oxide. Consequently, a significant gap
exists in the development of a truly green, one-pot hydrothermal
synthesis that starts directly from a raw, renewable carbon
source. Such an approach would simultaneously form the rGO
matrix and SnO, nanoparticles in situ, ensuring homogeneous
integration and overcoming the need for separate exfoliation,
reduction, and composite formation steps.

In this work, we present a new eco-friendly and sustainable
approach for the production of homogeneous rGO/SnO, nano-
composites that avoids the agglomeration issues inherent in
multi-step mixing and minimizes the use of harsh chemicals.
Unlike conventional methods that require pre-synthesized gra-
phene oxide or toxic reducing agents, this work establishes
a singular SnCl,-mediated pathway. This significantly lowers
the E-factor of the process while ensuring intimate interfacial
contact between the in situ formed SnO, and the rGO matrix. We
utilize native cellulose as a renewable carbon source and tin(u)
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chloride Lewis acid as a bifunctional catalyst/precursor. Cellu-
lose is the most abundant bioresource and exhibits excellent
macromolecular properties.*** This one-pot hydrothermal
synthesis drives the simultaneous carbonization of cellulose
and nucleation of SnO,, validated by recent advances in
biomass-derived carbon materials.** The electronic properties
of the resulting nanocomposites were further investigated using
computational calculations based on density functional theory
(DFT),* providing relevant information on the electronic
structure and potential applications of the material.

2 Materials and methods
2.1 Materials

Cellulose powder (M, ~35.5 10° Da) and tin(n) chloride di-
hydrate (SnCl,-2H,0) were purchased from Sigma-Aldrich
Company. The deionized water used for the preparation of
aqueous solutions was obtained from the Milli-Q® System. For
comparative characterization, pure tin(v) oxide (SnO,) nano-
powder, =100 nm avg. part. size, was obtained from Sigma-
Aldrich. All chemicals are of analytical grade and were used as
received without any further purification.

2.2 Methods

The vibrational ATR-FTIR spectra was investigated to evaluate
the proposed nanocomposite chemical structure and were
recorded on JASCOFT/IR-4700-ATR Spectrometer (40 scans,
4000-400 cm ™). The X-ray diffraction patterns were recorded
using D8 Focus X-ray diffractometer (Bruker equipment),
applying CuK,, (A = 1.5418 A), at 40 kv and 30 mA as accelerating
voltage and operating current, respectively. All patterns were
registered in the range of 26 (10°-80°) and the scan rate was set
to 3 min. Thermal stability SnO,/rGO nanocomposite (8-12 mg)
were studied basing on thermogravimetric analysis (TGA/
DrTGA) recorded on a Shimadzu DTG-60 simultaneous DTA-
TG apparatus. Two scans were run from room temperature to
900 °C at a rate of 10 °C min~ " under N, flow. The morphology
changes and microstructural profile were examined using MIRA
3 SEM Scanning Electron Microscopy (SEM) TESCAN VEGA 3 LM
microscope, where secondary electrons were analyzed at an
acceleration voltage of 5 kV. The elemental surface profile was
studied using Energy-Dispersive X-ray (EDX) spectroscopy
coupled to the electron scanning microscopy imaging. Raman
spectra of rGO/SnO, nanocomposite were recorded on
RENISHAW InVIA Reflex Raman spectrometer, equipped with
Edge-filter, and the excitation was carried out using the argon
ion laser polarized radiation (A = 633 nm). For TEM imaging,
the samples were characterized using a Hitachi HT7700 trans-
mission electron microscope.

2.3 Preparation of SnO,/rGO nanocomposite and pure SnO,

1.7 g (10.5 mmol) of cellulose and 2.366 g (10.5 mmol) SnCl,,
2H,0 were dispersed in a 50 ml Teflon beaker containing 17 ml
of deionized water. The dispersion was stirred for 20 min, then
transferred into a Teflon-lined autoclave and hydrothermally
treated at 200 °C for 8 h. After cooling, the resulting brown

© 2026 The Author(s). Published by the Royal Society of Chemistry
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mixture was centrifuged at 9000 rpm for 30 minutes. The solid
product was collected by vacuum filtration, rinsed thoroughly
with deionized water, dried in an oven at 105 °C for 24 h, and
finally desiccated under vacuum over phosphorus pentoxide
(P,0s) for one week.

