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Abstract: Photochromic materials are pivotal for 
rewritable smart media, yet conventional systems suffer 
from sluggish kinetics, UV dependency, and low 
optical contrast. Herein, we present a visible-light-
responsive Sn-TiO2/phosphotungstic acid (PTA) 
nanocomposite film mediated by polyvinylpyrrolidone 
(PVP) that addresses these challenges through 
interfacial engineering and bandgap modulation. Sn-doped TiO2 nanoparticles, synthesized hydrothermally, are 
covalently linked to phosphotungstic acid (PTA) clusters via PVP-assisted dispersion, enabling efficient charge 
separation under 450 nm illumination. The Sn-TiO2/PTA/PVP nanocomposite film achieves ultrafast coloration 
within 10 s, attributed to the reduction of W6⁺ to W5⁺ in PTA. The colored state exhibits remarkable air stability 
(48 h) and rapid recovery (<30 min) via H2O2 vapor, sustaining >80 reversible cycles without degradation. With a 
narrowed bandgap (2.23 eV) and broadband intervalence charge transfer (IVCT) absorption (600–800 nm), the 
film demonstrates high-contrast black-state coloration and 2-day legibility as a rewritable medium. This work 
overcomes the limitations of organic dyes and UV-dependent systems, offering an inorganic, eco-friendly platform 
for smart displays, anti-counterfeiting labels, and energy-efficient photochromic technologies. 
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1. Introduction 

Photochromic materials, capable of reversible color changes under external stimuli, have emerged as critical 
components in smart windows [1−5], rewritable media [6−12], and anti-counterfeiting systems [13−18]. Among 
inorganic photochromic candidates, transition metal oxides (e.g., WO3, MoO3, TiO2) and polyoxometalates (POMs) 
dominate due to their thermal stability, environmental robustness, and tunable redox properties [19−25]. However, 
conventional systems face intrinsic limitations: (i) narrow visible-light absorption (typically <450 nm) due to wide 
bandgaps [26−28], (ii) sluggish coloration/bleaching kinetics caused by inefficient charge separation [29], and (iii) 
low optical contrast due to their characteristic blue/gray coloration, which reduces readability under ambient lighting 
[30]. For instance, Zhang et al. [31] reported UV-driven TiO2/PMoA rewritable paper with a 70-cycle lifespan, yet 
its reliance on UV light and blue-phase coloration pose safety concerns and visual limitations, such as poor 
legibility under white-light illumination. These unresolved challenges underscore the need for material systems that 
simultaneously achieve visible-light activation, rapid switching kinetics, and high-contrast optical states. 

Recent advancements focus on enhancing light absorption and charge transfer efficiency through 
nanostructuring [32,33], heterojunction engineering [34−36], and doping strategies [5,37,38]. Sn-doped TiO2 (Sn-
TiO2), for example, demonstrates extended visible-light response (up to 450 nm) by introducing intermediate 
energy levels via Sn4+substitution, which introduces intermediate energy levels to narrow the bandgap [39]. 
Concurrently, phosphotungstic acid (PTA, H3PW12O40), a Keggin-type POM, exhibits reversible redox activity 
and structural integrity during coloration [29,40,41]. Xiong et al. [42] developed PTA-polyurethane films with 
UV-triggered photochromism, yet their reliance on UV light and slow recovery (>5 h) limit scalability. Hybrid 
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systems combining Sn-TiO2 with organic dyes (e.g., neutral red) partially address visible-light activation [39], but 
organic components degrade rapidly under prolonged irradiation and fail to achieve black-state coloration due to 
narrow absorption bands. Despite these efforts, achieving inorganic composites with integrated fast color 
switching, black-state optical contrast, and visible-light-driven photochromism remains a formidable challenge. 

A critical yet underexplored aspect lies in achieving a high contrast black-state through tailored IVCT absorption. 
While reduced POMs typically exhibit broad absorption in the near-infrared region (600–800 nm) [43−45], their 
integration with visible-light-active semiconductors could enable intense black coloration by spanning the entire 
visible spectrum. However, this requires precise interfacial engineering to maximize electron transfer efficiency 
and minimize parasitic absorption losses. Recent studies on polyvinyl alcohol-polyethyleneimine-PTA (PVA-PEI-
PTA) composites achieved grey mauve [41], but their limited IVCT bandwidth and insufficient electron density 
prevented true black-state formation. Thus, designing a material system that synergizes visible-light absorption, 
efficient charge transfer, and broadband IVCT transitions is essential for high-contrast photochromic applications. 

