Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

#® ROYAL SOCIETY

Journal of
PPN OF CHEMISTRY

Materials Chemistry A

View Article Online

View Journal | View Issue,

Synergistic dual-defect band engineering for highly
efficient photocatalytic degradation of
microplastics via Nb-induced oxygen vacancies in
SnO, quantum dots¥

i ") Check for updates ‘

Cite this: J. Mater. Chem. A, 2025, 13,
4429

Jiangiao Liu, ©29 Dan Zhao,? Xian Wu,? Di Wu,? Ningning Su,? Yang Wang,?
Fang Chen,© Ce Fu, ©*2 Junsheng Wang ® *? and Qianru Zhang*®

The band structure is a crucial consideration in designing semiconductor photocatalysts, particularly as
their size has been continuously decreasing over the past few decades. However, the bandgap of
nanostructures is usually broadened due to quantum confinement effects, fundamentally inhibiting their
photocatalytic performance. Herein, we demonstrate synergistic dual-defect band engineering in SnO,
quantum dots. Nb is incorporated to induce the creation of oxygen vacancies in the SnO, crystal lattice.
The synergistic mechanism between dual defects is elucidated through their interactive formation and
collective contribution of the band structure. Nb impurities establish donor levels within the bandgap,
while the gap between donor levels and the conduction band is filled by the induced oxygen vacancies,
effectively extending the conduction band edge to the Fermi level. This design of dual-defect
engineering not only narrows the bandgap but also provides abundant defect states for electron
transitions and increases the lifetimes of photogenerated carriers, thereby facilitating highly efficient
visible-light-driven photocatalytic degradation of microplastics, even in realistic aqueous environments.
Furthermore, the intermediate products and photodegradation pathways of microplastics are
comprehensively elucidated. The synergistic dual-defect band engineering not only achieves highly
visible-light-driven photocatalytic degradation of microplastics, but also introduces
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1. Introduction

Microplastics (MPs) impose significant risks to ecosystems due
to their diverse sources,"* widespread presence,** potential
ecological impacts™® and persistence in various ecosystems,”*®
necessitating urgent measures for their elimination. The UN
Environmental Assembly has begun organizing negotiations on
the first legally binding international instrument to end plastic
pollution, which is expected to be completed by the end of
2024." Photocatalysis represents a promising technique for the
removal of MPs from aquatic environments' as it is able to
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a comprehensive design framework for tuning band structures in nanoscale photocatalysts.

degrade a wide range of MPs" with environmental friendli-
ness,"** flexibility in implementation’® and more importantly,
capability for in situ operation'”'® under sole solar energy har-
vesting, simultaneously achieving pollution reduction and
carbon emission reduction. In pursuit of such sustainable
remediation strategies, selecting a photocatalyst with inherent
chemical stability, scalable defect tunability, and robust
photochemical performance is of paramount importance.

The band structure of semiconductor photocatalysts is
crucial for their application in the photodegradation of MPs, as
it has direct influences on degradation efficiency.'*" In this
context, SnO, quantum dots (QDs) have attracted considerable
attention due to their intrinsic chemical inertness, non-toxicity,
and robust structural stability, along with their favorable elec-
tronic configuration and high surface area, all of which are
beneficial for photocatalytic applications.”” Compared to other
common semiconductor photocatalysts, SnO, offers a broader
conduction band edge and superior chemical resilience, facili-
tating the generation of reactive oxygen species that can effec-
tively break down MPs into environmentally benign
intermediates. Furthermore, the inherent oxygen vacancies (Vo)
in SnO, provide a significant opportunity to control the
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structure-property correlations.”*** In recent years, the reduc-
tion in size of these photocatalysts, particularly with the advent
of QDs, has markedly enhanced their performance.**?**
However, many QD photocatalysts, including SnO, QDs,
possess excessively large band gaps, resulting in low visible light
utilization, thus limiting their practical applications.””*® To
address this issue, defect engineering and band structure
engineering have emerged as promising strategies to enhance
the visible light absorption and overall photocatalytic efficiency
of these nanoscale semiconductors.”-*?

Quantum confinement effects are the fundamental cause of
bandgap broadening in nanostructures, thereby inhibiting their
photocatalytic performance.**** Recent advancements have
been achieved by tailoring the structure and composition of
QDs, including precise size control, introduction of oxygen
defects, and doping with foreign elements, to optimize the band
structure.**° Specifically, SnO, QDs have been extensively
studied, and various modification strategies such as metal
doping and oxygen vacancy creation have led to significant
improvements in their photocatalytic activity.**** These
approaches fine-tune the band structure and introduce strate-
gically positioned defect states, thereby not only improving
charge-carrier dynamics but also enhancing the formation of
reactive species essential for effective MP degradation. Notably,
the construction of impurity levels through defect engineering
has emerged as a promising method for band structure
modification.””** Nevertheless, the low density of defect states
in confined QDs restricts the carrier transition efficiency,
thereby limiting the separation efficiency of photogenerated
electron-hole pairs and significantly affecting overall photo-
catalytic efficiency.*® The incorporation of dual defects,***
which can introduce abundant defect states within the
bandgap, presents a potential strategy to substantially enhance
the performance of QD photocatalysts.

