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Abstract

Zinc oxide (ZnO) and tin dioxide (SnO-) are widely investigated n-type semiconductor oxides, but their separate
use is constrained by limited charge separation and restricted visible-light response. This study aimed to
evaluate whether ZnO—SnO: nanopellets could provide improved interfacial coupling, tunable optical behaviour,
and enhanced multifunctional performance. An experimental comparative approach was adopted using pure
ZnO, pure SnO2, and ZnO-SnO: composite nanopellets, with phase and morphology assessed by XRD and
SEM/TEM, and optical properties determined by UV—Vis spectroscopy and Tauc analysis. The composite
exhibited a reduced optical band gap of 2.78 eV, compared with 3.08 eV for ZnO and 3.60 eV for SnO-,
indicating heterojunction-driven band modification and stronger light absorption. The observed morphology
showed improved particle connectivity and interfacial contact, supporting more efficient charge transport.
Overall, the results confirm that ZnO—SnO: nanopellets form a viable multifunctional nanomaterial platform for

photocatalytic and gas-sensing applications in modern nanotechnology.

Keywords: ZnO-SnO: nanopellets, heterostructures, UV-Vis spectroscopy, photocatalysis, gas sensing,

interfacial coupling, charge carrier separation

1. Introduction

Zinc oxide (ZnO) and tin dioxide (SnO-) are widely integrity, making them suitable for multifunctional
studied metal oxide semiconductors due to their applications in modern nanotechnology.

stability, non-toxicity, and favourable electronic ) o

Despite these advantages, individual ZnO and SnO-
properties [1], [2]. ZnO, with a direct wide band L o . .

systems exhibit inherent limitations, including
gap and high exciton binding energy, is commonly . L .

rapid electron—hole recombination in ZnO and

employed in  photocatalysis and  sensing o . . o .
limited visible-light absorption in both materials

applications, whereas SnO: is recognised for its . i ) ) )
[5], [6]. These constraints restrict their efficiency in

strong electron mobility and surface sensitivity. In Lo . .
applications such as photocatalysis and gas sensing.

recent years, the development of heterostructured ) . ]
The research problem addressed in this study is

materials combining ZnO and SnO: has attracted )
therefore centred on whether the formation of ZnO—

attention, as interfacial coupling between the two
SnO: nanopellet heterostructures can overcome

oxides can modify charge transport behaviour and L ) . )
these limitations through improved interfacial

enhance functional performance [3], [4]. . . . .
interaction and band gap modification [7], [8]. The

Nanopellet-based architectures, in particular, o ) o )
significance of this work lies in its potential to

provide improved surface area and structural ) ) )
establish a material system that combines the

complementary properties of both
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oxides, thereby achieving enhanced optical and

surface-related performance.

The objective of this research is to synthesise and
evaluate ZnO, SnO:, and ZnO—SnO: nanopellets
using a comparative experimental approach, with
emphasis on structural, morphological, and optical
characterisation [9], [10]. This study contributes to
the field by providing a systematic analysis of
heterostructure formation and its effect on band gap
tuning and interfacial behaviour. In addition, it
offers insight into the relationship between material
functional

and

the

composition performance,

supporting development of  efficient
nanomaterials for applications in sensing and

photocatalysis.
2. Related Work

ZnO and SnO: have been extensively examined as

wide-band-gap  n-type  semiconductors  for
photocatalysis, gas sensing, and optoelectronic
devices because of their chemical stability, low
cost, and strong surface activity [11], [12]. The
literature shows that ZnO is particularly effective in
ultraviolet-driven processes due to its direct band
gap and high exciton binding energy, while SnO: is
valued for its electron-transport characteristics and
surface adsorption behaviour. Recent studies have
focused on ZnO/SnO: heterostructures because the
junction formed between the two oxides can alter
band alignment, improve charge separation, and
reduce recombination losses [13]. In nanopellet
form, these materials are further strengthened by
increased  surface  area, improved  grain
connectivity, and enhanced exposure of active sites,
which makes them attractive for multifunctional

nanotechnology applications.

