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SnO2 nanoparticles for surface-
enhanced Raman scattering applications

P. Surya Lakshmi,†a B. Mohanarao,†a P. Babuji,a P. V. Prakash Madduri,b L. Jyothi,c

G. Krishna Podagatlapalli, a K. H. Chae, d G. S. Change and V. Saikiran *a

This study reports the synthesis of phase-pure SnO2 nanoparticles using a sol–gel-assisted method and

thermal annealing at 800 and 900 °C to optimize their structural and surface properties for non-

plasmonic semiconductor-based surface-enhanced Raman scattering (SERS) applications.

Comprehensive characterization using X-ray diffraction with Rietveld refinement, high-resolution

electron microscopy, and X-ray photo electron spectroscopy confirmed the enhanced crystallinity,

spherical morphology, and controlled generation of oxygen vacancies, particularly when annealed at

800 °C. These vacancies were found to play a critical role in facilitating charge transfer, which is the

dominant enhancement mechanism in semiconductor-based SERS. Raman spectroscopy verified

phonon activation and lattice coherence in post-annealed SnO2 nanoparticles, while SERS using Nile

blue as the analyte demonstrated strong signal enhancement with an estimated enhancement factor of

3.95 × 103 and a detection limit down to 10−6 mol L−1. The substrate exhibited high spectral

reproducibility and minimal fluorescence interference, even at low analyte concentrations. Notably, this

performance was achieved without the use of noble metals or dopants, highlighting the effectiveness of

defect engineering via thermal treatment. These findings establish thermally optimized SnO2 as a robust,

scalable, and cost-effective SERS platform, offering promising potential for chemical and biosensing

applications.
1. Introduction

Surface-enhanced Raman scattering (SERS) has signicantly
advanced analytical and materials sciences by enabling ultra-
sensitive, non-destructive, and label-free molecular detection
across diverse applications, including biosensors, environ-
mental monitoring, food safety, and clinical diagnostics.1–3

Traditionally, the remarkable enhancement of Raman signals
in SERS has been attributed to plasmonic nanostructures,
typically composed of noble metals, such as Au, Ag, and Cu,
which exhibit strong localized surface plasmon resonances
upon optical excitation.4 This enhancement primarily arises
from the intense electromagnetic elds concentrated near the
surface of metal nanostructures, creating “hot spots” that
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amplify the Raman signals of nearby molecules by several
orders of magnitude. Despite these remarkable properties,
plasmonic SERS materials suffer from numerous drawbacks
that limit their scalability and applications.5 The fabrication of
plasmonic nanostructures typically involves sophisticated,
multi-step processes and expensive raw materials.6 Further-
more, plasmonic nanostructures are prone to oxidation,
agglomeration, and poor reproducibility under ambient condi-
tions, compromising their stability and long-term perfor-
mance.7 Due to these issues with metal-based SERS, particularly
where large-scale production and cost-efficiency are critical,
semiconducting-based SERS is emerging as an alternative
method. To address these limitations, semiconductor mate-
rials, particularly metal oxides, have emerged as promising,
cost-effective alternatives to plasmonic SERS-active
materials.8–11 Among them, tin dioxide (SnO2), a wide bandgap
n-type semiconductor, has demonstrated considerable poten-
tial due to its low cost, strong stability, non-toxic nature, and
rich surface defect structures.12,13 Additionally, SnO2 nano-
structures can be synthesized with controlledmorphologies and
crystallite sizes using simple, scalable methods, making them
appealing candidates for next-generation SERS platforms.14–16

Unlike plasmonic materials, the enhancement mechanisms
in semiconductor-based SERS are primarily governed by charge
transfer (CT) and defect-assisted effects.17 In metal oxides,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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photo-induced electron transfer between the semiconductor
active material and analyte molecule, along with surface defects
such as oxygen vacancies, plays a crucial role in SERS signal
amplication.18 The morphology and crystalline properties of
the semiconductor, including particle size, surface area, defect
density, and exposed crystal planes, profoundly inuence the
density of the available sites for molecule adsorption and CT
efficiency.19 This is particularly pronounced in SnO2 nano-
particles (NPs), where the abundant surface defects and under-
coordinated sites create numerous localized states within the
bandgap, enhancing their interaction with analyte molecules.20

Furthermore, the dimensions and morphology of the SnO2 NPs
affect light absorption, carrier recombination, and photo-
induced charges, all of which contribute to the SERS
performance.21

The application of SnO2 NPs as an SERS-active material is
particularly promising for the sensitive and selective detection
of small molecules with analytical and clinical signicance,
which strongly depends on their interaction with the SERS
active surface. The defects and oxygen vacancies present enable
effective signal amplication.22 Therefore, tailoring the
morphology, crystallite size, and defect structures of semi-
conductor NPs to optimize their SERS activity holds great
potential for developing high-sensitivity biosensors and
analytical platforms.23 It is equally important to understand the
fundamental enhancement mechanisms to improve the mate-
rial properties and expand their applicability to a broader range
of small molecules in healthcare, environmental monitoring,
and food safety diagnostics.24 Over the past few years, SnO2

nanomaterials (NPs, nanotubes, nanoribbons, etc.) have been
synthesized using various methods, such as electrochemical
synthesis,25 chemical vapour deposition,26,27 solution phase
growth,28 and sputtering.29 Additionally, many nanocomposite
materials are prepared using SnO2, carbon nanotubes and other
oxides.30–32 In general, all these methods follow the synthesis of
SnO2 NPs and are used for sensing and other applications.
SERS-based applications were not explored with SnO2 NPs,
which possess more oxygen-related defects and vacancies suit-
able for CT-based SERS enhancements.

The present study investigates the synthesis of SnO2 semi-
conducting oxide NPs and their utilization as SERS-active
materials, focusing on their synthesis, structural characteriza-
tion, defect states, and enhancement mechanisms for SERS. It
examines how sample preparation conditions inuence
morphology, crystallite size, and defect formation and how
these factors collectively affect the SERS performance. Ulti-
mately, this study underscores the potential of SnO2 NPs as
scalable, chemically robust, and cost-effective platforms for
label-free and non-invasive sensing applications.
2. Experimental details
2.1 Materials and reagents

To prepare SnO2 NPs, tin chloride (SnCl4) was used as the
precursor, and an ammonia solution (NH4OH) served as the
precipitating agent. All chemicals were of analytical grade and
© 2026 The Author(s). Published by the Royal Society of Chemistry
used without further purication. Distilled water was used
throughout the synthesis process.

