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Abstract

Sn2t self-doping of Sn-based photocatalysts is a promising route to visible-light-active photocatalysts, since Sn2*
incorporation narrows the band gap and generates oxygen vacancies that extend light absorption beyond the UV region.
However, the Sn2*:Sn%* molar ratio, which directly controls defect formation, has not been systematically varied in this
heterostructure system, so its effect on defect density, band structure, and photocatalytic performance remains unclear.
This study investigates that effect. SnO2.4/TiO2 with Sn2*:Sn** ratios of 2:1 (ST-2:1) and 1:1 (ST-1:1) were synthesized
via a sol-hydrothermal method, characterized by XRD, Raman, XPS, and UV-Vis, and tested for methyl orange (MO)
photodegradation under UV-A and visible light. XRD confirmed cassiterite SnOz2 as the dominant phase; Raman
detected short-range TiO2 ordering. XPS detected Sn2*, Sn4*, Ti3*, Ti4* in both samples, with oxygen vacancies rising
from 12.71% to 17.64% and the valence band maximum shifting upward by 0.54 eV as the Sn2*:Sn** ratio increased.
Tauc plots gave Eg = 2.21 eV (ST-2:1) and 2.41 eV (ST-1:1), both narrower than pristine SnOz2 (3.29 eV) and TiO: (3.14
eV). ST-2:1 achieved near-complete MO degradation in 10 min under UV-A and 65% in 60 min under visible light,
versus only 39% and 10% for ST-1:1, with rate constants 138 and 28 times higher, attributed to its higher defect density
and narrower band gap. This study demonstrates that the Sn2+:Sn** ratio is an effective, tunable defect-engineering
parameter for SnO2.+/TiO2 heterostructures.
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colored wastewater such as adsorption, filtration,
and chemical oxidation generally only remove
pollutants without completely mineralizing them,
and thus still generate secondary waste [2,5].
Semiconductor photocatalysis offers a better
alternative because it can decompose organic

1. Introduction

Large amounts of colored wastewater from
the textile, leather, paper, and printing industries
are discharged into water bodies each year. The
synthetic dyes in wastewater are chemically

stable, difficult to degrade naturally, and toxic
[1,2]. Methyl orange (MO) is an anionic azo dye
commonly used as a model pollutant in
wastewater [3,4]. Conventional treatment of

* Corresponding Authors.
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pollutants into CO2 and H20 without producing
secondary waste [1,5]. The mechanism involves
the excitation of electrons across the band gap,
generating electron—hole pairs that subsequently
form reactive oxygen species (ROS), primarily
superoxide radicals (O2-) and hydroxyl radicals
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(*OH), which degrade the pollutants [1,6]. Since
visible light constitutes about 43% of the solar
spectrum while UV accounts for only about 5%,
photocatalysts active under visible light are a
primary target in many research [2,6,7].

Titanium dioxide (TiO2) and tin dioxide
(SnOg2) are two widely studied semiconductors for
photocatalytic applications. However, their wide
band gaps (~3.2 eV for TiO2 and ~3.6 eV for SnO2)
restrict their activity in the UV region [1]. The
crystal structures of these two materials are quite
similar, with both adopting the P42/mnm space
group with close lattice parameters, which allows
them to readily form stable heterojunctions. These
heterojunctions exhibit a type-II band alignment,
which helps separate charge carriers and
suppress recombination [8]. Several researchers
have reported that TiO2/SnO: heterostructures
exhibit better photocatalytic activity than either
oxide alone, both under UV and visible light
[6,9,10].

To extend their activity into the visible
region, a possible approach is by self-doping of
SnO2 by Sn2* to form SnO2.x. The incorporation of
Sn2+ into the SnOz2 lattice introduces an impurity
level that raises the valence band edge and
narrows the effective band gap to about 2.2 eV
[6,11]. The oxygen vacancies that form as a result
of Sn2* introduction contribute to the bandgap
narrowing. The SnsO4 phase, which contains both
Sn2* and Sn4*, has likewise been reported to have
a band gap of about 2.4 eV and active under visible
light [3,12]. Our previous work showed that
combining Sn2+ self-doped SnO:2 with TiOq
produced a heterostructure with a band gap of
2.35 eV and a photocatalytic performance 3.8
times higher than that of Sn2+-SnOz alone under
simulated solar light [13].