3 Results and discussions

3.1 One-pot cellulose-based synthesis of SnO,/rGO
nanocomposite

The proposed mechanism of the hydrothermal synthesis of
cellulose-based reduced graphene oxide (rGO)/SnO, nano-
composite is shown in Fig. 1. Tin(u) chloride Lewis acid showed
a drastic effect as reducer and isomerization/dehydration cata-
lyst (glucose — fructose — 5-HMF),*”*® where no reaction was
observed in the absence of stannous ions, except for a slight
increase in cellulose crystallinity which is due to the degrada-
tion of the small fraction of amorphous polymer. However, the
resulting reduced graphene oxygen (rGO) with SnO, has been
investigated. Indeed, water produces large amounts of H" and
OH ™ under hydrothermal conditions (at high temperature and
pressure), then the cellulose hydrolysis proceeds successively
under the action of H" and OH™ ions, which causes the
formation of a variety of components such as glucose, cello-
biose, levoglucosan and clusters of crystalline cellulose. As the
hydrolysis reaction progressed, the yield of glucose became
higher and higher, and glucose became the main product.
Under the -catalytic effect of SnCl,, the isomerization/
dehydration of glucose to fructose and then to 5-HMF allows
the Sp> carbon polymerization under hydrothermal conditions.
On the other hand, the oxidation of stannous ions (Sn**/Sn*")
generates the “in situ” formation of tin oxide nanoparticles
(Sn0,) in parallel with the polymerization and aromatization of
5-HMF, followed by intermolecular condensation to form the
sp” aromatic carbon network, which condenses to form the final
product (Fig. 1).

3.2 Spectral and structural analysis

3.2.1 Thermogravimetric analysis (TGA-drTGA). The
thermal stability of the rGO/SnO, nanocomposite was evaluated
by thermogravimetric analysis (TGA) and its derivative (DTG), as
presented in Fig. 2. The initial endothermic mass loss, observed
from ambient temperature to approximately 100 °C, is attrib-
uted to the evaporation of physisorbed water. A subsequent
major exothermic mass loss event occurring between 250 and
550 °C is associated with the thermal decomposition of oxygen-
containing functional groups and the combustion of the
reduced graphene oxide carbon skeleton.*” The overall mass
loss for the rGO/SnO, composite over this temperature range
(RT to 550 °C) was measured to be 40%. This significant mass
loss indicates a high carbon-to-metal oxide ratio within the
composite, suggesting an extensive C=C sp> carbon network
relative to the SnO, content.®

3.2.2 Fourier transform infrared (ATR-FTIR). The ATR-FTIR
spectra of native cellulose and rGO/SnO, nanocomposite are
shown in Fig. 3. The native cellulose spectrum reveals all the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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typical characteristic absorption bands of cellulose structure
around 3420, 2940, 1647, 1440, 1388, 1335, 1262, 1169, 1073 and
903 cm ™ ". The broad band at 3420 cm ™" is attributed to the O-H
stretching vibration, and the absorption band located at
2940 cm " is linked to the C-H stretching vibration.’*** Also,
the absorption bands detected at 1440 and 1388 cm ™' are
associated to the planar deformation of primary alcohol (O-H)
and the C-H bending vibration in -CH-OH, respectively.>
Whereas the band at 1647 cm ™' correspond to H,O naturally
absorbed within the cellulosic structure.*® Furthermore, the
absorption bands detected at 1335 cm™* and 1262 cm ™ are
associated to the typical C-C and C-O vibrations of the cellu-
losic backbone.”® In addition, the absorption bands at
1169 cm™' and 1073 cm ' approved the asymmetric C-O
vibration and the stretching C-O-C vibration of the glucopyr-
anose skeleton, respectively.*® The band at 903 cm ' is a char-
acteristic of the B-(1,4) glycoside bond.*” However, the rGO/SnO,
nanocomposite spectrum showed the appearance of new
absorption band at 1625 cm™' attributed to the sp®> C=C
aromatic vibrations,*®** indicating that the synthesis of gra-
phene plan structure from native cellulose was carried out
successfully. In addition, the new band detected at 1703 cm ™" is
assigned to the stretching vibrations of the C=0 carboxylic
carbonyl.®*> While, the absorption band recorded at 1244 cm ™
is originated from (C-O) epoxy.®® Moreover, the characteristic
bands situated around 3421 cm™" and 2920 cm ™" are attributed
to the O-H stretching vibration and sp® CH, stretching vibra-
tion, respectively.®*** It is also observed that in the nano-
composite, the SnO, bands at 524 cm ' and 663 cm™ ' are
assigned to the stretching Sn—O-Sn and stretching modes Sn-0O,
respectively.®® The ATR-FTIR results exhibit the success of the
formation of SnO, nanoparticles within reduced graphene
oxide nanosheets in single and continuous structure rGO/SnO,
as supported by the XRD data.