2.2 Synthesis of SnO2 nanoparticles

SnO2 NPs were synthesized using a sol–gel-assisted precipita-
tion method under ambient conditions. Initially, 0.5 mL of
SnCl4 was dissolved in 43.37 mL of distilled water under
vigorous stirring to obtain a clear 0.1 M solution. The solution
was sonicated for 40 minutes using a bath sonicator to disperse
any precursor clusters and promote homogenous nucleation.
Following complete dissolution, NH4OH was added dropwise to
the solution under continuous stirring at 400 rpm and was
maintained at 100 °C. The addition continued until a persistent
white, cloudy precipitate was formed, indicating complete
precipitation. The pH was adjusted accordingly during this
process to ensure complete conversion. Aer precipitation, the
mixture was stirred for an additional 20 minutes to facilitate
homogenous particle formation. The resulting suspension was
sonicated again for 40 minutes to break up the agglomerates
and then le undisturbed for 12 hours to allow for sedimenta-
tion. The sediments were collected by vacuum ltration, thor-
oughly washed with distilled water and acetone to remove
impurities and residual ions, and dried in a hot air oven at 100 °
C for 2 hours. Fig. S1 illustrates the sol–gel-assisted precipita-
tion synthesis route.

2.3 Post-annealing treatment

The as-prepared SnO2 powder is tested using thermogravimetric
analysis (TGA) in a N2 environment using equipment model
TGA-DSC Hitachi STA 7300. The plot is shown in the SI (Fig. S2).
From this gure, it is observed that at initial temperatures in the
range (0 to 200 °C), the weight loss is sharp, and this indicates
that the solvents are reduced and surface hydroxy groups are
removed from the initially formed as-prepared SnO2 products.
With an increase in temperature, the weight loss is moderate,
and the SnO2 crystalline phase is observed. At high tempera-
tures, SnO2 is observed to be more stable and suitable for the
grain growth of SnO2 NPs. Additionally, previously reported
synthesis of annealing temperatures suggests that temperatures
beyond 700 °C are more suitable for phase stable SnO2 NP
synthesis.25,28 To investigate the effects of thermal treatment on
the structure and physical properties of SnO2 NPs, the dried
powders were divided into three batches:

� A1: pristine (as-prepared) samples without further
treatment.

� A2: samples annealed at 800 °C for 2 hours in a tubular
furnace.

� A3: samples annealed at 900 °C for 2 hours under identical
conditions.

All the annealed samples were cooled naturally to room
temperature.

2.4 Sample characterization

The structural properties of SnO2 NPs were investigated using X-
ray diffraction (XRD) with Cu-Ka radiation (l = 0.15406 nm)
(model: Bruker D8) over a 2q range of 20–80° at a scanning rate
RSC Adv., 2026, 16, 21740–21755 | 21741

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08335d


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 4
:0

5:
56

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
of 0.02° s−1. Crystallite sizes were estimated using the Halder–
Wagner approximation.33–35 The morphology and crystallite size
were examined using eld-emission scanning electron micros-
copy (FESEM) (instrument model: Carl ZEISS Ultra55) and
transmission electron microscopy (TEM) (instrument model:
FEI Technai F20). X-ray photoelectron spectroscopy (XPS)
(instrument model: Thermo Scientic UK Ka source) was
employed to determine the chemical composition and oxida-
tion states. Defect states were further investigated using near-
edge X-ray absorption ne structure (NEXAFS) spectroscopy. O
K-edge NEXAFS spectra were recorded at the 10D HR XAS KIST
beamline of the Pohang Light Source in the Republic of Korea.
All NEXAFS spectra were measured in the total electron yield
(TEY) mode. The spectra were intensity-normalized to the
incoming photon ux, as recorded by an Au mesh. The detailed
procedures for data acquisition, calibration, and normalization
are described elsewhere.36 Raman and SERS measurements
were conducted to assess the enhancement mechanisms and
sensor properties. Raman measurements were performed using
the HR 800 Horiba Jobin Yvon spectrometer with an excitation
wavelength of 633 nm.
2.5 SERS measurements

For SERS measurements, SnO2 NPs were rst prepared as a lm
on a Si substrate by dispersing SnO2 NP (10 mg) powder in
a suitable amount of isopropanol, and then the solution was
ultrasonicated for 10–20 min to avoid agglomeration. Subse-
quently, the solution is deposited on Si substrates using the
spin coatingmethod to obtain a uniform lm (∼40 mL volume of
the SnO2 NP solution is used at 2000 rpm for 35 s). The lms
were dried in an oven at 70 °C overnight and used as SERS
substrates. For SERS signal analysis, a WITec alpha300 modular
confocal Raman microscope with an excitation wavelength of
532 nm is used. The analyte solution was prepared by sequen-
tially diluting the stock solutions in acetone.∼10 mL of Nile blue
(NB) analyte solution at various concentrations was drop-cast
onto the substrate prepared with SnO2 NPs and dried under
ambient conditions prior to SERS measurements. To prevent
photo thermal damage, the laser power was maintained at ∼5%
during data acquisition.
3. Results and discussion

The powder XRD patterns of the synthesized SnO2 NPs are
presented in Fig. 1(A), providing crucial insights into their
structural evolution under thermal treatment and laying the
foundation for understanding their optical and SERS charac-
teristics. All three samples, A1 (as prepared), A2 (annealed at
800 °C), and A3 (annealed at 900 °C), exhibit diffraction peaks
consistent with the tetragonal rutile phase of SnO2 (space
group: P42/mnm, JCPDS No. 41-1445). Prominent diffraction
peaks at 2q z 26.6°, 33.9°, 37.9°, 51.7°, and 65.9° due to (110),
(101), (200), (211), and (301) Bragg reection, respectively,
conrm phase purity with no detectable secondary phases even
aer high-temperature annealing.
21742 | RSC Adv., 2026, 16, 21740–21755
The XRD prole of the as-prepared sample (A1) shows broad
and low-intensity peaks, indicating ultra-small crystallite sizes
and signicant microstrain, which is typical of sol–gel or
hydrothermally synthesized oxide NPs.37 Upon annealing at
800 °C (A2) and 900 °C (A3), the diffraction peaks become
sharper andmore intense, while the full width at half maximum
(FWHM) decreases. This reects enhanced crystallinity, grain
growth, and a reduced defect concentration. This trend is
consistent with previous studies on sol–gel-derived SnO2, where
post-annealing leads to recrystallization, strain relaxation, and
the growth of energetically favourable crystal facets.38 More
importantly, this grain growth alters the surface-to-volume
ratio, electronic structure, and oxygen vacancy dynamics,
factors that are central to SERS performance. At the atomic
scale, thermal energy promotes lattice rearrangement, which
reduces local defects and compressive stress, resulting in more
coherent SnO6 octahedra. However, the complete elimination of
defects is neither observed nor desirable. Annealing at 800 °C
appears to provide an optimal balance between improved
crystallinity and the retention of benecial oxygen vacancies,
which are known to facilitate CT processes in non-plasmonic
SERS substrates.39