Despite these advantages, only a few reports
have studied Sn2*-doped Sn02/Ti0z
heterostructures, and none has systematically
varied the Sn2+:Sn4* molar ratio within this
specific heterostructure. Our own previous work
established that a Sn2+-SnQO2/Ti0z heterostructure
at a single, fixed Sn2+:Sn#* ratio of 2:1 outperforms
Sn2+-SnO32 alone [13], but whether or how the ratio
itself governs defect density, band structure, and
photocatalytic performance in this
heterostructure remains unknown. Therefore,
this research focuses on systematically varying
the Sn2+:Sn4* molar ratio to establish this
structure-property relationship. The novelty of
this work is the direct, ratio-resolved link it
establishes between Sn2*:Sn#* stoichiometry and
the resulting defect chemistry (oxygen vacancy
concentration, Ti3+ formation, valence band shift)
and photocatalytic performance of SnOsz+/TiOs2,
evidenced quantitatively in the XPS and kinetic
results. The objectives of this research are to
synthesize SnO2x/Ti02 photocatalysts at two
Sn2+:Sn4* molar ratios (2:1 and 1:1) and to

evaluate the effect of this ratio on defect
formation, optical band gap, and photocatalytic
degradation of methyl orange under UV-A and
visible light.

2. Materials and Methods
2.1 Materials

All reagents were of analytical grade and
used without further purification. Tin(IT) chloride
dihydrate (SnClz2H20, 98%), tin(IV) chloride
pentahydrate (SnCls-5H20, 98%), titanium (IV)
butoxide (TBT, 97%), glacial acetic acid (99.8%),
hydrazine hydrate (N2HsH20, 80%), absolute
ethanol, and methyl orange (ACS reagent, dye
content >85%) were purchased from Merck and
Sigma Aldrich. MilliQ water were used as solvent
and washing glassware before usage.

2.2. Synthesis of SnO2.x/Ti02 Photocatalysts

The synthesis of SnO24/TiO:. follows a
previously reported method [13]. Briefly, 2 mL of
titanium(IV) butoxide (TBT) was dissolved in 20
mL of isopropyl alcohol, followed by the addition
of 9 mL of glacial acetic acid. 2 molar equivalents
of SnCl22H20 and 1 molar equivalent of
SnCls 56H20 were then added dropwise under
continuous stirring until the total Sn:Ti molar
ratio reached a 1:1 ratio. Hydrazine hydrate (total
Sn:hydrazine molar ratio of 1:10) was added
dropwise and the resulting sol was transferred
into a Teflon-lined stainless-steel autoclave and
subjected to hydrothermal treatment at 150 °C for
24 h. After cooling to room temperature, the
precipitate was collected by centrifugation,
washed repeatedly with deionized water, and
dried at 60 °C for 24 h. This sample was labelled
as ST-2:1. Another sample was prepared in
similar ~ fashion, whereby an equimolar
SnCl: 2H20 and SnCls-5H20 was used. This
sample was labelled as ST-1:1.
2.3. Characterizations of Sn02.5/Ti0Oq
Photocatalysts

Phase identification was carried out by X-ray
powder diffraction (XRD) analysis using a Rigaku
SmartLab diffractometer with Cu-Ka radiation (A
= 1.5406 A). Patterns were recorded over a 20
range of 5-90° with a step size of 0.02°. Phase
assignment was performed by comparison with
the JCPDS reference cards. The average
crystallite size (D) was estimated using the
Scherrer equation:

kA
b= BcosO (1)

where K = 0.9 is the dimensionless shape factor, A
is the X-ray wavelength, fis the full width at half
maximum (FWHM) of the diffraction peak in
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radians, and 6 is the Bragg angle. Analysis was
performed at the (110, 206 = 26.6°) and (101, 26 =
33.9°) reflections.