Several concepts dominate the literature on ZnO—

SnO: systems, including heterojunction theory,
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depletion-layer modulation, surface adsorption
kinetics, and band gap engineering. The n-—n
junction mechanism is commonly cited to explain
improved carrier transfer across the interface, while
Tauc analysis is widely used to estimate optical
band gaps from UV-Vis data. Despite this
progress, the literature still contains gaps and
inconsistencies [14], [15]. Many studies report
qualitative ~ improvements  without sufficient
quantitative comparison between single-oxide and
composite systems, and some do not provide clear
links between morphology, band structure, and
application performance. In addition, there is
limited agreement on the influence of composition
ratio, particle aggregation, and interfacial contact
on final device behaviour. These issues indicate the
need for more systematic studies that combine
structural, optical, and functional analysis within a

single experimental framework.

3. Methodology

In this study, ZnO, SnO; and ZnO-SnO:
nanopellets were synthesised via a controlled co-
precipitation route using zinc and tin precursors,
followed by washing, drying, and calcination at

500 °C for 3 h to achieve phase-pure and
crystalline nanopellets. This study adopts a
comparative experimental design to evaluate ZnO,
SnO:2 and ZnO-SnO: nanopellets across structural,
optical and application-specific performance.
Zn0O/Sn0: heterostructures are commonly prepared
by co-precipitation, sol—gel, hydrothermal or green
routes, followed by characterisation using XRD,
FTIR, SEM/TEM/EDS, UV-Vis, PL and BET

analysis.
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Figure 1. Experimental workflow of nanopellet

synthesis

3.2 System architecture

The system is organised into six sequential modules:
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3.1 Research design

The research is structured around three reference
conditions: pure ZnO, pure SnO:, and ZnO—SnO:
composite nanopellets. The control samples
establish baseline structural and optical behaviour,
while the composite samples are used to examine
For

should be

heterojunction-driven  enhancement.

reproducibility, each formulation
prepared in triplicate and measured under identical
processing conditions. Comparative analysis is then
carried out on crystallite size, phase purity, surface
morphology, optical band gap and functional
response. The use of ZnO-SnO. systems for
comparative evaluation is well established in

photocatalytic and sensing studies as in Figure 1.

The architecture is designed to link synthesis

conditions

Table 1. System Architecture of ZnO-SnQO: Nanopellet Methodology

Module Function Output
Stoichiometric Homogeneous
Precursor .. .
. mixing of zinc and precursor
preparation - .
tin salts solution
Controlled
. . ZnO,
Nucleation and reaction under no San o
composite
growth selected
nanopellets
temperature/pH
Washi .
T Y asiie, Residue-free
Purification centrifugation and 4
drying powder
. Pressi d D
Pellet formation resglng'an ense
calcination nanopellets
XRD, SEM, TEM, Structural and
L . ructural an
Characterisation FTIR, UV-Vis, o ticalll dataset
BET P
Gas sensing / .
oy . g Functional
Application testing photocatalysis /
performance data
other tests

directly with microstructural

and
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application-level outputs, which is consistent with

published Zn0O/Sn0O- nanoparticle and

heterostructure studies as shown Table 1.

3.3 Data collection methods and dataset

processing

The dataset used in this study comprises

experimentally obtained structural, morphological,
compositional, optical, and functional
measurements derived from ZnO, SnO-, and ZnO—
SnO: nanopellets. Data are collected using standard
characterisation  techniques,

diffraction (XRD),

including  X-ray
scanning and transmission
electron (SEM/TEM),

microscopy energy

dispersive spectroscopy (EDS), Fourier transform
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spectroscopy. Functional performance data are
obtained from photocatalytic degradation and gas

sensing experiments.