In the context of SERS, structural renement by post-
annealing plays a dual role: it ensures a stable scaffold for
molecular adsorption and preserves localized defect domains
that support electron–hole separation and transfer. Previous
studies on defect-engineered oxides, such as WO3 and TiO2,
support this paradigm, demonstrating that moderate structural
disorder coupled with crystalline coherence enhances analyte–
substrate interactions.40,41 Moreover, comparative analyses with
Ag or Fe-doped SnO2 systems reveal that crystallite size alone
does not dictate SERS activity.42,43 Instead, it is the interplay
between particle size, concentration of oxygen vacancy, and
surface chemistry that determines enhancement. Among the
samples studied, A2 (annealed at 800 °C) appears to achieve this
delicate balance most effectively.

Finally, the absence of extraneous peaks or phase segrega-
tion in any XRD proles conrms the homogeneity of the
synthesized materials, a key requirement for reproducible SERS
sensing. Variations in crystallinity or impurity content are
known to cause signal uctuations and batch-to-batch incon-
sistency, which remain major drawbacks in plasmonic SERS
platforms. Table 1 summarizes the crystallite size and lattice
strain of SnO2 NPs aer annealing.

Rietveld renement of the XRD pattern provides denitive
structural validation in the annealed SnO2 NPs (Fig. 1(B)). The
rened model shows excellent agreement between the experi-
mental and calculated patterns, as evidenced by the close
overlap of Bragg proles and the minimal residuals. This
conrms the presence of a long-range crystalline order and
suggests minimal instrumental or microstructural distortions.
The crystallite size and strain can be determined using average
size-strain (ASS) plots, which are constructed using the Halder–
Wagner (HW) approximation based on the Rietveld renement
of the XRD patterns.34 Crystallite sizes, computed using the ASS
plots [Fig. 1(C)] for A2 and A3, indicate that crystallite size
increases from 13 (±2) nm (A2) to 19 (±2) nm (A3), signifying
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) XRD patterns of the as-prepared (A1) and post-annealed (A2 and A3) SnO2 NPs, showing peak sharpening and crystallite growth with
annealing, (B) Rietveld-refined XRD pattern confirming the tetragonal rutile structure of SnO2 for A2, and (C) average size-strain Halder–Wagner

plot to determine the volume-weightedmean crystallite size (d) for A2. Here, b*hkl ¼
bhkl cosðqÞ

l
; d*hkl ¼

2dhkl sinðqÞ
l

; bhkl and dhkl represents the

broadening of the hkl plane and the corresponding crystallite size from the hkl plane, respectively. Inset of (C) shows the visualized refined unit

cell of SnO2.
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a thermally activated Ostwald ripening process. As expected, an
increase in crystallite size reduces lattice strain. The obtained
lattice constants a = b = 4.7376 Å and c = 3.1867 Å are in
excellent agreement with the reported values for bulk tetragonal
rutile SnO2, demonstrating the preservation of crystallographic
integrity even aer high-temperature annealing.44 The inset of
(C) indicates the visualized rened unit cell of SnO2 obtained
from VESTA. Table S1 presents the parameters obtained from
Rietveld renement. This structural stability is important for
maintaining consistent surface-active sites, which are essential
for reproducible SERS sensing. In contrast, plasmonic
Table 1 Crystallite size and lattice strain of SnO2 NPs after annealing

Sample name Crystallite size (nm) Lattice paramete

A1 — a = b = 4.730
c = 3.2060

A2 13 � 2 a = b = 4.7376
c = 3.1867

A3 19 � 2 a = b = 4.7173
c = 3.1757

© 2026 The Author(s). Published by the Royal Society of Chemistry
materials, like Ag or Cu NPs, oen suffer from oxidation, sin-
tering, or phase instability under similar thermal conditions.
Notably, the renement shows no sign of lattice splitting, peak
asymmetry, or intensity anomalies that would indicate the
presence of sub-phases, such as SnO or Sn3O4. The absence of
these intermediate oxide phases is critical, as they possess
distinct electronic and chemical properties that can disrupt
uniform CT pathways and compromise SERS signal consis-
tency. This structural purity enhances the reliability of mole-
cule–substrate interactions, particularly in systems where
rs (Å) Lattice strain Dislocation density (1015 m−2)

3.9 × 10−2 —

11.18 × 10−4 5.92

9.11 × 10−5 2.77

RSC Adv., 2026, 16, 21740–21755 | 21743
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defect-mediated CT is the dominant enhancement
mechanism.45

Although the lattice parameters remain within the bulk
range, subtle variations in unit cell volume may reect oxygen
non-stoichiometry or strain effects induced by point defects. In
SnO2 systems, even trace concentrations of oxygen vacancies
can lead to measurable lattice distortions due to changes in
electrostatic repulsion and local relaxation of the Sn–O frame-
work. These vacancies, particularly when located near the
surface, play a direct role inmediating CT between the substrate
and adsorbed analytes, an essential process in non-plasmonic
SERS.46

The structural order revealed by Rietveld renement also
contributes to a uniform electric eld distribution across the
substrate, which is vital for reproducible SERS signals. Prior
studies on TiO2- and ZnO-based SERS platforms have shown
that even minor phase inhomogeneities can localize electric
elds or disrupt energy alignment at the semiconductor–
molecule interface, thereby reducing the effective cross-section
for Raman enhancement.45 In this context, the phase-pure,
single-crystalline domains conrmed using renement mini-
mize such inconsistencies and optimize analyte interaction
zones.