Raman spectra were acquired using a Horiba
iHR320 Raman spectrometer. Spectra were
collected over the wavenumber range 50-800 cm'!
using a 532 nm excitation laser. UV-Vis
absorbance spectra were recorded on a UV-Vis
spectrophotometer (UV—Vis spectrophotometer
(Genesys 150, Thermo Scientificc USA). The
photocatalyst was dispersed in deionized water
and placed in a standard cuvette; deionized water
was used as the blank reference. Spectra were
collected over the wavelength range 200-800 nm.
The optical band gap (Eg) was estimated from the
Tauc plot using the measured absorbance (A)
directly:

(ahv)Y = B(hv — E,,) 2

where hv is the photon energy (eV) and B is a
proportionality constant.

X-ray photoelectron spectroscopy (XPS) was
performed using an AXIS Supra+ spectrometer
(Kratos, UK) over a binding energy range of 0—
1100 eV. All binding energies were calibrated by
referencing the adventitious C 1s peak to 284.8
eV. Peak deconvolution was performed using a
mixed Gaussian-Lorentzian function with a
Shirley background subtraction.

2.4. Photocatalytic Activity Test

Photocatalytic activity tests were conducted
in a batch photoreactor equipped with a magnetic
stirrer, as shown in Figure 1. Two irradiation
sources were employed: a 15 watt Sankyo Denki
Blacklight Blue F15T8BLB lamp (Amax = 352 nm)
and a 15 Watt Phillips TL-D lamp (Visible
Daylight). An aqueous MO solution (40 ppm, 50
mL) was used for each test. The photocatalyst
loading was 50 mg. Prior to irradiation, the
suspension was stirred in darkness for 30 min to
reach adsorption-desorption equilibrium. At
predetermined time intervals, aliquots were
withdrawn, centrifuged to remove the

Box

Crystallization dish

Methyl orange

Stir bar

Magnetic stirrer

Figure 1. Schematic diagram of the batch
photoreactor setup wused for photocatalytic
activity testing.

photocatalyst, and the residual MO concentration
was determined using a Perkin Elmer Cary 60
UV-Vis spectrophotometer. MO concentration at
each time point was determined
spectrophotometrically from the absorbance of the
centrifuged supernatant at MQO's characteristic
absorption wavelength (Amax = 464 nm), converted
to concentration using a pre-established MO
calibration curve. Co was taken as the MO
concentration immediately after the 30-min dark
equilibration (i.e., before irradiation began), and
C: was the concentration of each subsequently
withdrawn aliquot at irradiation time t.
Photocatalytic  degradation  kinetics  were
evaluated using the pseudo-first-order model
based on the Langmuir-Hinshelwood model [2,14]:

In (ﬁ) = —kt (3)

Co

where Co is the initial MO concentration (mg.L?),
C is the concentration at irradiation time ¢ (min),
and % is the apparent first-order rate constant
(min™). The value of k£ was determined from the
slope of the linear fit of In(C/Co) versus irradiation
time.

3. Results and Discussion
3.1. Crystal Structure and Phase Composition

X-ray diffraction patterns of ST-2:1 and ST-
1:1 are presented in Figure 2, which confirmed the
cassiterite SnO: tetragonal structure (JCPDS 41-
1445) as the dominant crystalline phase in both
samples. Principal peaks were observed at 20 =
26.6° (110), 33.9° (101), 37.9° (200), 51.8° (211),
54.7° (220), and 65.9° (301), consistent with
reported cassiterite lattice parameters [8]. No
secondary phases attributable to metallic tin or
romarchite SnO were detected.

Despite a fixed Sn:Ti molar ratio of 1:1 in both
syntheses, no distinct anatase TiO: reflections,
including the characteristic (101) peak at 20 =

ST-2:1

Intensity (a.u.)