The innovative design of this work focuses on the imple-
mentation of synergistic dual-defect band engineering in SnO,
QDs to enhance their photocatalytic performance. Previous
research has demonstrated that Vo and metal doping can
effectively optimize the performance of QD photocatalysts.**-*
Among metal dopants, Nb has been identified as a promising
candidate due to its ability to create donor levels and facilitate
oxygen vacancy formation in SnO, QDs.** By leveraging Nb-
induced defect states, the inherently favorable band structure
of SnO, is harnessed to further enhance charge-carrier utiliza-
tion and reactive species generation, thereby maximizing the
degradation efficiency toward MPs. Synergistic dual-defect
incorporation integrates these approaches by simultaneously
introducing Vo and metal dopants, thereby creating more
complex and beneficial defect states. This strategy has led to
significant improvements in light absorption, carrier separation
efficiency, and overall photocatalytic activity in recent
investigations.”* Nevertheless, the interaction mechanisms
between dual defects are not well understood, specifically
regarding their formation mechanisms and synergistic effects.
Moreover, the detailed mechanisms of dual-defect band engi-
neering, including the formation and positioning of defect
states and their influence on the whole band structure, remain

4430 | J. Mater. Chem. A, 2025, 13, 4429-4443

View Article Online

Paper

inadequately explored. To address these challenges, this work
proposes a synergistic defect design by introducing Vo through
Nb doping and aims to systematically elucidate the interaction
mechanisms of dual defects and the underlying principles of
band engineering. Through this approach, we aim to further
enhance the photocatalytic performance of SnO, QDs and
provide novel theoretical insights into dual-defect band
engineering.

Herein, this study introduces the incorporation of Nb doping
and V,, creation in SnO, QDs to achieve synergistic dual-defect
band engineering, with the aim of enhancing their photo-
catalytic performance under visible light. Nb-doped SnO, QDs
are synthesized, and their structural, compositional, and elec-
tronic properties are systematically investigated. In situ char-
acterization techniques are employed to analyze the behaviors
of photogenerated electrons and holes as well as their impacts
on photocatalytic efficiency, providing a detailed examination
of the formation and distribution of defect states and their
influences on the entire band structure. The photocatalytic
capability of the QDs in degrading MPs under visible light is
comprehensively assessed, including the intermediate products
and photodegradation pathways, which substantiates the
effectiveness of the dual-defect band engineering approach.
This work not only underscores the intrinsic adaptability and
stability of SnO, as a photocatalytic platform but also offers
a robust theoretical and practical framework for dual-defect
engineering, ultimately advancing the rational design of high-
performance catalysts for sustainable MP remediation.

2. Materials and methods

2.1. Preparation of undoped and Nb-doped SnO, QDs

The photocatalysts of undoped and Nb-doped SnO, QDs were
prepared by a hydrothermal process as previously described,***”
as shown in Fig. 1(a). Stannous chloride dihydrate (SnCl,-2H,0)
and thiourea (CH4N,S) were dissolved and mixed in deionized
water at a molar ratio of 10:1. The solution was stirred in
a magnetic stirring apparatus at 25 °C for 24 hours. During this
time, SnO, QDs were obtained through the hydrolysis-oxidation
process, which was accelerated by the tautomerism between
thiourea and isothiourea.”® Additionally, a specific amount of
ammonium niobate oxalate hydrate (C,H,NNbOo.nH,0) was
incorporated into the solution at Nb/Sn molar ratios of 0%, 3%,
6%, 9% and 12%. The Nb-doped solution was then transferred
to a Teflon autoclave and subjected to the hydrothermal process
at 180 °C for 6 hours, allowing the incorporation of Nb ions into
the crystal matrix of SnO, QDs. Consequently, nNb-SnO, QD
solutions (n = 0%, 3%, 6%, 9%, and 12%) were obtained.

2.2. Photocatalytic degradation of MPs

The polyethylene (PE) fragments with an average size of 350 um
were used as typical MPs. 50 mg of PE was mixed with 40 mL of
deionized water in a quartz vessel. Then, a 4 mL solution of 6%
Nb-SnO, QDs containing 0.2 mol L' Sn atoms was added. After
a 30-minute dark treatment, the vessel was exposed to visible
light from an 8 W LED (400-800 nm) and a 200 W Xe lamp (380-

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Synthesis and microstructural properties of SNnO, QDs with Nb-induced Vo: (a) schematic illustration of the preparation procedure; (b)
HRTEM morphologies; (c) XRD patterns; (d) stoichiometry of SnO, QDs with dual defects; (e) ESR spectra; (f) XPS O 1s spectra; (g) XPS Sn 3d

spectra.

1100 nm), respectively. The resulting mixture was filtered,
leaving behind the PE fragments, which were dried at 50 °C for
3 hours. The remaining PE fragments were weighed to deter-
mine the photocatalytic degradation efficiency, calculated using
eqn (1).

My - M

PE efficiency(%) = 7
0

x 100% (1)
Here, M, and M indicated the mass of PE before and after
photocatalytic degradation, respectively.

The surface morphology of PE was observed using an optical
microscope (NMM-800RF, Zhejiang Saide Instruments, China)
and a field emission scanning electron microscope (FESEM,
Sigma 500, ZEISS, Germany). The infrared absorption was
measured using a Fourier transform infrared spectrometer
(FTIR, Bruker Tensor27, Bruker Scientific Technology, Ger-
many). The total organic carbon (TOC) analysis was carried out
using a carbon/nitrogen analyzer (Vario TOC Cube, Elementar,
Langenselbold, Germany). The gaseous final product of MP
degradation was collected and analyzed using gas

This journal is © The Royal Society of Chemistry 2025

chromatography (GC, GC7920, Beijing China Education Au-
light Technology Co. Ltd, China).

The potential applicability of visible-light driven photo-
catalytic degradation of PE in real-world scenarios was evalu-
ated by using various water matrices, such as recycled water,
lake water and seawater. Recycled water was supplied by Dalian
Water Group Co., Ltd in accordance with mandatory standards
of GB 5749-2022, which imposed limitations of Na* < 200 mg
L', Fe* <0.3 mg L™, AI** < 0.2 mg L', chloride < 250 mg L ™"
as well as sulfate < 250 mg L™ ". The lake water was collected at
Xinhai Lake originating from Lingshui River in Dalian, China. It
contained total nitrogen (0.7 mg L"), total phosphorus (0.03
mg L), sulfides (0.15 mg L™ ') and metal ions of Cu®" and Zn*"
at concentrations below 1.0 mg L™". The seawater was collected
from Lingshui Bay in Yellow Sea, Dalian, China. The primary
solutes included cations of Na* (11.04 mg L"), K* (0.4 mg L™ "),
Ca®" (0.42 mg L") and Mg>" (1.33 mg L") as well as anions of
Cl™ (19.86 mg L") and SO,>  (2.77 mg L '). Filters were
employed to remove possible organisms and impurities from
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lake water and seawater before investigating photocatalytic
activities.