It is also worth noting that while the renement conrms
crystallographic uniformity, it does not rule out the presence of
point defects, such as oxygen vacancies, which are, in fact,
desirable in semiconductor-based SERS. This makes Rietveld
renement a complementary tool: it validates the structural
framework while encouraging further defect-specic investiga-
tions through spectroscopic techniques, such as XPS and
NEXAFS. In this study, these methods collectively conrm the
presence of such defects in a controlled and benecial form.

Additionally, the narrow FWHM of the Bragg peaks, accu-
rately tted during renement, indicates low dislocation
density, a microstructural feature that reduces carrier scattering
and enhances surface reactivity. In summary, Rietveld rene-
ment conrms that the annealed SnO2 NPs are structurally
robust, phase-pure, and highly crystalline, making them ideal
candidates for CT-dominated SERS applications. This result is
further supported by consistent results from electron micros-
copy, surface spectroscopy, and functional Raman
performance.

The FESEM images presented in Fig. 2 show the morpho-
logical evolution of SnO2 NPs as a function of annealing
temperature. Morphology plays a pivotal role in the perfor-
mance of SERS-active substrates, particularly in non-plasmonic
systems where surface area, adsorption affinity, and analyte–
substrate interaction dynamics are critical to signal enhance-
ment. In the as-prepared sample (A1, Fig. 2(A) and (B)), the
particles appear loosely aggregated with indistinct boundaries
and a porous, irregular surface topography. These features are
characteristics of sol–gel-derived oxides prior to calcination and
reect incomplete crystallization, along with a high density of
surface hydroxyl groups and adsorbed by-products.47 This
morphology is consistent with the broad XRD peaks observed
for sample A1, as depicted in Fig. 1, suggesting the presence of
21744 | RSC Adv., 2026, 16, 21740–21755
nanocrystallites embedded within amorphous or semi-
crystalline domains.

Upon post-annealing at 800 °C (A2, Fig. 2(C) and (D)),
a signicant morphological transformation is observed. The
NPs become more spherical and compact, with reduced
agglomeration. This transformation indicates improved inter-
particle sintering and recrystallization driven by thermally
activated diffusion. The quasi-spherical morphology correlates
with enhanced crystallinity and rened lattice dimensions, as
conrmed by the Rietveld renement in Fig. 1(B), suggesting
that thermal treatment not only induces crystal growth but also
drives the particle surface toward energetically favourable
congurations. Further annealing at 900 °C (A3, Fig. 2(E)) leads
to moderate grain coalescence. Although the particles remain
nanosized, they exhibit neck formation, indicating the onset of
particle fusion. Although crystallite size continues to increase
(as supported by XRD), excessive thermal exposure may reduce
surface-active sites due to decreased surface area and poten-
tially lower defect concentration, a trade-off that can adversely
impact SERS performance. This observation aligns with recent
studies, showing that optimal SERS activity is achieved not at
the highest crystallinity but at an intermediate regime where
surface area and defect density are simultaneously optimized.48

Fig. S3 presents the size distribution histograms estimated from
the FESEM images of the SnO2 NP samples. This indicates the
growth of SnO2 NPs with an increase in annealing temperature.

The FESEM ndings are strongly supported by the local
coordination distortions observed in NEXAFS (Fig. 6) and the
increased oxygen vacancy density in XPS (Fig. 5). Notably, the
sample annealed at 800 °C (A2) exhibits the most uniform
morphology, the highest density of SERS-relevant oxygen
defects, and the most balanced structural order, a combination
that is critical for efficient CT between the substrate and analyte
molecules. Morphological homogeneity at the nanoscale also
contributes directly to SERS signal uniformity. Variations in
particle size and surface roughness, typical of unoptimized
metal oxide substrates, oen lead to spatially heterogeneous
enhancement, limiting the practical applicability of SERS
substrates in real-world sensing.49 In contrast, the SnO2 NPs
synthesized here exhibit morphology control comparable to
mesoporous TiO2 and hierarchical ZnO systems, but with
greater thermal stability and a simpler synthesis route.50,51

High-resolution imaging is complemented by Energy
Dispersive X-ray Spectroscopy (EDS) analysis (Fig. 2(F)), which
conrms the presence of Sn and O in the expected 1 : 2 stoi-
chiometry. The absence of extraneous elements, such as
residual chloride, organic contaminants, or metal dopants,
validates the effectiveness of the washing, drying, and calcina-
tion steps. This chemical purity is essential, as even trace
surface impurities can act as competitive adsorption centers,
diminishing the specicity and reproducibility of SERS signals.
Additionally, the spherical particle morphology observed in
annealed samples is advantageous for analyte molecule
immobilization and surface coverage. Unlike faceted or sharp-
edged nanocrystals, which can induce selective site adsorp-
tion or steric hindrance, spherical particles offer uniform
curvature that promotes isotropic molecular binding,
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08335d


Fig. 2 FESEM micrographs of SnO2 NPs: (A and B) as-prepared (A1), (C and D) annealed at 800 °C (A2), (E) annealed at 900 °C (A3), and (F) EDS
spectrum of the A2 sample, confirming elemental composition.
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enhancing spectral reproducibility. This is further supported by
consistent Raman intensities recorded across multiple SERS
measurements (Fig. 8), with the sample annealed at 800 °C (A2)
showing stable enhancement with minimal spectral dri. From
a materials design perspective, the observed morphological
evolution underscores the strategic thermal tuning in SnO2-
based SERS platforms. Previous studies on Fe- and Mn-doped
SnO2 have shown that even modest changes in grain
morphology can signicantly affect surface charge density and
electron trap distribution, which are parameters that directly
inuence CT efficiency.52 In this study, annealing at 800 °C
appears to optimize both surface area and defect engineering,
resulting in a morphology that supports superior SERS
performance.