1 O Anatase TiO, (JCPDS No. 21-1272)

| A SnO, (JCPDS No. 41-1445)

10 20 30 40 50 60 70 80
26 (°)
Figure 2. XRD patterns of ST-1:1 and ST-2:1.
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25.3°, were detected in either pattern. This
absence may be attributed to the suppression of
long-range TiO. crystallization by the SnO.
cassiterite phase, which has a faster growth.
Thus, it constrains TiO: to a short-range ordered
state below the XRD detection limit. The broad
peak centered near 53.15° in both patterns is
likely an overlap of SnO: reflections (51.8° and
54.7°) and TiO: anatase reflections (53.9° and
55.1°).

Table 1 shows the crystallite sizes estimated
from the Scherrer equation using the (110) and
(101) SnO¢ reflections. These peaks were selected
because they represent single SnO:z planes with no
overlap from other SnO:z or TiO: reflections. ST-
2:1 yielded a D =3.29 nm (110) and 3.24 nm (101);
whereas ST-1:1 yielded a D = 3.49 nm (110) and
3.53 nm (101). ST-2:1 consistently exhibits
broader peaks and smaller crystallite sizes.
Increasing Sn?*" content induces a greater lattice
distortion within the cassiterite framework. Since
Sn** ionic radius (= 1.18 A) is substantially larger
than the Sn#*(=0.69 A), Sn?* partially replaces
Sn#+, A consistent crystal-growth inhibition effect
under ionic size mismatch has been reported for
Sn-doped TiO2 systems [14]. The broader FWHM
of ST-2:1 is therefore interpreted as structural
evidence of greater lattice disorder.

3.2. Raman Analysis

Figure 3 presents Raman spectra of ST-2:1
and ST-1:1, which reveal complementary
structural information between the two samples.
ST-2:1 exhibited a well-resolved peak at
approximately 145 cm™, which is assigned to the
Eg mode of anatase TiO- [15]. This band, however,
only forms a shoulder in ST-1:1, likely due to
overlap with the tin oxide peak at ~140 cm™. The
Raman spectrum directly resolves the apparent
contradiction from the XRD pattern. While no
anatase diffraction peaks were observed in either
pattern, Raman spectroscopy, which is sensitive
to short-range crystalline order, can detect the
anatase Eg mode in nanocrystalline domains well
below the XRD detection limit [16]. TiO: is
therefore genuinely present, but in a short-range
ordered state, as a result of crystallization
suppression by the dominant SnO. phase during
the synthesis.

Both ST-1:1 and ST-2:1 exhibited bands at
~237 cm™, ~426 and ~614 cm™. The band at ~237
cm™ is assigned to a sub-bridging oxygen vacancy
mode of SnO2 [17], whereas the band at ~614 cm™
is assigned to a bridging oxygen vacancy mode of
SnO: [17], corroborating the vacancy assignment
at ~237 cm? and confirming that oxygen
vacancies are an intrinsic structural feature of
both composites. ST-1:1 also shows a distinct set
of peaks at 91, 140, 170, and 237 cm™. The bands
at ~140 and ~170 cm™ are consistent with the
Raman signature of Sn3O4, a mixed-valence tin
oxide phase [18]. The Sn304 bands are, however,
less prominent in ST-2:1, suggesting that the
higher Sn?*:Sn4* ratio favors a different
distribution of tin oxide phases. Taken together,
the Raman data establish that both composites
contain TiO2 in short-range crystalline order,
mixed-valence tin oxide phases, and an oxygen-
vacancy-rich SnOq lattice.

3.3. XPS Analysis

Figure 4 shows the wide and narrow range
XPS spectra of ST-1:1 and ST-2:1. The XPS wide
range spectra confirmed the presence of Sn, Ti,
and O in both samples. The Sn 3ds2 region of ST-
1:1 was fitted with two peaks at 486.82 eV (Sn#+)
and 486.30 eV (Sn2*), with area fractions of 50.9%

EX/R
8 b

g . ST-1:1
= :
c 0|
o) i|
= ik

sT-2:1

100 200 300 400 500 600 700

Raman Shift (cm™)
Figure 3. Raman spectra of ST-1:1 and ST-2:1.

Table 1. Crystallite size of ST-1:1 and ST-2:1 photocatalysts as estimated using the Scherrer equation.