3.2.3 Raman scattering analysis. Raman spectroscopy
(Fig. 4) reveals two characteristic peaks at 1381 cm™ " (D band)
and 1594 cm™" (G band). The D band is associated with defects
and disorder, while the G band arises from the in-plane vibra-
tion of sp> carbon atoms. The presence of the G band confirms
the formation of a graphitic structure.®® The peak located at
631 cm ™' is assigned to A, vibration mode of SnO,.

Comparison with literature values for standard reduced
graphene oxide typically shows a D band near 1350 cm ™" and
a G band near 1580 cm . The observed shift to 1381 cm ™" and
1594 cm™ ' in our composite indicates a strong electronic
interaction between the SnO, nanoparticles and the carbon
matrix, as well as lattice strain induced by the anchoring of the
oxides.”” However, the slight shift of the G-light scattering peak
confirmed the predominance of the C=C structural profile of
graphene. The D-band is associated with the defect states in the
graphene structure, where the intensity of the D-band is
affected by the defect density and the existence of oxygen atoms
on the rGO surface.®® The appearance of the G band in the SnO,/
rGO nanocomposite structure confirms the formation of the sp*
(C=C) carbon-carbon bonds characteristic of graphene planes,
and therefore constitutes a strong indication that the synthesis
of the graphene structure from native cellulose has been

1
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Fig. 1 Synthesis route of rGO/SnO, nanocomposite from cellulose and SnCl, as Lewis acid catalyst (cellulose — glucose — 5-HMF — rGO/
SnO,).

successfully achieved.®® Thus, the degree of disorder and the In this paper, the intensities of the D and G peaks were used to
length of defects (heteroatom/vacancy or C-Csp®) can be eval- evaluate the level of disorder in the SnO,/rGO nanocomposite.
uated using the intensities of different Raman scattering peaks. In this regard, the ratio of D/G peak's areas reflects two distinct
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Fig. 3 FTIR-ATR spectra of native cellulose (a) and rGO/SnO, nano-
composites (b).

behaviors depending on the disorder density in the graphene
material. The I/l ratio is approximately 1.72. While this
indicates a degree of disorder typical for hydrothermal carbons,
it is significantly lower than amorphous carbons (Ip/Ig >3.5),
suggesting a relatively ordered few-layer rGO structure suitable
for electronic percolation. Furthermore, the formation of SnO,
nanoparticles in situ and as the graphene network is formed
(implanted in the rGO layer) suggests the compensation and
repair of the degradation and discontinuity of the physico-
chemical and electrical properties (dielectric, conductivity,
resistivity, etc.) caused by the defects.