The TEM provides high-resolution insight into the
morphology, crystallinity, and size distribution of SnO2 NPs,
complementing the surface-level observations obtained by
© 2026 The Author(s). Published by the Royal Society of Chemistry
FESEM. Fig. 3(A) shows the as-prepared SnO2 NPs (before
annealing), demonstrating agglomerated amorphous-type NPs.
Fig. 3(B) and (C) show the SnO2 NPs obtained aer annealing at
800 °C and 900 °C (A2 and A3 samples), respectively. As shown
in Fig. 3(B) and (C), the particles show well-dispersed, spherical
to quasi-spherical shapes with smooth contours and distinct
boundaries across multiple magnications. The uniform
morphology observed throughout the eld of view is consistent
with thermally matured nanocrystals and aligns well with the
grain evolution observed in the FESEM images (Fig. 2). The
spherical geometry suggests isotropic growth kinetics during
high-temperature annealing at 800 °C, where surface diffusion
dominates particle reconguration. This isotropy in shape
supports a uniform surface energy distribution, which is highly
relevant to even analyte adsorption in SERS applications. The
absence of agglomerates or interparticle necking, oen
observed in excessively sintered oxide systems, implies that the
RSC Adv., 2026, 16, 21740–21755 | 21745
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Fig. 3 (A) TEM image and the respective SAED pattern of the as-
prepared SnO2 NPs (A1). (B) TEM images at various magnifications of
SnO2 NPs annealed at 800 °C (A2). (C) TEM images at various
magnifications of SnO2 NPs annealed at 900 °C (A3).

21746 | RSC Adv., 2026, 16, 21740–21755

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 4
:0

5:
56

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
annealing conditions were well-optimized to enhance crystal-
linity without compromising dispersion.

The structural uniformity is further supported by the
selected area electron diffraction (SAED) patterns presented in
Fig. 4(A) and (C), which exhibit concentric diffraction rings
indexed to the (110), (101), (211), and (301) planes of tetragonal
rutile SnO2. The presence of discrete, continuous rings conrms
the polycrystalline nature of the particles. In defect-engineered
semiconductor SERS systems, such polycrystallinity is desir-
able, as grain boundaries can serve as preferential sites for
defect formation and carrier localization, which are important
contributors to CT enhancement mechanisms.53 This interpre-
tation correlates closely with the Rietveld renement of the XRD
results (Fig. 1(B)), conrming the long-range crystallographic
order and the absence of secondary phases. At the local scale,
high-resolution TEM (not shown here) reveals ordered lattice
fringes across individual grains, further conrming the crys-
tallographic coherence necessary to minimize carrier scattering
and enhance photo-induced charge separation at the NP–ana-
lyte interface.

Particle size analysis reveals a narrow Gaussian distribution
centred at 12 ± 0.5 nm and 17 ± 0.5 nm for the A2 and A3
samples, as presented in Fig. 4(B) and (D), respectively. This
narrow polydispersity is signicant for SERS applications,
where size-dependent effects, such as quantum connement
and surface curvature, can strongly inuence eld enhance-
ment. Uniform particle size ensures consistent hot-spot density
and spatial reproducibility of Raman signals, two critical
metrics in biosensing applications, especially in trace analyte
detection. From a mechanistic standpoint, this particle size
regime is particularly advantageous for non-plasmonic SERS.
Previous studies on metal-doped ZnO and TiO2 have demon-
strated that defect-mediated CT is maximized in particles below
50 nm, where shorter diffusion paths of photo-induced carriers
reduce recombination losses and enhance interfacial interac-
tions with the analyte.45 In our system, this is corroborated by
the enhanced Raman signals observed for the NB analyte
(Fig. 8), especially in the 800 °C and 900 °C annealed samples.
Furthermore, this particle size and morphology correlate well
with the oxygen defect concentration proles derived from XPS
(Fig. 5) and NEXAFS (Fig. 6), which conrm the presence of
controlled lattice disorder and oxygen vacancies without
compromising crystallinity. The spherical NPs provide a high
surface-to-volume ratio, facilitating both molecular adsorption
and defect-driven electronic interaction, which are two pillars of
chemical enhancement in semiconductor-based SERS.

Unlike plasmonic NPs, which rely on nanoscale sharp features
or interparticle gaps to generate electromagnetic hot spots, the
SnO2-based SERS substrates depend on well-distributed surface
activity across each NP. The uniformity and crystalline quality
observed here ensure that each particle functions as a reproduc-
ible active site for analyte–substrate interaction, promoting
spectral stability over repeated SERS measurements. It is also
important to note that the absence of lattice defects or faceting
commonly associated with uncontrolled growth suggests that the
sol–gel synthesis route, combined with thermal regulation,
enabled an energetically favorable pathway for crystal
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) SAED pattern and (B) size distribution of the SnO2 NPs (sample A2). (C) SAED pattern and (D) size distribution of the SnO2 NPs (sample A3).
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development.54 This avoids the issue of anisotropic strain, which
in many oxide systems leads to irregular surface potential land-
scapes and unpredictable SERS behaviour.

The XPS provides vital insight into the chemical states and
surface defect landscape of the synthesized SnO2 NPs. The survey
spectrum in Fig. S4 exhibits characteristic peaks for Sn and O,
with no evidence of extraneous elements, such as C, Cl, or
residual precursors. This conrms the elemental purity of the
annealed sample, which is consistent with the EDS results
(Fig. 2(F)). Notably, the absence of metallic Sn or sub-
stoichiometric tin oxides (e.g., SnO and Sn2O3) indicates
successful stabilization of the Sn4+ oxidation state throughout the
crystal lattice. The high-resolution Sn 3d XPS spectrum depicted
in Fig. 5(A) reveals two well-resolved peaks at binding energies of
486.9 eV (Sn 3d5/2) and 495.3 eV (Sn 3d3/2), which are character-
istics of Sn4+ oxidation state in rutile SnO2.55 The symmetric peak
shape and narrow width imply a uniform oxidation environment,
which is free from sub-valent Sn species, that could introduce
local heterogeneity and compromise SERS signal consistency.
These observations are in good agreement with the Rietveld-
rened XRD data, as depicted in Fig. 3, conrming phase-pure
© 2026 The Author(s). Published by the Royal Society of Chemistry
SnO2, and the SAED analysis in Fig. 3(A), which demonstrates
crystallographic coherence across the NP ensemble.