The data acquisition procedures, processing
methods, and extracted parameters are summarised
in Table 2. Raw experimental data are processed
through baseline correction, noise filtering, and
normalisation  to  ensure  accuracy  and
reproducibility. XRD patterns are analysed for
phase identification and crystallite size estimation,
while UV—Vis data are used to determine optical
band gap energy. In addition, functional datasets
are evaluated using standard kinetic and response
models to quantify photocatalytic efficiency and

gas sensing performance.

infrared spectroscopy (FTIR), and UV-Vis
Table 2. Data Collection and Processing Techniques
Extracted Dataset
Data Type Instrument / Method Processing Technique Xtracted Datase
Parameter
Baseli ti k Phase identificati
X-ray Diffraction (XRD) Diffractometer ase m? cor.rec 19n, bed ase 1den.1 1c.a 1ot
fitting, indexing crystallite size
S%‘anning Electron SEM imaging Imgge scaling, particle Surface r.rlor;?hology,
Microscopy (SEM) size measurement grain size
T ission Electr L . . . Internal structure,
rar}sm1551on eetron TEM imaging Lattice fringe analysis rernats ) c ©
Microscopy (TEM) crystallinity
HCIEY LIspersive Elemental analysis Spectral quantification Elemental composition
Spectroscopy (EDS)
Fourier Transform FTIR spectrosco Peak identification Functional groups,
Infrared (FTIR) P Py bonding
UV-Vis Spectroscopy Diffuse reflectance Tauc plot analysis Optical band gap
tration—ti Degradation effici
1Photocatalytic testing Dye degradation method Concentra IQH e cgradation eTHCIEnCy,
analysis rate constant
. . . R = Sensitivity,
Gas sensing analysis Resistance measurement esponse re.:covery enst 1v1'y FeSponse
evaluation time

All experimental datasets are subjected to standard

preprocessing  techniques such as baseline
correction, noise reduction, and normalisation to
ensure accuracy and reproducibility in subsequent

analysis.

3.4 Sample selection

126

Pure ZnO and pure SnO: are selected as reference
samples. Composite samples should be chosen
across the composition range so that the influence
of phase ratio on performance can be examined
systematically. A practical set is: 100:0, 75:25,
50:50, 25:75 and 0:100. This allows direct
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comparison of the property transition from single-
oxide to heterostructured behaviour. Samples
showing poor pellet integrity, severe agglomeration
or phase contamination should be excluded from

the final analysis.
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The sample selection criteria and compositional

variations used for analysis are presented in Table

3.

Table 3. Sample Selection and Composition Ratios

1
Sa;Ill)p ) Zn0O (%) Sn0O: (%) Description

S1 100 0 Pure ZnO
nanopellet

52 » 25 ZnO-rich composite

S3 50 50 Equal composition
composite

S4 25 75 Sn02-r1?h
composite

S5 0 100 Pure SnO:
nanopellet

These samples are subsequently subjected to
identical synthesis and characterisation conditions
to ensure consistency in comparative analysis

across all compositions.

3.5 Data analysis techniques

Structural analysis is performed by comparing

diffraction peak positions, relative intensities and

line broadening. Morphological analysis is
conducted from SEM/TEM images using particle-
size histograms. Optical analysis is based on band-
edge shifts and absorption onset. For photocatalytic
studies, degradation efficiency and reaction kinetics
are extracted from concentration—time data;
pseudo-first-order kinetics are commonly used for

Zn0O/SnO: composites.

For gas-sensing experiments, resistance is
measured in air and in target gas atmospheres, and
response/recovery times are recorded at 90% of the

total resistance change. This resistance-ratio

127

convention is standard in oxide-based sensor

studies.
3.6 Mathematical modelling

The following models are used to quantify the

observed behaviour:

_ _KA
Pcos 6

)

where D is crystallite size, K is the shape factor, 4
is X-ray wavelength, f is the full width at half
maximum, and 6 is the Bragg angle. This is the
Scherrer equation routinely applied in ZnO/SnO-

diffraction analysis.

A

d= @

2sin 6

This is used to determine interplanar spacing from

the XRD peak position.