3.2.4 X-ray diffraction patterns. The crystalline phases of
prepared SnO,/rGO nanocomposite are investigated using X-ray

© 2026 The Author(s). Published by the Royal Society of Chemistry

diffraction (XRD) analysis. The diffraction pattern of pure SnO,
in the nanocomposite was indexed to the rutile-type SnO,
phase, characterized by a tetragonal structure with space group
P4,/mnm, as specified in JCPDS card no. 41-1445. The calcu-
lated lattice parameter values were determined to be a = b =
4.7524 A, ¢ = 3.1961 A, and unit cell volume of V = 72.1848 A®,
with convergence factor values of R, = 6.09%, Reyp, = 6.38%, Ry,
= 8.10% and GOF = 1.25 (Fig. 5a), which are consistent with the
literature.”” XRD pattern of the SnO,/rGO nanocomposite is
presented in Fig. 5b. The absence of diffraction peaks charac-
teristic of native cellulose aligns with previous findings and
confirms the complete structural degradation of the cellulose
precursor. The diffractogram exhibits distinct peaks at 26 values
of 26.7°, 33.8°, 38.0°, 51.6°, 54.8°, 57.9°, 61.8°, 65.2°, 71.2°, and
78.5°, which are indexed to the (110), (101), (200), (211), (220),
(002), (310), (301), (202), and (321) crystallographic planes,
respectively.” This peak profile is consistent with the tetragonal
rutile structure of pure SnO, (JCPDS card no. 41-1445).7>7
Notably, a diffraction peak near 11°, typical of the graphene
oxide phase, was not discernible. This absence can be attributed
to the effective reduction of GO to reduced graphene oxide
during synthesis and potentially to a low relative mass fraction
of carbon within the composite.” Furthermore, the lack of
a sharp graphitic peak suggests that the rGO exists in a few-layer
configuration, with its stacking order disrupted by the anchored
SnO, nanoparticles.” The mean crystallite size of the SnO,
particles was estimated using the Debye-Scherrer equation
(eqn (1))° applied to the full width at half maximum (FWHM) of
the most intense (110) peak, located at 26.7°.

kA

b= B cos(6) )
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where, § is the peak width at half maximum height (FWHM)
measured in radians (rad), # denotes the Bragg diffraction angle
in radians (rad), A refers to the X-ray wavelength (1.5406 A), and
k indicates the dimensionless shape factor (0.9).

The mean crystallite size was estimated to be 43.12324 nm
for pure SnO, in contrast to 5.40756 nm for the rGO/SnO,
nanocomposites. Furthermore, the nanocomposites exhibit
peak intensities and broader peak widths compared to pure
SnO,, indicating the nanoscale of the prepared nanocomposite.
The broadened peaks of the composite clearly suggest a reduc-
tion in the SnO, particle size, attributable to the incorporation
of rGO sheets, which also constrains the existence of SnO,
precursors.”’

3.2.5 Scanning electron microscopy (SEM) - energy
dispersive X-ray (EDX) analysis. SEM imaging (Fig. 6) reveals
that the microfibrous structure of native cellulose has
completely disappeared, replaced by aggregated thin sheets
with a flake-like morphology. This transformation confirms the
complete conversion to rGO. The thickness is observed to range
from a few nanometers to several tens nanometers, thereby
indicating the layered structure of these materials.”® In addi-
tion, the total disappearance of the microfibrous structure of
native cellulose confirms the resulting low density of the intra
and inter H-bond networks,” inducating the total trans-
formation of native cellulose into rGO. Moreover, the increment
in O/C ratio alongside with the presence of the tin (Sn) peak on
rGO/SnO,-EDX spectrum is a strong and additional findings of
the success of the synthesis of rGO/SnO, from native cellulose/
SnCl, system.” There are no isolated regions of tin agglomer-
ation, several analyses of different grains and samples have
shown the presence of Sn, validating the “one-pot” hypothesis
that coordinating Sn*>" with cellulose prior to hydrothermal
treatment ensures atomic-level mixing and uniform nucleation.
The surface atomic ratios obtained via EDX are consistent with

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 SEM images and EDX spectra of native cellulose and rGO/SnO, nanocomposite.

the mass ratios calculated from TGA, confirming the composi-
tional integrity of the composite.

3.2.6 Transmission electron microscopy (TEM). TEM
analysis (Fig. 7) provides direct visual evidence of the nano-
structure. Pure SnO, synthesized without cellulose exhibits
spherical morphology with a diameter of 41.2 nm which is in
good agreement with the value estimated from XRD di-
ffractogram using the Scherer Debye equation. In contrast, the
SnO,/rGO nanocomposite displays significantly smaller SnO,
nanoparticles uniformly implanted on the graphene nano-
sheets, with a uniform distribution of SnO, nanoparticles
across the rGO surface, providing a two-dimensional distribu-
tion of implanted SnO, within the graphene sheet structure.