Photocatalyst Plane 20 (°) FWHM (°) D (nm)

ST-1:1 (110) 26.86 2.34 3.49
(101) 34.84 2.36 3.53

ST-2:1 (110) 26.80 2.48 3.29
(101) 34.61 2.57 3.24
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and 49.1%, respectively. The Sn4+ position agrees
well with tin in the SnOz lattice [3], while the Sn2+
position is consistent with SnO and Sns3Oq
environments (about 486.20-486.40 eV) [12,19,20]
For ST-2:1, a third peak at 485.43 eV can be
attributed to a strongly reduced tin species (SnO
or SnOx), as its position is only about 0.50 eV
above the Sn® standard (484.90 eV) [3,19]. The
area fractions in ST-2:1 were 30.9% (Sn#), 41.5%
(Sn2+), and 27.6% (Sn%SnOx). The absence of the
reduced tin species in ST-1:1 may indicate that in
ST-2:1, the combination of the higher SnCl:
loading and hydrazine atmosphere, allowed a
fraction of Sn#* to experience a stepwise reduction
to Sn2* and metallic Sn°® [11,21]. However, no
corresponding peak of metallic tin was found in
XRD, suggesting the minor surface phase is below
the detection limit. The broader Sn#+ peak in ST-
2:1 (FWHM 1.960 vs. 1.116 eV) may also reflect
structural disorder from Sn2* incorporation.
Table 2 summarizes the fitting parameters and
assignment of deconvoluted XPS spectra for both
samples.

A similar pattern is observed in the Ti 2p
orbital. ST-1:1 showed mainly Ti4+ at 458.664 eV,
consistent with TiOz [22], while ST-2:1 had an
additional Ti3* component at 457.601 eV, making
up 39.53% of total Ti. When Sn2+ replaces Sn4*
within the SnO: lattice, oxygen vacancies are

formed to compensate for the charge difference
[23], and such vacancies can trap electrons and
reduce neighboring Ti4* to Ti3* at the SnOs2/TiO2
interface [24]. The hydrazine monohydrate used
in synthesis also creates a reducing atmosphere in
the sealed autoclave that facilitates Ti3* formation
under hydrothermal conditions [25,26]. In ST-1:1,
the absence of retained Sn2* means very few
charge-compensating oxygen vacancies are
formed, so even under the same reducing
atmosphere there 1is no localized vacancy
environment to stabilize Ti3*.

The O 1s spectra were fitted with four
components: Ti-O (530.0 eV), Sn-O (530.9 eV),
oxygen vacancies (Ov, 531.9 eV), and surface
hydroxyl groups (Oad, 532.8 eV) [19,22]. The Ov
fraction increased from 12.71% in ST-1:1 to
17.64% in ST-2:1, confirming that higher Sn2*
content leads to more oxygen vacancies. The Sn-O
fraction also increased (32.02% to 36.41%) while
Ti-O decreased (52.27% to 41.24%), despite the
fixed Sn:Ti ratio of 1:1 in both samples.
Altogether, the three regions show a consistent
picture where Sn2* substitution generates oxygen
vacancies, which stabilize Ti3+ at the interface.

The valence band spectra showed that the
VBM onset shifted from 1.79 eV in ST-1:1 to 1.25
eV in ST-2:1, a 0.54 eV upward shift. In pristine
SnO:2 and TiOz, the valence band is mainly formed

a) ] T T T g T T ] b) Sn 3d5,2 : —::Hula\ivepeak
- : : po
- “E (%] - 4 E . sn®
3 ] ] 3l
& o 3
2] N - L';
2 1 T 2 { %
5 © 5 |
£ 7] — £
] ST-1:1 h
1 ST-2:1 1
T T T T T : !
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Figure 4. XPS spectra of ST-1:1 and ST-2:1: (a) survey scan, (b) Sn 3d, (c) T1i 2p, (d) O 1s, and (e) valence

band (ST-2:1 data adapted from [13]).
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by O 2p orbitals, but Sn2* incorporation brings Sn
5s states into the upper part of the valence band,
raising the VBM [3,27]. This explains the band
gap narrowing from 2.41 eV (ST-1:1) to 2.21 eV
(ST-2:1) from UV-Vis. The conduction band
minimum, estimated by subtracting the optical
band gap from VBM, shifted from -0.62 eV to -0.96
eV. Since both edges moved upward but by
different lengths, the VBM upshift was the main
driver of band gap narrowing, while the smaller
CBM shift partially offset it.