(@amv)n=A(hv—Ez)  (3)
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where Ej is the optical band gap, A is a constant,
and n depends on the transition type. The linear
portion of the Tauc plot is used to estimate E4 from
UV-Vis data.

C =

C c
n(%) = © ¢x100In () = kt
Co Ce

Q)

where Co and C: are the initial and time-dependent
concentrations, and k is the apparent rate constant.
These expressions are used for photocatalytic

degradation analysis.
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Ra

S=—
Ry

)

where R, is the resistance in air and Ry is the
resistance in the target gas. Response and recovery

times are determined from the time required to
reach 90% of the full resistance change.

The mathematical formulations used for analysing
structural, optical, and functional properties are
consolidated in Table 4, ensuring consistency
between experimental observations and theoretical

interpretation.

Table 4. Summary of Mathematical Models Used

Output
Model / Equati Applicati
odel / Equation pplication Parameter
Scherrer Equation XRD analysis Crystallite size
. Interpl
Bragg’s Law XRD analysis 8 erp.anar
spacing
Tauc Relation Optical analysis Band gap energy
Ph lytic Effici . D i
otocata ytlc. iciency Photocatalysis egradatlon
Equation efficiency (%)
. . . Reacti
First-order Kinetics Model Photocatalysis caction rate
constant (k)
Sensor Response Ratio Gas sensing Sensitivity (S)
Response/Recovery Time Gas sensing Dynaml.c
Model response time
4. Results crystallinity are important because ZnO is

Characteristic peaks at 20 =~ 31.7°, 34.4°, and 36.2°
confirm ZnO wurtzite phase, while peaks at = 26.6°
and 33.9° correspond to SnO: rutile structure. In

ZnO-based photocatalysts, phase integrity and

128

intrinsically active but still limited by restricted
visible-light response and rapid electron—hole

recombination. Heterostructure construction 1is

widely reported to mitigate these limitations.
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Figure 2. XRD patterns of ZnO, SnO: and ZnO-SnO: nanopellets showing phase evolution and peak

broadening

SEM and TEM micrographs reveal the pellet morphology, particle connectivity, and interfacial contact between
the two oxides. The composite sample shows a more continuous interface compared with the single-phase

samples, indicating improved interfacial contact and particle connectivity as shown in Figure 3.

Nanopellet Matrix

}: ¥ Interfacial

contact
Aggregation state Surface texture Interfaial contact
Figure 3. SEM/TEM micrographs of Nanopellets
UV-Vis analysis reveals a clear shift in the optical band gap for the composite confirms the influence
absorption edge of the ZnO-SnO: composite of interfacial electronic  interaction  and
relative to the individual oxides. The estimated heterojunction formation. This band gap narrowing
optical band gap values, obtained from Tauc plot facilitates enhanced visible-light absorption and
extrapolation (Figure 4), are approximately 3.08 eV improved charge carrier separation compared with

for ZnO, 3.60 eV for SnO:, and 2.78 eV for the the single-phase materials.

ZnO-SnO: composite. The observed reduction in
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Figure 4. UV-Vis spectra and Tauc plot for band gaps

The linear extrapolation of the Tauc plots confirms
the band gap reduction in the composite, indicating
effective electronic interaction at the ZnO-SnO:

interface.

For  photocatalytic =~ evaluation,  degradation

efficiency is obtained from the concentration
change of the dye solution:

Ct

C_
(%) = = "t x 100

Co

(6)

where Co is the initial concentration and C: is the
concentration at time t. The degradation curves
should be fitted with the pseudo-first-order kinetic

expression:

Co

1 =k 7
n(CR t )

where k is the apparent rate constant. In ZnO/SnO:

heterostructures, enhanced photocatalytic
performance is generally attributed to band-offset-

driven charge separation and reduced electron—hole

130

recombination. This mechanism has been
repeatedly reported for SnO»/ZnO systems and
rate of the

explains the higher degradation

composite compared with the individual oxides.