2.3. In situ characterization under irradiation

Photocurrent measurements were carried out on an electro-
chemical workstation with a three-electrode system (CHI660E,
Shanghai Chenhua Instrument Co., Ltd, China) comprising
a working electrode of indium tin oxide (ITO), reference elec-
trode of Ag/AgCl and counter electrode of a Pt mesh. The light
source was a 300 W Xe lamp. The in situ XPS characterization
was conducted using an AXIS Supra+ (Shimadzu, Japan) system
equipped with a 300 W light source, CME-TLSX300UV-2G
(Microenergy Beijing Technology Co., Ltd China), which sup-
ported continuous tunable wavelengths ranging from 200 to
1100 nm. The measurement was first carried out in the dark.
Then, after switching on the light source, the subsequent tests
were completed at the wavelengths of 550 nm, 420 nm and
260 nm, respectively.

2.4. Determination of active radicals and intermediates

Trapping experiments were conducted with radical scaven-
gers to identify the primary active radicals involved in the
photocatalytic process. Four analytical reagents, namely
isopropyl alcohol (IPA), potassium bromate (KBrO;), ammo-
nium oxalate monohydrate ((NH,),C,0,) and p-benzoqui-
none (BQ), were employed as scavengers to eliminate active
radicals of hydroxyl species ("OH), electrons (e~), holes (h")
and superoxide species (O, ). Each scavenger was added at
a concentration of 0.02 mol L™" to a 4 mL solution at the start
of the photocatalytic degradation process. Furthermore,
electron spin resonance (ESR) spectra were also used to
determine the active radicals of ‘OH and O, ™ in the photo-
catalytic degradation of PE. Gas chromatography-mass
spectrometry (GC-MS, Agilent 7890, Agilent, USA) was used
to identify the intermediate products of PE degradation
during photocatalytic degradation.

2.5. DFT computational methodology

The electronic properties of the band structure and energy
levels in SnO, before and after Nb incorporation were investi-
gated using density functional theory (DFT). All calculations
were performed using the Device Studio platform with the DS-
PAW package. The Perdew-Burke-Ernzerhof (PBE) functional,
which described the exchange-correlation interaction within
the generalized-gradient approximation (GGA), was employed
for these calculations.”*® The calculations were performed in
reciprocal space to enhance speed and accuracy. The compu-
tational model was constructed based on the tetragonal unit cell
of rutile SnO, with lattice constants of a = b = 4.7373 Aand ¢ =
3.1864 A. A 2 x 3 x 3 supercell, containing 36 Sn atoms and 72
O atoms, was created and cleaved along the (110) facet due to its
lowest surface energy.®

The supercell was modified to match the stoichiometry and
electrical properties of the experimental undoped and Nb-
doped SnO, QDs, ensuring similarity with actual samples. In
the undoped SnO, simulation, 7 O atoms were removed from
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the supercell to create Vo. On the other hand, in the Nb-doped
SnO, supercell, 12 O atoms were eliminated and 2 Sn atoms
were substituted with Nb. Schematic illustrations of the
supercells are presented in Fig. S1.1 A 15 A thick vacuum layer
was added to prevent interactions between adjacent layers. Prior
to geometry optimization, the k-point Monkhorst-Pack mesh
was set to 2 X 1 x 1, and the energy cut-off was set to 400 eV.
The convergence energy threshold for self-consistent iteration
was set to 10 ° eV. Additionally, the internal stress was con-
strained to be below 0.05 GPa. During the geometric optimiza-
tion, the maximum force and displacement were set to 0.03 eV
A~"and 0.001 A, respectively. The valence electrons considered
for the respective elements in the calculation were as follows: Sn
55°5p%, O 2s”2p* as well as Nb 4s'4p®4d®. To address the
underestimated band gap issue,* the Hubbard parameter (U)
was incorporated using the GGA + U method,* enabling accu-
rate reproduction of electronic properties. The total density of
states (TDOS) and partial density of states (PDOS) were extracted
for all elements. The valence band edge (Ey) and conduction
band edge (Ec) were determined by using the occupied and
unoccupied TDOS, respectively.

The adsorption energy of metal cations on the (110) surface
of the Nb-doped oxygen-deficient supercell was calculated
based on the adsorption model shown in Fig. S2.f Various
possible metal cations in actual water matrices were consid-
ered, such as Na*, K*, Ca®*, Mg>*, Zn**, Cu®", Fe*" and AI*". The
adsorption energy for an individual metal cation (E.qs) was
calculated using eqn (2).

Eads = Lcation/surface — (Ecation + Esurface) (2)
Here, Ecation/surface denoted the total energy of the supercell with
the adsorbed cation. Ec,tion and Egyrrace Were the energy of the
cation and semiconductor surface, respectively. The negative
value of E,45 indicated that the adsorption was exothermic and
was likely to be spontaneous.

3. Results and discussion

3.1.
QDs

Defect engineering of Nb-induced V,, creation in SnO,

The defect engineering of Nb-induced Vg creation in SnO, QDs
is conducted through a controlled two-step process, as shown in
Fig. 1(a). Initially, the hydrolysis of SnCl, is accelerated by
thiourea and Sn(OH), undergoes an oxidation reaction, con-
verting to SnO, QDs. During the subsequent hydrothermal
treatment, C,H,NNbOy-nH,O is introduced, facilitating the
substitutional incorporation of Nb ions into the SnO, lattice.
The doping mechanism is considered to be a charge-
compensated process, wherein Nb ions replace Sn ions due to
their similar ionic radii of 0.64 A and 0.69 A, respectively. The
substitution creates oxygen defects and free electrons to main-
tain charge neutrality, as described by the defect reaction
equation in eqn (3).** The incorporation of Nb into the SnO,
lattice facilitates V, creation, which is anticipated to enhance
the electronic and optical properties, making them suitable for
a variety of applications.