3.4. Optical Band Gap

Figure 5 shows the UV-Vis absorbance
spectra of ST-2:1 and ST-1:1. Both samples
exhibited a pronounced absorption edge extending
well into the visible light region, in marked
contrast to pure SnOz (E; = 3.70 eV) [28] and pure
TiO:z (Eg = 3.10 eV) [13], which absorb primarily in
the UV region. The visible-light absorption of both
samples 1s consistent with the structural
characteristics mention earlier, oxygen vacancies
and Sn*" defect states introduce sub-band gap
energy levels that extend the photoresponse of the
cassiterite SnO: framework well beyond its
intrinsic absorption edge [6,11]. Tauc plots
analysis estimates the E; = 2.21 eV for ST-2:1 and
E;=2.41 eV for ST-1:1. Both values correspond to
absorption threshold wavelengths well within the
visible spectrum (A = 561 nm and 514 nm,
respectively), confirming that both composites are
suitable for wvisible-light-driven photocatalysis.
Since the samples contain Sn?* defect states

a)

Absorbance

capable of producing sub-band gap absorption,
the reported values represent the effective optical
band gaps rather than the intrinsic
semiconductor band gaps [29].

The lower band gap of ST-2:1 relative to ST-
1:1 is consistent with its higher Sn?** proportion.
Increasing Sn?* content in SnO: introduces a
localized impurity level within the band gap

b) F

* ST-2:1

ST-2:1
ST-1:1

4 ST-1:1

(ahv)"?
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Figure 5. (a) UV-Vis absorbance spectra, (b) Tauc
plot of ST-2:1 and ST-1:1, and (c) band structure
of ST-2:1 and ST-1:1 compared to SnOz and TiO..

Table 2. Fitting parameters and assignment of deconvoluted XPS spectra.

Region Sample Position (eV) FWHM (eV) Area (%) Assignment

Sn 3d 5/2 ST-1:1 486.822 1.116 50.90 Sn#*+ (SnO2 lattice)
ST-1:1 486.300 0.990 49.10 Sn2+ (self-doped)
ST-2:1 486.822 1.960 30.90 Sn4* (SnOz2 lattice)
ST-2:1 486.300 1.720 41.50 Sn2+ (self-doped)
ST-2:1 485.427 1.287 27.60 Sn (metallic Sn)

Ti 2p 3/2 ST-1:1 458.673 1.048 95.06 Ti4* (TiOz lattice)
ST-1:1 457.600 1.042 4.96 Ti3* (reduced Ti)
ST-2:1 458.640 1.650 60.47 Ti4* (TiOz lattice)
ST-2:1 457.601 1.215 39.53 Ti3* (reduced Ti)

O 1s ST-1:1 530.006 1.077 52.27 Ti-O (lattice oxygen)
ST-1:1 530.900 1.343 32.02 Sn-O (lattice oxygen)
ST-1:1 531.900 1.059 12.71 Ov (oxygen vacancies)
ST-1:1 532.800 1.121 2.99 Oad (adsorbed oxygen)
ST-2:1 529.820 1.560 41.24 Ti-O (lattice oxygen)
ST-2:1 530.900 1.349 36.41 Sn-O (lattice oxygen)
ST-2:1 531.900 1.594 17.64 Ov (oxygen vacancies)
ST-2:1 532.800 2.028 4.70 Oad (adsorbed oxygen)

Valence ST-1:1 1.790 — — VBM onset; E; = 2.41 eV,

band CBM =-0.62 eV
ST-2:1 1.250 — — VBM onset; E; = 2.21 eV,

CBM =-0.96 eV

Area (%) = relative peak area within each spectral region. VBM and CBM positions are referenced to the Fermi level. CBM estimated

from VBM minus optical band gap. Eg from Tauc plot analysis.
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associated with Sn?" 5s states, raising the effective
valence band edge and narrowing the optical band
gap. This effect is confirmed by both DFT
calculations and electrochemical characterization
in Sn?*-doped SnO:. systems [11]. Oxygen
vacancies contribute additionally by upshifting
the valence band maximum without significantly
altering the conduction band position [6],
consistent with reports that oxygen-defect
engineering in SnO:z alone similarly extends its
visible-light photocatalytic response [30].