Of particular signicance is the deconvoluted O 1s XPS
spectrum shown in Fig. 5(B). Three distinct components are
evident: a higher binding energy peak at 530.2 eV attributed to
lattice oxygen (OL), a lower energy peak at 531.8 eV associated
with oxygen vacancies (OV) and a chemisorbed oxygen species
(OC). The substantial area under the OV peak indicates a high
density of oxygen-related surface defects, a hallmark of defect-
rich semiconductor systems optimized for chemical enhance-
ment in SERS.56 These vacancies play multiple roles in
enhancing SERS activity. First, they act as electron donors,
contributing free carriers to the conduction band (CB) and
facilitating CT between the substrate and adsorbed analytes.
Second, they introduce shallow energy states just below the CB
edge, stabilizing molecular resonance and increasing the
Raman scattering cross-section via chemical enhancement
pathways.18 These mechanisms are especially vital in
semiconductor-based SERS, where electromagnetic enhance-
ment is minimal or absent.
RSC Adv., 2026, 16, 21740–21755 | 21747
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Fig. 5 (A) Sn 3d XPS spectrum confirming the Sn4+ state and (B) O 1s spectrumwith lattice O and defect O (O vacancies) for the SnO2 NPs of A2.
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Quantitative analysis reveals that the OV/OL ratio is highest
in the sample annealed at 800 °C (A2), conrming that thermal
annealing not only promotes crystallite growth and morpho-
logical renement but also induces benecial lattice oxygen
loss, enhancing surface reactivity and CT efficiency. This defect
engineering through controlled thermal processing has been
extensively reported in metal oxide-based SERS systems, such as
oxygen-decient WO3−x/TiO2 and ZnO nanosheets, where
engineered OV signicantly boosted Raman sensitivity and
amplied Raman signals.57,58 The present study builds on these
insights by demonstrating that SnO2, when annealed under
optimized conditions, can achieve comparable enhancement
without the need for doping or plasmonic additives.

The XPS ndings are further supported by O K-edge NEXAFS
spectra (Fig. 6), which show attenuation in the coordination
shell consistent with oxygen depletion. This convergence of
global (XPS) and local (NEXAFS) spectroscopic evidence adds
strong credibility to the argument that surface defect
Fig. 6 O K-edge NEXAFS spectra of the as-prepared and annealed
SnO2.

21748 | RSC Adv., 2026, 16, 21740–21755
concentration is a central variable modulating SERS behaviour
in the SnO2 system. Another subtle but important detail is the
binding energy of the OV component at 531.8 eV, which is
slightly lower than the typical energy for hydroxylated surface
oxygen (>532.0 eV). This implies that the observed signal arises
from intrinsic lattice vacancies rather than from chemisorbed
water or contaminants. This distinction is critical, as true lattice
OV actively participates in charge exchange, while surface
hydroxyls tend to inhibit analyte interactions and cause uo-
rescence interference in Ramanmeasurements. The presence of
OV defects also explains the enhanced affinity of SnO2 for
electron-rich analytes, in which the lone pair can coordinate
with the OV site, stabilizing the molecule–substrate complex
and facilitating efficient CT.

The O K-edge NEXAFS spectra of the as-prepared and
annealed SnO2 samples, shown in Fig. 6, provide element-
specic insights into the short-range coordination environ-
ment surrounding the oxygen atoms in the SnO2 lattice. Unlike
XRD or SAED, which probe the long-range crystallographic
order, NEXAFS probes local bonding characteristics, including
bond distances, coordination number, and disorder, parame-
ters that are essential for understanding the defect landscape
inuencing SERS activity. In the as-prepared sample (A1), the
spectrum exhibits broadened features between 530 and 534 eV,
corresponding to O–Sn interactions, and a second spectral line
from 534 eV to 545 eV, which is attributed to O–O correlations or
multiple scattering paths within SnO6 octahedra. These spectral
features reect a partially ordered, defect-prone lattice typical of
sol–gel-derived oxides prior to thermal treatment.37 They
suggest incomplete Sn–O coordination, high microstrain, and
non-ideal bond angles, which are consistent with the broad-
ened XRD reections illustrated in Fig. 1. Upon annealing to
800 °C (A2), the NEXAFS spectrum shows a marked increase in
peak intensity and sharpness, indicating enhanced static and
dynamic ordering, improved crystallinity in SnO2, and more
coherent local bonding. Importantly, oxygen vacancies remain
present, as evidenced by subtle deviations from ideal coordi-
nation. These defects are not residual artifacts but intentional
© 2026 The Author(s). Published by the Royal Society of Chemistry
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structural features that play a central role in the chemical
enhancement mechanism in semiconductor-based SERS.

Oxygen vacancies introduce localized electronic states below
the CB edge, providing low-energy pathways for CT from the
semiconductor to adsorbed analyte molecules, a mechanism
distinct from the electromagnetic enhancement dominant in
plasmonic systems.18 The sample annealed at 900 °C (A3)
exhibits partial restoration of the local order, but the spectrum
does not fully revert to the sharpness of A1, implying that while
grain growth and reordering occur, a fraction of thermally
generated vacancies remains trapped within the lattice. This
observation aligns with the crystallite size evolution from the
XRD patterns and the narrowing particle size distribution
observed in the TEM. These defect-stabilized lattices are known
to be advantageous for applications requiring both surface
sensitivity and structural robustness, such as SERS and gas
sensing.10 The difference in spectral intensity between the A1
and A2 samples reveals that annealing at 800 °C is the ther-
modynamically favourable condition for generating a high
density of SERS-active surface defects without destabilizing the
lattice framework. The NEXAFS-derived reduction in the coor-
dination number (CN), from the ideal values of 6 in perfect SnO6

octahedra to approximately 5 or lower in defect-rich regions,59

directly affects local charge distribution and surface polarity.
These changes enhance analyte adsorption and promote charge
coupling, as previously reported in TiO2 and SnO2 systems.45

The presence of vacancies enables orbital overlap between the
CB of SnO2 and the lowest unoccupied molecular orbital (LUMO)
of the probe molecule, facilitating rapid electron transfer under
illumination.45 Notably, NEXAFS analysis conrms that these
vacancies are embedded within the lattice rather than being
surface-adsorbed oxygen species. This distinction is crucial, as
lattice vacancies are electronically active, while surface hydroxyls
or physiosorbed oxygen, oen detected by XPS, do not signi-
cantly contribute to Raman enhancement unless they are
involved in redox processes.60 The correlation between NEXAFS,
XPS, TEM, and SERS performance underscores a central design
principle: optimal SERS sensitivity does not require perfect
crystallinity, but rather a nely tuned balance between structural
order and localized disorder. Excessive vacancies can destabilize
the structure or cause non-radiative recombination, while insuf-
cient vacancies render the CT pathway inactive. Among the
Fig. 7 Raman spectra of (A) as-prepared SnO2 sample, (B) sample annea
signal sharpness and intensity with thermal treatment.