This journal is © The Royal Society of Chemistry 2025
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2Nb " 440" >2Nby, + 40y + Vg, + 2¢ 3)

Here, Nb"**"* and Nbg, represent the ionized Nb site and the
Nb atom substituting Sn sites. O”, Opx and V, indicate the
ionized oxygen site, the lattice oxygen and the oxygen vacancy,
respectively.

The influences of Nb incorporation on the lattice structure of
SnO, QDs are further discussed through morphological and
microstructural aspects. The HRTEM morphologies are pre-
sented in Fig. 1(b), where the average grain size increases from
3.9 to 6.1 nm with Nb dopant concentration. The distinct lattice
fringes of the (110) facet are observed and the spacing exhibits
a slight expansion from 3.34 A to 3.37 A because of the Nb
incorporation, indicating lattice distortion of the SnO, matrix.
The crystalline structures are identified through XRD patterns
in Fig. 1(c). The characteristic peaks at 26 positions of 26.5°,
33.8°,37.9° and 51.7° are ascribed to the (110), (101), (200), and
(211) planes, indicating the rutile structure of the SnO, matrix
(JCPDS 01-077-0448). No individual phases of niobium oxides
are observed, suggesting that Nb primarily exists in its ionic
form. The peaks for progressive Nb doping suggest changes in
lattice parameters due to the difference in ionic radii between
Nb®>" and Sn** ions. The substitutional incorporation of Nb>*
ions into the SnO, lattice likely induces lattice strain and alters
the crystallite size, which is quantitatively analyzed using the
Scherrer formula.®® These results are consistent with the grain
sizes observed from the HRTEM morphologies in Fig. 1(b).

Nb incorporation has a significant impact on the stoichi-
ometry of Nb-doped SnO, QDs. In general, the XPS survey
spectra in Fig. S3(a)f confirm the presence of Sn, O, and Nb and
the EDS spectra in Fig. S47 also confirm the increasing amount
of Nb at 2.166 keV, along with O, Sn, S, and Cl elements, of
which the latter two are the residuals of SnCl, and CH,N,S
precursors. Due to their trace concentration and water-soluble
nature, the residual S and Cl species exert negligible influence
on the photocatalytic performance in an aqueous environment.
Moreover, ICP-OES indicates that the actual Nb/Sn ratios are
53.3-47.5% of the designed Nb amount in the precursors, as
shown in Fig. 1(d) and Table S1.1 This suggests that during the
hydrothermal treatment, approximately half of the Nb is
incorporated into the SnO, matrix as the crystallites grow. The
Nb 3d peaks at 207.25 eV and 210.2 eV, shown in Fig. S3(b),T
exhibit increased intensities with higher Nb doping levels,
indicating the presence of Nb ions in the SnO, matrix. The Nb/
Sn atomic ratio can be evaluated by integrating the peak areas of
each element, coinciding with the ICP-OES results. The spatial
uniformity of Nb dopants both on the surface and in the bulk of
SnO, QDs is inferred. This conclusion is also supported by the
elemental mapping from HAADF-STEM in Fig. S5.F

The existence of Vo is confirmed by the ESR spectra in
Fig. 1(e), where a significant enhancement of the V, signal is
observed at g = 2.002 for 6%Nb-SnO, QDs compared to the
undoped sample. The density of Vo, is evaluated by using the O
1s spectra in Fig. 1(f), which are deconvoluted using the
Gaussian-Lorentzian function to identify sub-peaks centered at
531.38 eV and 532.58 eV. The former, labeled as the O(i) type,

This journal is © The Royal Society of Chemistry 2025
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corresponds to O atoms with full coordination with Sn atoms
(tetravalent SnO,). The latter, denoted as the O(u) type, is
attributed to nonstoichiometric coordination between Sn and O
atoms (divalent SnO), which are commonly employed as an
indirect indicator of V. The density of Vo, is estimated based on
the integrated areas of these sub-peaks, as summarized in Table
S1.f As Nb doping increases, it initially elevates the Vg
concentration from 11.4% of undoped SnO,, to 6%Nb-SnO,
exhibiting a maximal Vo density of 16.4%. This substantial Vo
density is likely to enhance the semiconductive properties by
facilitating charge carrier generation and transport. However,
the Vo density does not continue to increase beyond 6% Nb
incorporation, presumably due to the lattice distortion induced
at higher doping levels, which constrains further Vo formation.
Furthermore, the shift of O 1s peaks in Fig. 1(f) suggests the
formation of Nb-O bonds.

Fig. 1(g) shows double peaks at 495.92 eV and 487.52 eV,
corresponding to Sn 3d;,, and Sn 3ds),, respectively. Extensive
Nb doping of over 12% causes a slight red shift of the peaks to
495.71 eV and 487.31 eV, indicating that the defects lead to
distortion of the SnO, crystal lattice.®® Therefore, it is concluded
that Nb incorporation leads to lattice distortion associated with
the slightly smaller ionic radius of Nb compared to Sn.*” The
ionic Nb dopants facilitate the creation of Vo by the mechanism
of charge compensation. Upon deconvolution of the Sn 3ds,
spectrum, distinct Sn** and Sn** sub-peaks are identified,
thereby confirming the presence of nonstoichiometric O coor-
dination in the Nb-doped SnO, QDs. This observation corrob-
orates the O 1s spectra in Fig. 1(f), which accurately reflects the
existence of oxygen vacancies through the associated non-
stoichiometric coordination of divalent oxide.