To statistically validate the particle size, we performed a size
distribution analysis on 20 randomly selected particles from the
TEM micrographs. The resulting histogram displays a narrow
normal distribution with a mean particle diameter of 4.7 +
0.5 nm. The slight deviation between TEM (4.7 nm) and XRD
(5.4 nm) values is within experimental error and may arise from
the Scherrer equation's volume-weighting versus the number-
weighting of TEM counting. This value is in excellent agree-
ment with the crystallite size calculated from XRD, confirming
that the rGO sheets effectively inhibit the Ostwald ripening and
growth of SnO, crystals. Furthermore, the high-resolution TEM
image showed the (110) crystalline plane that recorded at
different locations, where yellow parallel lines were added to

© 2026 The Author(s). Published by the Royal Society of Chemistry

denote the interplanar distances (d-spacing), measured around
0.47 nm, in good agreement with the observed and refined XRD
pattern of SnO,.

3.3 Computational studies

3.3.1 Molecular geometry. To gain a molecular-level
understanding of how graphene interacts with SnO, clusters,
computational modeling was performed using a simplified
SnO, model. Instead of a large experimental nanocluster,
a smaller cluster containing three SnO, units “denoted Sn;O0g”
was used to reduce computational cost. This model represents
the interaction between the oxide cluster and the carbon
support.** The initial structure was derived from crystallo-
graphic data (.cif file) and multiple plausible configurations
were optimized in the gas phase to obtain the ground state
geometry (Fig. 8). The geometry optimizations and property
simulations were conducted with Gaussian 09 (revision D.01),*
using Density Functional Theory (DFT) and the B3LYP func-
tional. A hybrid basis set was selected: the 6-311G** basis set for
lighter atoms and the Stuttgart/Dresden (SDD) effective core
potential for the heavier tin atoms.?* This combination allowed
accurate and computationally feasible modeling, considering
the small cluster size and the need to handle heavy atoms
appropriately. The B3LYP functional was chosen based on prior
literature indicating its bandgap predictions align well with
experimental data and previous gas sensor modeling.®
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Importantly, this work presents novel insights, as interactions
between Sn;Og clusters and reduced graphene oxide (rGO) have
not been reported previously, highlighting the originality and
relevance of this computational study for gas sensing material
research.®

[{ec

Fig. 8 The optimized molecular structures of rGO/SnO..
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3.3.2 Frontier molecular orbital studies. The Frontier
Molecular Orbitals (FMOs) are depicted in Fig. 9. FMOs refer to
the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of a molecule.®**® These
orbitals are of great significance in understanding the reactivity,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.9 Correlation diagram between HOMO and LUMO of rGO/SnO5.

stability, and electronic properties of the molecule. The HOMO
represents the electron-donating ability of the molecule, while
the LUMO represents the electron-accepting ability. The energy
difference between the HOMO and LUMO, known as the
HOMO-LUMO energy gap (AEg,p), is a critical parameter that
determines the molecule's chemical reactivity and kinetic
stability. The corresponding global reactivity descriptors are
summarized in Table 1. The moderate calculated HOMO-
LUMOS illustrates the frontier molecular orbitals of the studied
system, namely HOMO and LUMO. The corresponding global
reactivity descriptors are summarized in Table 1. The moderate
energy gap (AE,,;) of 1.3028 eV reflects a balanced compromise
between electronic stability and chemical reactivity, which is
advantageous for applications such as gas sensing and catalysis.
This suggests a semiconductor nature with high chemical
reactivity, advantageous for sensing applications.** The HOMO

Table 1 Global reactivity descriptors of rGO/SnO,

Quantum chemical parameters Values

Exomo (eV) —6.9140
Erumo (V) —5.6112
AEgp (eV) 1.3028
n (eV) 0.6514
a(ev) 1.5352
x (eV) 6.2626
w (eV) 30.1045
w (debye) 7.2551

© 2026 The Author(s). Published by the Royal Society of Chemistry
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energy level, measured at —6.9140 eV, indicates the electron-
donating capability of the Sn;O4 cluster.®” A relatively low
HOMO energy suggests good electronic stability while main-
taining sufficient ability to engage in electron transfer interac-
tions with the reduced graphene oxide substrate. Conversely,
the LUMO energy at —5.6112 eV highlights electrophilic sites
that can accept electrons during molecular interactions.*®

The global electronegativity (x) is calculated to be 6.2626 eV,
signifying a moderate tendency to attract electrons. The chem-
ical hardness (n) value of 0.6514 eV represents a moderate
resistance to changes in electron density, complemented by
a softness (o) of 1.5352 eV, indicating a reasonable capacity
for electronic polarization. These parameters collectively
suggest that the Sn;O, cluster possesses sufficient electronic
flexibility to adapt to environmental variations, thereby facili-
tating effective interactions with the rGO substrate.*® The elec-
trophilicity index (), evaluated at 30.1045 eV, denotes a strong
propensity to accept electron pairs, a key feature in processes
involving adsorption or catalytic reactions on active surfaces.
Furthermore, the relatively high dipole moment of 7.2551 debye
reflects a pronounced molecular polarity, which will enhance
dipole-dipole interactions and potentially orient the cluster
favorably upon interaction with the rGO support.