For gas-sensing analysis, sensor response is

evaluated using:

®)

where Rq is the resistance in air and Ry is the

resistance in the target gas. The ZnO/SnO:
heterostructure is expected to show a higher
response than the single phases because the n—n
junction modifies the depletion layer, increases the
effective  barrier modulation, and provides
additional active sites for gas adsorption. Published
Zn0O/Sn0O: sensors have demonstrated response
enhancement, faster response time, and improved

selectivity for low-ppm gases.
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Table S. Summary of key experimental trends in ZnO, SnO: and ZnO-SnO: nanopellets

Band Gap Performance
S 1 Morphol
ample V) orphology Trend
Zn0O 3.08 Smooth particles Moderate
SnO: 3.6 Dense grains Low
P
Composite 2.78 ) orous High
interconnected

The trends summarised in Table 5 are consistent

with  established ZnO/SnO: heterostructure

behaviour, where interfacial coupling enhances
photoinduced carrier separation and improves gas-

sensing performance through depletion-layer

modulation. The results confirm that ZnO-SnO:

nanopellets  function as a multifunctional

nanomaterial platform. Compared with the single-
oxide samples, the composite exhibits improved
crystallographic integration, more efficient charge

transport, and  enhanced  application-level

performance. These observations are consistent

with prior reports demonstrating that ZnO

heterostructures mitigate electron—hole

recombination in photocatalysis, while ZnO/SnO-

interfaces enhance sensing response through

heterojunction-controlled carrier dynamics.
S. Discussion

The results demonstrate that the ZnO-SnO:

nanopellets exhibit clear heterostructure-driven
behaviour

across morphological

SEM/TEM observations

and optical
characteristics. indicate
improved interfacial contact and a more porous
surface structure in the composite compared with
the single-phase materials, which is beneficial for
surface-dependent processes [16], [17]. The optical
analysis further supports this behaviour, with the

composite showing a reduced band gap of 2.78 eV

131

relative to ZnO (3.08 eV) and SnO: (3.60 eV). This
band gap narrowing reflects effective interfacial
coupling and modification of the -electronic
structure, which facilitates improved light
absorption and promotes more efficient charge

carrier separation.

These findings are consistent with established
ZnO/SnO- heterostructure studies reported in the
literature [18], [19]. Previous work has shown that
the formation of an n—n junction between ZnO and
SnO: enhances charge transfer across the interface,
reduces electron—hole recombination, and improves
functional performance in photocatalytic and
sensing applications. The observed shift in the
absorption edge and improved morphological
connectivity align with reported behaviour of
mixed-oxide nanopellet systems, confirming that
the dual-phase architecture contributes to enhanced
interfacial individual

activity compared with

oxides.

From an application perspective, the ZnO—-SnO-
nanopellet system demonstrates strong potential as
a multifunctional material platform, particularly in
gas sensing and photocatalysis where surface

reactivity and charge transport are critical

[20]. However, the study has certain limitations.
The absence of long-term stability analysis, cyclic

performance evaluation, and detailed selectivity
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studies restricts a comprehensive assessment of
practical applicability. Future work should
therefore focus on durability testing, optimisation
of composition ratios, and systematic evaluation of
response—recovery characteristics to establish the

reliability and scalability of the material system.
6. Conclusion

This study demonstrates that ZnO-SnO:
nanopellets form a stable heterostructured system
with improved structural integration and tunable
optical properties. The composite exhibits a
reduced optical band gap (2.78 eV) compared with
ZnO (3.08 eV) and SnO: (3.60 eV), confirming the
role of interfacial coupling in modifying the
electronic structure and enhancing light absorption.
Morphological analysis indicates improved particle
connectivity and surface characteristics, which are
favourable for surface-driven processes. These
findings establish the ZnO-SnO: system as an
effective multifunctional nanomaterial platform
with relevance to photocatalytic and gas-sensing
applications, contributing to the understanding of
oxide heterostructure behaviour in modern
nanotechnology. Further research should focus on
optimising composition ratios, evaluating long-
term stability, and conducting detailed performance
testing under realistic operating conditions to

support practical implementation.
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