3.2. Synergistic dual-defect band engineering and optical-
electrical properties

The synergistic effects of dual defects on the band structure of
SnO, QDs are comprehensively investigated. Fig. 2(a) illustrates
the Tauc plot relationship used for bandgap evaluation from the
UV-vis absorbance of each Nb-doped SnO, QD, as presented in
Fig. S6.1 The bandgap of Nb-doped SnO, QDs exhibits a nega-
tive dependence on the amount of Nb added, ranging from
4.76 eV for undoped SnO, to 2.18 eV for 12% Nb-SnO,. The
incorporation of Nb has minimal influence on the position of
Ey, as depicted in the XPS valence spectra shown in Fig. 2(b).
Fig. 2(c) displays the band structure of each Nb-doped SnO, QD.
The dependence of the band structure on Nb incorporation
indicates that Nb atoms primarily affect the conduction band,
resulting in lowered energy level positions with increasing Nb.

The band structure engineering by dual defects has a signif-
icant impact on the optical-electrical properties. The photo-
luminescence (PL) of Nb-doped SnO, QDs at an excitation
wavelength of 280 nm is shown in Fig. 2(d). Emission peaks are
observed at 311 nm, and the peak intensity varies with incor-
poration of Nb, exhibiting a reverse volcano-shaped correlation.
6% Nb-SnO, exhibits the weakest PL emission, suggesting the
highest possibility of photo-electrical transition and the lowest
recombination of photogenerated carriers. The PL decay
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lifetimes of 0% Nb-SnO, and 6% Nb-SnO, are further evaluated
by using the TRPL spectra in Fig. 2(e) and (f). The undoped SnO,
has a decay time of 7.78 ns, whereas 6%Nb-SnO, exhibits
a decay time of 15.06 ns, which is almost doubled after Nb
incorporation. This substantial increase in decay time suggests
that Nb doping effectively prolongs the lifetime of photo-
generated charge carriers. This is attributed to the defect states,
which can trap charge carriers and inhibit their recombination,
thereby enhancing the separation efficiency of photogenerated
electron-hole pairs.®® The extended carrier lifetime is beneficial
to improve photocatalytic performance of SnO, QDs.

The interactive mechanism of dual defects on optical-elec-
trical properties is discussed based on the in situ characteriza-
tion under irradiation, as shown in Fig. 3. As depicted in
Fig. 3(a), Nb incorporation exerts a significant influence on the
photocurrent response of SnO, QDs, with the 6% Nb-doped
sample demonstrating superior and stable photocurrent
compared to the undoped one. This Nb-induced modification
introduces both Nb®" jons and Vg-related states, effectively
generating multiple defect energy levels within the bandgap.
Such states facilitate the capture of photogenerated electrons
and holes, thereby attenuating their direct recombination
pathways, as corroborated by the PL results in Fig. 2(d), and
markedly enhancing the photocurrent response. Furthermore,
the 6% Nb-SnO, sample exhibits superior consistency in its
photocurrent profile under periodic irradiation, suggesting
enhanced resilience and improved long-term photostability of
SnO, QDs.

4434 | J Mater. Chem. A, 2025, 13, 4429-4443

Time (ns)

Time (ns)

ith Nb-induced Vo: (a) Tauc plots for bandgap evaluation; (b) XPS valence
spectra for evaluation of the carrier lifetime of (e) 0% Nb—SnO, and (f) 6%

Fig. 3(b)-(f) present the in situ XPS spectra of 0% Nb-SnO,
and 6% Nb-SnO, samples under dark, 550 nm, 420 nm, and
260 nm illumination conditions. In undoped SnO,, the binding
energies of Sn 3d and O 1s shift by approximately 0.31 eV and
0.33 eV, respectively, under 260 nm illumination, with negli-
gible changes under 420 nm and 550 nm irradiation. In the 6%
Nb-SnO, sample, however, the binding energies of Sn 3d and O
1s exhibit more pronounced shifts of about 0.53 eV and 0.52 eV
under 260 nm illumination, respectively, and 0.31 eV and
0.30 eV under 420 nm illumination. Additionally, the Nb 3d
peaks shift by 0.53 eV and 0.32 eV under 260 nm and 420 nm
irradiation, respectively. These consistent shifts across Sn 3d, O
1s, and Nb 3d under illumination reflect an enriched electron
density and redistributed electronic states within the Nb-doped
SnO, lattice, guided by the presence of both Nb and V. Under
illumination, photogenerated electrons and holes in the QDs
lead to changes in the electronic states of the chemical
elements. While the undoped SnO, sample, with a bandgap of
4.76 eV, primarily responds to high-energy UV photons, 6% Nb-
doped SnO, displays a reduced bandgap of 2.72 eV. This nar-
rowed bandgap enables effective photoelectron excitation at
lower photon energies (e.g., 420 nm and even 550 nm), under-
scoring the synergistic interplay between Nb doping and Vg
formation that extends the operational spectral range and
enhances the optoelectronic performance.

Therefore, the interplay of Nb doping and Vo formation
establishes a dual-defect regime that fundamentally enhances
the optical-electrical properties of SnO, QDs. Nb doping

This journal is © The Royal Society of Chemistry 2025
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introduces additional conduction band states and defect sites,
creating extended energy pathways that facilitate both the
migration and spatial redistribution of photogenerated elec-
trons. Concurrently, the Nb-induced Vo, formation extends the
electron lifetime by decreasing electron-hole recombination,
thereby retaining more charge carriers in active states for pho-
tocatalytic reactions. The presence of Nb not only reduces the
bandgap of SnO,, enabling efficient photoexcitation under
lower-energy irradiation, but also provides defect states that
guide photogenerated electrons toward Vg centers, ensuring an
optimized charge transfer process. This dual-defect synergy,
where Nb doping and V, formation coalesce, significantly
elevates the photocatalytic performance of SnO, QDs, exempli-
fying a powerful strategy for tuning the electronic structure and
extending the operational spectral range.