The interpretation is further supported by the
broader XRD peak widths of ST-2:1, which
indicate greater lattice disorder and are
consistent with a higher defect density. The band
gap of ST-1:1 (2.41 eV) is notably close to the
reported value for Sn3Os4 (~2.4 eV), a mixed-
valence tin oxide phase whose Raman signature
was more clearly resolved in ST-1:1 than in ST-
2:1, suggesting that the phase composition
identified by Raman is reflected in the optical
properties of the two samples [12].

The electronic band structures of ST-2:1 and
ST-1:1, derived from the XPS wvalence band
maximum (VBM) and Tauc-plot band gaps, are
presented in Figure 5c¢ alongside literature values
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for pure SnO2 and TiO2. The conduction band
minimum (CBM) were estimated as CBM = VBM
- Eg, yielding values of -0.96 eV for ST-2:1 and -
0.62 eV for ST-1:1. The negative values of both
composites indicate sufficient reducing power for
superoxide radicals (O2-) formation as the
reactive oxygen species (ROS) for dye
photodegradation [13]. The band gap narrowing
observed in both ST composites is likely governed
by Sn2?*, rather than Sn#%*, consistent with the
higher Sn2+ proportion confirmed by XPS. These
results suggest that the Sn2+:Sn4* molar ratio is a
useful parameter for controlling the optical band
gap and band edge positions of SnO2/TiO2
heterostructures.

3.5. Photocatalytic Activity

Figure 6 shows the UV-Vis MO spectrum
evolution during the photocatalytic activity
testing under UV-A and visible light irradiation.
Under UV-A irradiation, ST-2:1 achieved near-
complete MO removal within 10 minutes,
whereas ST-1:1 reached only 39% of removal
within 60 minutes. A similar trend was observed
under visible light, where ST-2:1 reached a 65%
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Figure 6. Evolution of UV-Vis MO spectrum during photocatalytic activity testing: a) ST-1:1 (UV-A), b)
ST-1:1 (Visible light), ¢) ST-2:1 (UV-A), and ¢) ST-2:1 (Visible light).
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removal in 60 minutes while ST-1:1 reached only
10%. ST-2:1 therefore outperformed ST-1:1 under
both illuminations, consistent with its higher Sn2+
proportion, higher oxygen vacancy, and narrower
band gap. The data were fitted to a pseudo-first-
order kinetic model (Figure 7). ST-2:1 showed rate
constants of 0.746 min! and 0.014 min! under
UV-A and visible light, respectively. ST-1:1 gave
lower rate constants of 0.0054 min-! under UV-A
and 0.0005 min! under visible light. The rate
constant of ST-2:1 was therefore about 138 times
higher than that of ST-1:1 under UV-A and about
28 times higher under visible light.

The magnitude of these differences implies
that light absorption alone does not account for
the observed activity. The higher oxygen vacancy
content of ST-2:1 likely promotes more efficient
separation of photogenerated charge carriers, in
addition to extending visible-light absorption
[6,11]. For both samples, UV-A irradiation
produced markedly higher rate constants than
visible light, with the UV-A to visible ratio being
about 53 for ST-2:1 and about 11 for ST-1:1. Under
UV-A irradiation, band-to-band excitation of both
the SnO2 and TiO2 components occurs, and the
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type-Il band alignment at the SnO2/TiO2
interface drives electron transfer that suppresses
recombination [1,8]. Under visible light,
photoexcitation proceeds mainly through sub-
band gap transitions involving Sn2+ defect states
and oxygen vacancies, which enable visible-light
absorption but may also act as recombination
centers and lower the overall efficiency [6,11].
The visible-light rate constant of £ = 0.014
min?' at 40 ppm initial MO concentration
compares favorably with values reported for
related composite systems under comparable
conditions. Visible-light rate constants of 0.019—
0.035 min* for TiO2/Nb.Os/SnO. composites at an
initial MO concentration of 20 ppm [2]. A rate
constant of £ = 0.045-0.055 min* for Mn-doped
SnO: quantum dots under simulated sunlight for
methylene blue degradation [7]. A comparably
direct benchmark comes from a SnOs2/TiOs-
coupled photocatalyst tested on Rhodamine B
dye, which achieved an average rate constant of
0.0327 min™, exceeding uncoupled TiO2 (0.0141
min~) [31]. The UV-A rate constant of £ = 0.746
min~' is close with the upper range of values
reported for TiO»/SnO: heterostructures in the