The quantum chemical profile depicts that the Sn;O¢ cluster
supported on reduced graphene oxide as electronically stable
with moderate hardness,” yet sufficiently reactive at specific
sites, and exhibiting significant polarity. These combined
features promote strong and stable interactions between the
Sn;O¢ cluster and the rGO substrate, enhancing the composite's
overall structural integrity and electronic communication.®
Such properties are crucial for optimizing the performance of
Sn/rGO composites in applications like gas sensing, catalysis,
and energy storage devices.

3.3.3 MEP surface analysis. The Molecular Electrostatic
Potential (MEP) surface of the Sn;O¢/rGO composite (Fig. 10)
displays a predominantly homogeneous and neutral charge
distribution, indicated by a dominant green coloration.*® This
uniformity reflects a balanced electronic environment across
the composite surface, devoid of strongly electrophilic or
nucleophilic regions. Such electronic neutrality suggests
moderately charged reactive sites, which support stable and
balanced interactions with diverse external species while pre-
venting strong non-specific binding. This characteristic enables
sensitive dipole-dipole interactions with target analytes.** The
incorporation of heteroatoms, specifically oxygen and nitrogen,
within the Sn;O cluster and on the rGO surface promotes
a uniform charge distribution. This enhances electronic
compatibility with target analyte molecules, thereby optimizing
adsorption and interaction energetics.”® Consequently, the MEP
surface reveals an electrostatically balanced surface topology for
the Sn;0/rGO composite. This balanced charge environment is
a critical determinant for fostering efficient and stable interfa-
cial interactions with reactant species, a key factor underpin-
ning the composite's enhanced performance in applications
such as heterogeneous catalysis and chemoresistive sensing.

3.3.4 ELF - LOL analysis. The combined analysis of the
Electron Localization Function (ELF) and the Localized Orbital
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Fig. 10 MEP surface of rGO/SnO5.

Locator (LOL) constitutes a robust theoretical framework for
probing the nuanced interplay between electronic distribution
and molecular geometry, as well as for elucidating the nature of
chemical bonding at reactive sites.”® These quantum chemical
descriptors have been extensively employed in the literature to
gain deeper insights into electron localization phenomena and
bonding topologies across a wide array of molecular systems. As
depicted in Fig. 11, the ELF map highlights regions of signifi-
cant electron localization, represented by intense red iso-
surfaces predominantly surrounding oxygen atoms and within
C-C and C-O bonding domains. These features are indicative of
localized electron pairs, characteristic of covalent bonding or
nonbonding lone pairs, as well as core electron shells. In
contrast, certain oxygen atoms within carbonyl moieties and
selected carbon centers exhibit a distinct blue coloration,
reflecting regions of reduced localization associated with delo-
calized electron clouds.**
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The LOL representations shown in Fig. 5 further comple-
ment this analysis. A predominance of bright white regions is
observed around carbon atoms, corresponding to areas where
the local electron density exceeds the upper threshold of the
visualization scale, typically within the valence shell.” Notably,
coherent blue regions appear consistently in the vicinity of tin
(Sn) atoms, suggesting the presence of electron-depleted zones
situated between the valence and inner core regions, indicative
of reduced electron localization in these sites.** Collectively, the
insights derived from ELF and LOL analyses offer a compre-
hensive depiction of the electronic structure,” providing critical
information on bonding characteristics, electron delocaliza-
tion, and the electronic environment within the investigated
molecular frameworks. This dual approach significantly
enhances our understanding of structure-property relation-
ships and the reactivity of complex molecular systems.”