3.3. DFT simulated band structure and electrical properties

To further elucidate the mechanism of synergistic dual-defect
band engineering, DFT-based calculations were carried out to
provide insightful descriptions of the electrical properties of
undoped and Nb-doped SnO, supercells with V. As depicted in
Fig. 4(a) and (b), the calculated E, of the supercells is 4.71 eV
and 2.73 eV, respectively, which match well with the experi-
mental values of 4.76 eV and 2.72 eV for the undoped and 6%
Nb-doped samples. The similarity in stoichiometry and
consistency in the bandgap between computational models and
experimental specimens ensure the precise electronic proper-
ties revealed by DFT simulations.

This journal is © The Royal Society of Chemistry 2025
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TDOS and PDOS describe the contributions of Nb incorpo-
ration and oxygen defects, as shown in Fig. 4(c) and (d) as well
as Fig. S7-59.7 In the undoped SnO, supercell, the valence band
is primarily composed of Sn atoms, while both Sn and O
contribute to the conduction band. With the incorporation of
Nb atoms, the E; of the supercell reduces to 2.73 eV due to
contributions from O and Nb elements. Specifically, the s and p
orbitals in O atoms, as well as the d orbitals in Nb atoms, extend
the Ec towards the Fermi level, as shown in Fig. 4(d). Thus, the
mechanism of band structure engineering could be summa-
rized in two steps: (1) Nb incorporation establishes a defect
energy level (Ep) below the conduction band; (2) the gap
between Ep and Eg is filled by the Vo, which are introduced by
Nb substitution. Consequently, Nb incorporation accomplishes
band structure engineering by reducing the bandgap of SnO,
QDs and enhancing the visible-light response for
photocatalysis.

The charge transfer details in undoped and Nb-doped SnO,
supercells with Vq are revealed by the Mulliken population
distributions in Table 1, which are demonstrated by the visible
differential charge density in Fig. 4(e)-(h). In undoped SnO,, the
charge density is relatively uniform around the Sn and O atoms,
with localized electron deficiencies around oxygen vacancies. In
contrast, Nb-doped SnO, shows significant charge redistribu-
tion, with increased electron density around Vg stimulated by
Nb atoms. Thus, the synergistic effect between Nb incorpora-
tion and oxygen vacancies enhances electronic interactions in
Nb-doped SnO,. Nb atoms introduce new conduction band
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states and defect states, which have a strong ability to capture reducing electron-hole recombination. The synergy includes
photogenerated electrons. Oxygen vacancies act as electron a reduced bandgap, which allows excitation under a broader
traps, extending the lifetime of photogenerated carriers and light spectrum, including visible light. Consequently, the
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Table 1 Mulliken population distribution and charge transfer of
undoped and Nb-doped SnO, supercells

Supercell Element Coordination Electrons Charge transfer (e)
Undoped SnO, O Full 7.22 1.22
(0] Vo 7.20 1.20
Sn Full 11.57 —2.43
Sn Vo 11.97 —2.03
Nb-doped SnO, O Full 7.21 1.21
(0] Vo 7.20 1.20
(@) Nb 7.16 1.16
O Nb & Vo 7.17 1.17
Sn Full 11.57 —2.43
Sn Vo 12.04 —1.96
Sn 2 Vo 12.46 —1.54
Nb Vo 10.75 5.75
charge separation efficiency is improved, significantly

enhancing the photocatalytic performance of Nb-doped SnO,
QDs.

3.4. Visible-light driven photocatalytic degradation of MPs

Dual-defect band structure engineering significantly improves
the optical-electrical properties of SnO, QDs, which are
prospective in photocatalytic activities. Before PE photo-
degradation, the photocatalytic properties of Nb-doped SnO,
QDs under visible-light irradiation were evaluated using meth-
ylene orange (MO) dye. The experimental details and results are
described in the ESI,{ which indicates that the rational incor-
poration of Nb significantly enhances the photocatalytic abili-
ties of SnO, QDs. Among the various Nb doping concentrations,
6% Nb-SnO, exhibits the highest photocatalytic efficiency. This
optimal performance is attributed to the balanced introduction
of Nb dopants and induced V, which effectively modulate the
band structure without creating excessive recombination
centers. At 6% doping, the density of defect states is sufficient to
enhance visible-light absorption and facilitate efficient separa-
tion of photogenerated electron-hole pairs, as evidenced by the
significantly increased rate constants k; and k, (6.25 times and
56.08 times, respectively) compared to those of undoped SnO,,
as shown in Fig. S10.f Beyond this concentration, higher Nb
doping levels may lead to an increase in recombination sites
created by lattice distortion, thereby diminishing the photo-
catalytic performance. Additionally, Fig. S111 shows that 6%
Nb-SnO, maintains excellent long-term stability, with only
a slight decrease in degradation efficiency after 90 days. These
results collectively indicate that 6% Nb-SnO, strikes an optimal
balance between defect density and charge carrier dynamics,
leading to superior photocatalytic performance.

The optimized 6% Nb-SnO, was selected to conduct visible-
light driven photocatalytic degradation of MPs and the photo-
degradation performance is presented in Fig. 5(a). The degra-
dation efficiency reaches 1.1% and 28.9% after 7 hours of
irradiation using a LED and Xe lamp, respectively. The corre-
sponding rate constants are calculated to be 0.001 h™' and
0.033 h™', as shown in Fig. S12(a). Furthermore, the Nb-doped

This journal is © The Royal Society of Chemistry 2025
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photocatalyst shows excellent repeatability in four degradation
cycles as shown in Fig. S12(b).t The morphologies of MPs
observed from the optical microscope and SEM images before
and after photocatalytic degradation are shown in Fig. S13t for
comparison. The MPs subjected to photocatalysis appear
transparent, indicating a reduction in thickness. Additionally,
the presence of cracks on the surface demonstrates the
disruption of the assembly of PE molecules.