I.Dark.-— — I:i ht'
1.0 9
0.8
0.6
0.44
021 ST-2:1
—O— UV-A
0.0 —O— Visible light|

-40-30 -20 -10 O 10 20 30 40 50 60 70
Time (minutes)

k = 0.746 min’'
_4_.
_6_.
g ST-2:1
O UV-A
O Visible light
sl
0 10 20 30 40 50 60

Time (minutes)

Figure 7. Photocatalytic acitivity: (a,b) MO degradation by ST-1:1 and ST-2:1 and (c,d) pseudo-first-order

kinetic under UV-A and visible light irradiation.
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literature, placed broadly between 0.005 and
0.487 min! across varying light source intensities,
catalyst loadings, and pollutant concentrations
[1]. The performance of ST-2:1 also extends the
result of our prior work [13], in which a Sn?*"-
Sn02/Ti0. heterostructure at a fixed Sn?":Sn*
ratio of 2:1 achieved complete MO degradation
within 20 minutes under simulated solar light. In
contrast, the rate constants of ST-1:1 fell below
this reported range, consistent with its lower
defect content and weaker visible-light response.
This 138-fold (UV-A) and 28-fold (visible light)
difference between ST-2:1 and ST-1:1, which is
produced solely by changing the Sn2+:Sn4* molar
ratio, quantitatively demonstrates the structure-
property relationship induced by Sn2*:Sntt, as
proposed in this work, which affect the defect
formation and photocatalytic performance.

4. Conclusion

SnO24/TiO2 photocatalysts with Sn2+:Sn4+
molar ratios of 2:1 (ST-2:1) and 1:1 (ST-1:1) were
successfully synthesized via a sol-hydrothermal
method. Characterization confirmed cassiterite
SnO2 as the dominant phase in both samples,
together with short-range ordered TiOz2 and Sn3O4
phases, with the latter being more clearly resolved
in ST-1:1. The higher Sn2*:Sn%* molar ratio
yielded a higher Sn2* and Ti3+ content, a higher
oxygen vacancy concentration, and a narrower
band gap (2.21 eV) compared to lower molar ratio.
These defect-related features extended the optical
response of both composites well into the visible
region. ST-2:1 achieved near-complete
degradation of 40 ppm methyl orange within 10
minutes under UV-A irradiation and 65%
degradation within 60 minutes under visible light,
whereas ST-1:1 reached only 39% and 10%
removal under the same conditions, respectively.
The corresponding pseudo-first-order rate
constants of ST-2:1 were about 138 times higher
under UV-A and about 28 times higher under
visible light than those of ST-1:1, a difference
larger than the modest band gap difference alone
would suggest and likely associated with more
efficient charge carrier separation. These results
suggest that, in the Sn2+-doped SnO2/TiO:
heterostructure system, the Sn2+:Sn4* molar ratio
itself, rather than merely the presence of Sn2+,
plays an important role in linking defect
chemistry to  photocatalytic  performance.
Systematic control of this ratio may therefore offer
an effective strategy for tuning the defect
structure, optical band gap, and photocatalytic
performance of SnO2x/TiO2 heterostructures,
potentially providing a useful route toward
visible-light-active photocatalysts for the removal
of organic dye pollutants.
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