© 2026 The Author(s). Published by the Royal Society of Chemistry
samples studied, A2 (annealed at 800 °C) achieves this balance
most effectively, exhibiting structural coherence, morphological
uniformity, and electronically active defects. Fig. S5 presents the
diffuse reectance spectra of SnO2 NPs and the respective esti-
mated band edge positions for the SnO2 samples. It gives that
with annealing temperatures, the bandgap is reduced from 4.2 eV
to 3.97 eV for the A1 to A3 samples, respectively. This indicates
a more stable phase of SnO2 formation with an increase in
temperature, and with annealing temperature, we can tune the
bandgap of SnO2 NPs.

The Raman spectra of SnO2 NPs, presented in Fig. 7, offer
a phonon-level view of their crystalline integrity, structural
reorganization, and defect population, which are vital factors
inuencing CT dynamics in SERS. As a non-centrosymmetric
material with tetragonal rutile symmetry, SnO2 exhibits
multiple Raman-active vibrational modes arising from collec-
tive lattice motions of Sn and O atoms. The Raman spectrum of
the as-prepared sample (A1) displays broad and weak bands
centered near 476 and 776 cm−1, corresponding to rst-order Eg

and B2g modes of the rutile SnO2 phase, respectively, while
another band at 633 cm−1 (A1g mode) becomes prominent, and
the peak sharpness and intensity of all modes increase mark-
edly in annealed samples A2 and A3.61 The A1g mode corre-
sponds to the symmetric stretching vibration of bridging oxygen
atoms in the Sn–O–Sn framework, while the Eg and B2g modes
arise from bending and asymmetric stretching, respectively.

The broadness and low intensity of these modes in sample
A1 suggest poor crystallinity, high microstrain, and possible
short-range disorder, which is consistent with the XRD results,
revealing broadened diffraction peaks and limited structural
coherence. Upon annealing at 800 °C (A2), the A1g mode
becomes sharper and shis slightly to a lower wavenumber
(630 cm−1), indicating relaxation of the internal lattice strain
and improved long-range order. This phonon sharpening and
red shi are classical indicators of grain coarsening and lattice
stress relief, corroborated by Rietveld renement, which
conrmed near-ideal lattice parameters. The enhanced inten-
sity of the Eg and B2g modes further reects improved structural
coherence and reduced grain boundary scattering.62 In the
sample annealed at 900 °C (A3), the Raman signals remain
intense but show slight broadening, especially in the Eg and B2g

bands. This may indicate the onset of grain coalescence or
led at 800 °C, and (C) sample annealed at 900 °C, showing increased

RSC Adv., 2026, 16, 21740–21755 | 21749
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partial healing of oxygen vacancy density, which are trends also
observed in XPS and NEXAFS, suggesting reduced defect density
at higher annealing temperatures. These subtle spectral
changes reinforce the importance of balancing crystallinity and
defect concentration to optimize surface reactivity and CT effi-
ciency in semiconductor-based SERS platforms.

Although the A1g mode is not a direct ngerprint of oxygen
vacancies, its line width and symmetry are highly sensitive to
lattice imperfections. Studies on vacancy-rich SnO2 and doped
analogues have shown that A1g mode broadening or shoulder
formation correlates with non-bridging oxygen species or local
distortions.63 In the present study, the A2 sample exhibits the
optimal trade-off: sharp phonon features indicate structural
order, alongside defect-rich signatures conrmed by XPS and
NEXAFS, suggesting the active involvement of these phonons in
SERS enhancement mechanisms. This balance is particularly
crucial when transitioning from intrinsic Raman to SERS
measurements. As shown in Fig. 8(B), the A2 sample exhibits
the highest SERS response, indicating that vibrational unifor-
mity coupled with localized oxygen defects creates ideal
Fig. 8 (A)–(C) SERS spectra of Nile blue dye at various concentrations u
standard deviation (RSD) of Raman modes at 592 cm−1 from 10 multiple

21750 | RSC Adv., 2026, 16, 21740–21755
conditions for analyte–substrate CT. The enhanced intensity
and spectral clarity in the A1g mode also imply increased surface
polarizability, which amplies the Raman polarizability tensor,
a prerequisite for both chemical enhancement and CT-driven
mechanisms in semiconducting SERS systems.64

Furthermore, no extraneous peaks associated with carbo-
naceous contamination, hydroxylation, or phase impurities
conrm the purity of the SnO2 phase, as supported by EDS and
XPS. The absence of parasitic bands is observed in the 300–
400 cm−1 region, ruling out the formation of intermediate tin
oxides (e.g., SnO and Sn2O3) that could interfere with analyte
signal interpretation.65 Comparative analysis with doped SnO2

further highlights the advantages of thermal defect engi-
neering. In Fe- and Mn-doped SnO2, Raman mode broadening
and red-shiing are widely reported due to increased lattice
distortion from ionic radius mismatches.43,52 In contrast, the
undoped but thermally optimized SnO2 presented here retains
phase integrity while introducing active defect states, offering
a scalable and cost-effective route to a high-performance SERS
substrate. Finally, the reproducibility and high signal-to-noise
sing different SnO2 NPs from the A1, A2, and A3 samples. (D) Relative
spots observed in the A2 sample.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of enhancement factors and detection limits of various oxide semiconductors

Materials EF LOD (mol L−1) Comments Reference

Si grating array ∼7.3 × 106 10−11 Good signal uniformity 9
WO3−x/TiO2 1.2 × 105 10−10 Stable dual functional material 40
Al/ZnO/Ag 2.45 × 108 10−13 49
Ag/ZnO ∼2.7 × 108 10−13 50
Au nanofoam 7.3 × 108 — Inexpensive, simple, robust 69
TiN/ZnO nanowires y1.10 × 102 — Cost-effective scale up 70
Ag/TiO2 y105 10−3 Plasmonic, expensive 71
Metal-doped oxide y104 10−3 Few defects, lower enhancement 72
ZnO NPs ∼103 — 20 nm ZnO NPs used 73
TiO2 ∼102 — 74
CuO ∼102 — 75
SnO2 NPs y3.95 × 103 4.23 × 10−6 Low-cost, scalable, defect-assisted, chemically robust, and reusable This study
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ratio of the Raman spectra, particularly for the A2 sample,
establish this annealed SnO2 as a structurally and spectro-
scopically stable platform for SERS applications. The intrinsic
vibrational signature captured here serves as a reliable baseline
for identifying molecular vibrational modes in analyte-loaded
spectra, as demonstrated in Fig. 8, with NB analyte.