Other methods were used to confirm the photodegradation
of MPs under visible light by Nb-doped SnO, QDs. The FTIR
spectra in Fig. 5(b) indicate the characteristic peaks of long alkyl
chains in PE.* The peaks at 2920 and 2851 cm ™' are attributed
to the symmetric and asymmetric intense stretching of -CH,
groups.” The peak at 1468 cm ™' indicates the stretching of the -
C=C- bond while the peak at 721 cm™" denotes the medium
type rocking deformation of -CH,.”* An emerging peak of the
hydroxyl group at 3443 cm ' is due to the formation of
a hydroxyl group during photocatalytic degradation.”” The
variation of characteristic peaks in FTIR spectra demonstrates
the photocatalytic degradation of PE. The carbonyl index (CI)
was determined by using the ratio of the area under the
absorbance of 1710 cm ™" to the area under the reference peak at
1380 cm ™ .7 The CI increases 75% from 1.325 to 2.322 for the
samples before and after photocatalytic degradation. TOC
analysis was carried out to further confirm the mineralization of
PE before and after 7-hour irradiation by a Xe lamp, as shown in
Fig. 5(c). Compared to the mass loss of 28.9%, the TOC
decreases by 17.6%, from 0.92 to 0.76 mg mL™ . It is inferred
that parts of the PE are completely mineralized to CO, and H,0O
while the other parts are transformed into intermediate prod-
ucts in the aqueous solution. The final gaseous product of PE
degradation is measured by GC, as shown in Fig. 5(d). The
production of CO, demonstrates the delay kinetics, which is
ascribed to the formation and degradation of intermediates
during photocatalytic degradation.

The photocatalytic PE degradation performances of 6%Nb-
doped SnO, QDs in various water matrices are shown in
Fig. 5(f). It is observed that the photocatalysts with dual defects
maintain more than 80% of the original degradation capability
in various water matrices such as recycled water, lake water and
seawater. Although there are decreases in photocatalytic
degradation efficiency, the 6%Nb-doped SnO, QDs are appli-
cable in actual scenarios with complex water matrices. The
excellent anti-interference ability to external species in water
matrices can be ascribed to the large zeta potential in a neutral
environment as well as the insignificant adsorption energy of
cations on SnO, QDs with dual defects. As shown in Fig. S14,7
the point of zero charge is at pH = 3.64 and the zeta potential is
over —35 mV at pH = 7~8, which is the common value of lake
water and seawater. The electrostatic repulsion between pho-
tocatalysts and anions prevents their interaction and thus
enhances anti-interference ability of the latter species. The
adsorption energies of various possible metal cations are
calculated by DFT computations, as exhibited in Table S2.§ All
adsorption energies of these cations show positive values,
indicating the unlikelihood for the metal species to interact
with photocatalysts in aqueous solution with salts. Therefore,
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determination.

the present Nb-doped SnO, QDs are able to resist interference
from influencing species and maintain excellent stability in
actual water matrices.

Fig. 5(e) and Table S31 provide a comparison of the visible-
light driven photocatalytic degradation performances of MPs
using the current Nb-SnO, with those reported in previous
studies.”®”*® In this comparison, the photocatalytic perfor-
mance of photocatalysts is defined as the degradation efficiency
per hour under unit power of irradiation. It is evident that the
present Nb-doped oxygen-deficient SnO, QDs with dual defects
exhibit superior photocatalytic performance in the degradation
of MPs. Moreover, the 6% Nb-SnO, QDs before and after pho-
tocatalytic degradation of MPs for 4 hours are characterized in
Fig. S15,7 which demonstrates excellent stability of micro-
structural, compositional and optical properties for recycling of
photocatalysts.

3.5. Photocatalytic mechanism of MP degradation

Synergistic dual-defect engineering by Nb-induced Vg not only
reduces the bandgap but also provides abundant defect states

for electron transitions and increases the lifetimes of

4438 | J Mater. Chem. A, 2025, 13, 4429-4443

CO, product amount; (e) performance comparison with other reports;
(h) ESR spectra of ‘O,7; (i) GC-MS for intermediate

photogenerated carriers, thereby facilitating highly efficient
visible-light-driven photocatalytic degradation of MPs, even in
realistic aqueous environments. The engineered band structure
determines the active radicals during photocatalytic degrada-
tion. Fig. 5(g) and (h) display the ESR spectra of hydroxyl radi-
cals ('OH) and superoxide radicals ('O, ) during the
photocatalytic degradation of MPs. 0% Nb-SnO, generates both
radicals upon light excitation, though the signals for both are
moderate. In contrast, 6% Nb-SnO, exhibits a strong capability
for generating "OH radicals. The Ey of 6% Nb-SnO, is 3.29 eV,
exceeding the 2.38 eV threshold required for ‘OH generation,
thereby enabling effective production of ‘OH under illumina-
tion. It is noted that 6% Nb-SnO, displays a weak ‘O, signal.
The pronounced enhancement in the ‘OH signal and the
attenuation of the ‘O, signal in 6%Nb-SnO, can be attributed
to the intricate synergistic modifications to the band structure.
Nb incorporation introduces additional conduction band states
and defect states from induced Vo, leading to a lowering of Ec
while maintaining Ey. This reduction in the bandgap allows for
excitation of valence band electrons by visible light, resulting in
substantial photogenerated holes, which react with water to

This journal is © The Royal Society of Chemistry 2025
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form "OH. Although the elevated E¢ in the Nb-doped sample is
less favorable for ‘O, formation, the increased generation of
‘OH compensates for this, enhancing the overall photocatalytic
efficiency of MP degradation.

Fig. S16+ illustrates the electrostatic potential distribution of
PE, which ranges from —0.03 (blue) to +0.03 (red), representing
different electrostatic potentials. The red regions indicate areas
of concentrated positive charge, typically around carbon-
hydrogen bonds, while the blue regions denote areas of
concentrated negative charge with higher electron density. The
present Nb-SnO, QDs with a zeta potential of —35 mV have
a negatively charged surface, which facilitates the adsorption of
the positively charged regions of PE, thereby enhancing the
interaction between photocatalysts and targets. During the
photocatalytic degradation process, hydroxyl radicals ("OH)
serve as the primary reactive species. Due to their strong
oxidizing properties, they preferentially react with the positively
charged regions (red areas), attacking the carbon-hydrogen
bonds and subsequently leading to the cleavage of the PE
chains.