4 Conclusion

This study establishes a novel, environmentally benign single-
pot hydrothermal synthesis for the direct conversion of native
cellulose and tin(u) chloride into a well-defined reduced gra-
phene oxide/tin dioxide (rGO/SnO,) nanocomposite. This
approach represents a significant advancement in sustainable
material fabrication by utilizing a wubiquitous biomass
precursor to concurrently generate the conductive rGO matrix
and SnO, nanocrystals in situ, thereby eliminating the need for
multi-step procedures involving pre-synthesized graphene
derivatives or harsh chemical reductants. A comprehensive
suite of characterization techniques, including ATR-FTIR,
Raman spectroscopy, XRD, SEM/EDX, TEM, and TGA,
confirms the formation of a composite architecture consisting
of ultrasmall (~5.4 nm average diameter, as per XRD, Scherrer
equation, and TEM statistics) rutile-phase SnO, nanoparticles
uniformly anchored on a few-layer, low-defect rGO framework.
The process leverages SnCl, dually as a catalyst for cellulose
carbonization via a Sn-catalyzed 5-HMF pathway and as the
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Fig. 11 Electron localization function (ELF) map and localized orbital locator (LOL) maps and contour surface of rGO/SnO,.
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metal oxide precursor, eliminating toxic reagents and complex
exfoliation steps. Thermogravimetric and EDX analyses verify
a thermally stable composite with a high carbon-to-oxide ratio,
essential for establishing an extensive conductive network.

The electronic properties and interfacial coupling within the
composite are elucidated through Density Functional Theory
(DFT) calculations on an SnzOs-rGO model system. These
computations reveal a moderate band gap of 1.30 eV, significant
surface electrophilicity, and an overall balanced electrostatic
surface potential. This electronic structure confirms robust
interfacial synergy, which promotes favorable adsorbate inter-
actions and efficient charge-transfer processes. The resulting
microstructure, characterized by quantum-confined oxide
domains, intimate interfacial contact, and a percolative
conductive network, embodies key design principles for high-
performance functional materials.

Consequently, the cellulose-derived rGO/SnO, nano-
composite demonstrates direct application potential. It is
highly promising for use as a high-rate alkali-ion battery anode,
where the rGO matrix dually buffers volume changes and
enhances electrical conductivity. Its pronounced electrophilic
character suggests high efficacy in electrocatalytic reactions
such as the oxygen reduction reaction (ORR) and nitrogen
reduction reaction (NRR). Moreover, its extensive active surface
area and optimized charge transport pave the way for high-
sensitivity, room-temperature chemoresistive gas sensors.
Compared to conventional reagent-intensive syntheses, this
biomass-driven approach offers a compelling paradigm shift by
minimizing chemical inputs and processing steps while deliv-
ering high-performance outputs, thereby aligning advanced
nanomaterial design with green chemistry principles.

While this work establishes the synthesis, structure, and
electronic properties, future studies will employ BET and Non-
Linear Density Functional Theory (NLDFT) analyses to
precisely quantify porosity and specific surface area, parameters
critical for maximizing gas-sensing sensitivity. Nevertheless, the
present results demonstrate that this green chemistry strategy
provides a scalable, high-quality alternative to traditional
hazardous synthesis routes for advanced energy and sensing
materials.

While this study successfully demonstrates the synthesis,
structure, and electronic properties of the nanocomposite,
several avenues remain for further investigation. Future work
will employ BET and Non-Linear Density Functional Theory
(NLDFT) analyses to precisely quantify porosity and specific
surface area, parameters critical for maximizing gas-sensing
sensitivity and catalytic performance. Additionally, systematic
electrochemical and electrocatalytic testing, such as half/full-
cell battery evaluations, ORR polarization measurements, and
gas-sensing response studies under varied atmospheres, are
essential to validate the theoretical predictions and benchmark
performance against existing materials. Further optimization of
synthesis parameters (e.g., temperature, precursor ratio, and
reaction time) could fine-tune nanoparticle size, distribution,
and interfacial bonding. Expanding the methodology to other
biomass sources or metal precursors may also yield a broader
family of sustainable nanocomposites. Ultimately, this green

© 2026 The Author(s). Published by the Royal Society of Chemistry
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synthesis strategy not only provides a scalable, high-quality
alternative to conventional routes but also opens a versatile
materials platform for next-generation energy storage, catalysis,
and environmental sensing technologies.
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