Fig. 8(A)–(C) presents the SERS spectra of NB recorded on
samples A1, A2, and A3, respectively. The selected analyte, NB,
a heterocyclic dye with well-characterized vibrational modes, is
widely used as a benchmark analyte due to its high polariz-
ability and sensitivity to local dielectric environments.66 The
spectra exhibit distinct and well-resolved peaks at 591, 1147,
1360, and 1630 cm−1, corresponding to C–C skeletal deforma-
tion, aromatic C–H in-plane bending, C–N stretching, and ring-
breathing vibrations, respectively.67 These modes are particu-
larly sensitive to electron density uctuations within the mole-
cule, and their intensities serve as reliable indicators of
substrate–analyte interaction strength.

At a concentration of 10−4 mol L−1, all major NB vibrational
modes appear intense and symmetric, indicating effective analyte
adsorption and strong resonance conditions on the SnO2 surface.
Remarkably, these modes remain detectable at lower concentra-
tions of 10−5 and 10−6 mol L−1 without signicant baseline
distortion or peak merging. This highlights the substrate's ability
to maintain consistent enhancement even at ultra-low analyte
loadings, a challenge for traditional plasmonic SERS systems,
where signal reproducibility drops sharply with dilution. This
robust performance arises from the defect-engineered semi-
conducting nature of the SnO2 substrate. Unlike plasmonic metals
that rely on electromagnetic eld enhancement at nanoscale
features, SnO2 enhances Raman signals primarily through
a chemical enhancement mechanism dominated by CT. This
process requires favourable energy alignment between the semi-
conductor's CB and the LUMO of the analyte. Oxygen vacancies,
conrmed via XPS and NEXAFS, introduce mid-gap states that
lower the effective CB minimum and facilitate efficient electron
donation to the NB molecule. Additionally, the high density of
vacancy sites increases surface dipole moments and creates local-
ized regions of high electron density, promoting analyte anchoring
and stabilization. As a result, molecules are held close to the
surface in a conguration conducive to orbital overlap, ensuring
efficient coupling and enhancing polarizability under laser
© 2026 The Author(s). Published by the Royal Society of Chemistry
excitation. These effects are supported by the uniform particle
morphology and narrow size distribution observed in TEM, which
minimizes eld inhomogeneities and ensures consistent analyte
exposure across the substrate. Fig. 8(D) shows the relative standard
deviation (RSD) of Raman modes at a wavenumber of 592 cm−1

from different regions observed in the A2 sample.
A particularly noteworthy feature is the absence of a uores-

cence background, even at low analyte concentrations. In metal-
based SERS systems, NB oen exhibits intense uorescence that
can obscure weak Raman signals, especially in the 600–
800 cm−1 range.68 The wide bandgap and non-resonant optical
character of SnO2-based platform suppress this interference,
allowing for clean detection of vibrational modes, which is
a considerable advantage for biological and environmental
sensing applications. The quantitative enhancement factor (EF)
was calculated using the following standard formula:69

EF ¼
�
ISERS

IBulk

�
�
�
CBulk

CSERS

�
:

Assuming bulk NB intensity (IBulk) at a concentration (CBulk) of
10−2 mol L−1 and SERS intensity (ISERS) at a concentration
(CSERS) of 10

−6 mol L−1, the EF was estimated to be approxi-
mately 3.95 × 103. Comparative EFs for various systems are
illustrated in Table 2. Although this value is modest compared
to plasmonic substrates (typical EF of 105–107), it is considered
excellent for pure semiconductors without metal decoration, as
reported in doped ZnO, TiO2, and Fe2O3 systems.11 Moreover,
the ability to detect NB down to 10−6 mol L−1 positions this
system within the sensitivity range required for environmental
toxins and biochemical markers. The system's responsiveness
to NB conrms that analyte–substrate energy coupling, rather
than solely molecular cross-section, governs signal intensity,
a principle consistent with CT theory in SERS.70 Furthermore,
the uniformity of the Raman signal across the concentration
gradient, evidenced by consistent peak positions, absence of
band splitting, and minimal noise, attests to substrate homo-
geneity, which is previously validated by Rietveld renement,
SAED, and Raman analyses. This level of reproducibility is rare
in non-lithographic SERS platforms and positions the SnO2

system as a promising candidate for scalable, low-cost, and on-
site chemical sensing platforms.
RSC Adv., 2026, 16, 21740–21755 | 21751

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08335d


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 4
:0

5:
56

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
4. Conclusions

In this study, phase-pure, nanocrystalline SnO2 NPs were
successfully synthesized using a sol–gel-assisted method and
structurally optimized through thermal annealing at 800 and
900 °C. Comprehensive structural, morphological, and local
coordination analyses conrmed that thermal treatment
promoted crystallinity and spherical particle morphology (∼33
nm) and induced a controlled increase in oxygen vacancies
without compromising lattice integrity. Among the annealed
samples, SnO2 NPs treated at 800 °C exhibited the highest
vacancy concentration, resulting in surface-active defect states
that facilitate CT, the dominant enhancement mechanism in
non-plasmonic SERS. Raman spectroscopy validated the
improved phonon activation and crystallinity, while SERS
measurements using Nile blue demonstrated signicant
enhancement with an estimated EF of approximately 3.95 × 103

and a detection limit of 10−6 mol L−1. Critically, the optimal
balance between lattice order and surface disorder achieved at
800 °C translated into superior SERS response, high spectral
reproducibility, and stable detection across a wide analyte
concentration range, all accomplished without the use of noble
metals or dopants. These ndings underscore the potential of
defect-engineered SnO2 as a low-cost, scalable, and chemically
active SERS platform. This study demonstrates that the rational
thermal engineering of metal oxide NPs can produce robust and
reproducible substrates for molecular sensing. It opens prom-
ising avenues for the development of metal-free, oxide-based
SERS systems applicable to environmental monitoring and
biosensor technologies.
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