The intermediate products of PE degradation are analyzed
and identified using GC-MS from the solution sample after
photocatalysis under 4 hours of visible-light irradiation by a Xe
lamp, as revealed in Fig. 5(i). The GC-MS spectrum confirms the

Synergistic band engineering
by Nb-induced V,

\m

A

A
272¢eV!
[

» Polyethylene

View Article Online
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presence of several intermediate products, including tri-
acontane (m/z = 422), octadecanoic acid ethyl ester (m/z = 312),
octadecanoic acid (m/z = 284), hexadecanoic acid ethyl ester (m/
z = 284), n-hexadecanoic acid (m/z = 256), tetradecanoic acid
(m/z = 228), tridecanoic acid (m/z = 214), and octanal (m/z =
128), as listed in Table S4.}

Based on the above results, the photodegradation pathway
and mechanism of PE in a visible-light driven photocatalytic
process are illustrated in Fig. 6. Initially, the PE is decomposed
by "OH into C3,Hs,, which is further degraded by O, ™ to form
CyoH,400,. There are two possible routes for the degradation of
Cy0H400,. One involves its reaction with ‘OH, resulting in the
formation of C,3H3¢0,. The other route involves its interaction
with another PE chain structure, yielding C;3H3,0,. Simulta-
neously, the associated PE chain is decomposed into C;oHg,.
Both C;3H360, and C;gH;,0, undergo further degradation to
produce C,5H3,0,, which subsequently reacts with "OH to form
C14H,50, and Cy3H,60,. The latter compound is then dis-
assembled into the small molecule CgH;60, which ultimately
undergoes mineralization into CO, and H,O.

The main chemical process involved in the photocatalytic
degradation of PE can be summarized as a series of steps
described by using eqn (4)—(8). Initially, PE is exposed to "OH
radicals, causing the breaking of certain chemical bonds and
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Fig. 6 Pathway and mechanism of visible-light driven photocatalytic degradation of PE by SnO, QDs with synergistic band engineering by Nb-

induced Vo.
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leaving behind polyethylene alkyl ([-"CH,CH,-],) radicals, as
shown in eqn (4). These resulting radicals then react with
oxygen, leading to the formation of peroxyl radicals, as depicted
in eqn (5). The peroxyl radicals have the ability to capture
a hydrogen (H) atom from another PE chain. The radical that
undergoes this transformation produces perhydrol products,
while the PE chain that loses the H atom becomes polyethylene
alkyl, as illustrated in eqn (6). The weak O-O bond in the per-
hydrol products is prone to breaking, generating new radicals,
as described by eqn (7). Moreover, these newly formed radicals
exhibit higher reactivity compared to the peroxyl radicals,
enabling them to capture H atoms from other PE chains, as
shown in eqn (8). The key kinetics of the degradation process
are determined by the rate at which intermediate radicals in eqn
(6) capture H atoms. Additionally, the perhydrol products play
a crucial role in the degradation process, as each perhydrol
intermediate may produce two additional radicals that partici-
pate in subsequent processes.

[-CHCHx], + 'OH — [-"CH;CH>-], +H,O 4)
[—'CchHz—]n + 02 - [—CHz—HCOO'—CHz—]n (5)

[—CHz—HCOO.—CHz—]n + [—CHzCHz—]n -
[—CHz—CHCOOH—CHz—L + [—'CHchz—]n (6)

[-.CH, CHCOOH-CH, ], — [-CH, HCO'-CH, ], + "OH (7)

[.CH, HCO'-CH, ], + [ CH,CH, ], —
["CH,CHy ], + [ (CH,- HCOH-CH,-], (8)

On the basis of the above results, the mechanism of visible-
light driven photocatalytic degradation of PE by Nb-doped SnO,
QDs is illustrated as Fig. 6. The introduction of Nb on SnO, QDs
promotes the formation of Vy in the crystallites and both
defects introduce energy levels, effectively extending the
conduction band edge to the Fermi level. This modification
results in a reduced band gap, enhancing the semiconductor's
response to visible light and providing efficient photocatalytic
capabilities for degrading PE. The primary active radicals, "OH,
attack the carbon chains within the PE, leading to their degra-
dation into CzoHe, intermediates. Subsequently, these inter-
mediates undergo further decomposition into smaller
molecules, ultimately mineralizing into CO, and H,O through
a series of successive chemical processes, as depicted in Fig. 6.

4. Conclusions

This work demonstrates the synergistic dual-defect band engi-
neering to delocalize carriers in Nb-doped SnO, QDs for the
efficient photocatalytic degradation of MPs. The mechanism of
dual-defect band engineering is comprehensively elucidated,
revealing the synergistic interaction between Nb and V, defects.
Nb is found to establish donor levels within the bandgap, while
Vo occupies the gap between the donor levels and the conduc-
tion band, extending the conduction band edge and resulting in
areduced bandgap responsive to visible light. Nb incorporation
facilitates Vo formation, optimizing the charge carrier
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distribution within the confined QD matrix and doubling the
lifetime of carriers. The synergistic effect between Nb and Vo
significantly enhances the photoresponsive performance of
SnO, QDs. The Nb-doped SnO, QDs exhibit a superior visible-
light-driven MP degradation efficiency of 28.9% in 7 hours,
which is maintained in various water matrices. Detailed anal-
ysis of the intermediate products formed during the degrada-
tion of PE and the elucidation of the degradation pathway has
been thoroughly conducted, revealing the photocatalytic
degradation mechanism of PE by Nb-doped oxygen-deficient
SnO, QDs. Synergistic dual-defect band engineering not only
facilitates efficient visible-light-driven photocatalytic degrada-
tion of MPs but also sheds light on the mechanisms of dual-
defect band engineering, offering valuable insights for the
design and optimization of nanoscale photocatalysts.
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