In this work, we propose a PVP-mediated Sn-TiO2/PTA nanocomposite film that synergizes visible-light 
absorption, efficient charge transfer, and black-state optical contrast. By employing PVP as both a dispersant and 
interfacial stabilizer, Sn-TiO2 nanoparticles and PTA clusters are uniformly integrated, enabling enhanced charge 
separation while suppressing recombination. This architecture enables dual functionality: (i) Sn4⁺ doping narrows 
the TiO2 bandgap to 2.23 eV, extending absorption to 450 nm, and (ii) PTA acts as an electron acceptor, triggering 
broadband IVCT transitions between W5⁺ and W6⁺ species upon reduction. The optimized nanocomposite film 
achieves ultrafast coloration (10 s) under 450 nm illumination, sustains >80 reversible cycles via H2O2 vapor 
treatment, and delivers intense black coloration through synergistic visible-light absorption and IVCT transitions. 
As a rewritable medium, the film enables high-resolution patterning with 2-day legibility, surpassing the 
performance of organic dye-based and UV-dependent systems. This work establishes a sustainable, inorganic 
platform for smart displays and energy-efficient photochromic technologies, addressing the long-standing trade-
offs between speed, contrast, and stability. 

2. Experimental Part 

2.1. Materials and Methods 

2.1.1. Materials  

Titanium (IV) ethoxide (Ti(OC2H5)4, 33–35%) was purchased from Macklin Biochemical Co. Ltd., (Shanghai, 
China) Ethylene glycol (EG, 99.0%), tin (II) chloride dihydrate (SnCl2ꞏ2H2O, 98.0%), polyvinylpyrrolidone (PVP, 
K30), and phosphotungstic acid (PTA, H3PW12O40ꞏ21H2O, 99.9%) were purchased from Sinopharm Chemical 
Reagent Co. Ltd. (Shanghai, China). Hydrazine hydrate (N2H4ꞏH2O, 80%) were purchased from Tianjin Damao 
Chemical Reagent Factory, (Tianjin, China). Glass substrates (2.5 × 2.5 cm2) were purchased from Luoyang 
Nuozhuo Technology Co. Ltd. (Luoyang, China). All chemicals were analytic grade and used without any further 
purification during the synthesis. 

2.1.2. Synthesis of Sn-TiO2 Nanoparticles  

Sn-TiO2 nanoparticles were synthesized via a hydrothermal method. In a typical procedure, SnCl2ꞏ2H2O 
(0.216 g, 0.96 mmol) was dissolved in EG (33 mL) under magnetic stirring (500 rpm, 30 min). Ti(OC2H5)4 (1 mL) 
was added dropwise to the solution, followed by N2H4ꞏH2O (2 mL, 80%) under continuous stirring (30 min). The 
mixture was transferred into a 50 mL Teflon-lined autoclave (Shanghai Yanzheng Experimental Equipment Co., 
Ltd., Shanghai, China) and heated at 200 ℃ for 36 h. Light yellow precipitates were obtained by centrifugation, 
washed 3 times with acetone, and then dried overnight at 60 ℃. 

2.1.3. Fabrication of Sn-TiO2/PTA/PVP Nanocomposite Films 

A precisely measured quantity of 14.4 mg Sn-TiO2 nanoparticles was dispersed in a mixed solvent system 
containing 100 mg of 20 wt.% PVP aqueous solution, 0.6 mL EG, and 103 mg of PTA solution (5.76 g/mL). The 
resultant suspension underwent magnetic stirring to ensure uniform colloidal distribution. The optimized coating 
formulation was then deposited on pre-cleaned glass substrates (2.5 cm × 2.5 cm) followed by drying at 60 °C for 
6 h to obtain the typical Sn-TiO2/PTA/PVP nanocomposite films with Sn-TiO2:PTA molar ratio of 5:1. Films with 
varying Sn-TiO2:PTA molar ratios (3:1, 7:1) were prepared by adjusting precursor quantities. Three independent 
batches were fabricated for each ratio to ensure reproducibility. 
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2.1.4. Characterizations 

The X-ray powder diffraction (XRD) patterns of the products were performed on a Rigaku SmartLab 
diffractometer with Cu Kα radiation (λ = 1.54178 Å). Scanning electron microscope (SEM) images were 
performed on a Hitachi SU8010 microscope. Transmission electron microscopy (TEM) images and elemental 
mapping results were obtained on Hitachi-7700 and FEI Tecnai G2 F20 microscopes. X-ray photoelectron 
spectroscopy (XPS) measurement was measured on an Imaging Photoelectron Spectrometer (Escalab 250Xi, 
Thermo Scientific, Waltham, MA, USA) with a monochromatic Al Ka X-ray source. The Fourier transform 
infrared (FTIR) spectra were conducted on a Bruker Alpha spectrometer in the range of 500–4000 cm−1. UV-vis 
absorption spectra were measured using a UV–vis spectrophotometer (UV-2600, Shimadzu Co., Tokyo, Japan) 
equipped with an integrating sphere unit (ISR-2600, Shimadzu Co., Tokyo, Japan). The Raman spectra were 
recorded on a micro-Raman LabRAM HR800 spectrometer (Horiba Jobin Yvon Ltd., Tokyo, Japan) with a 633 nm 
laser. Electron spin resonance (ESR) spectrum was measured with a bruker ESR5000 spectrometer at X-band at 
77 K. All photochromic tests were conducted under ambient conditions (temperature: 25 ± 2 °C; relative humidity: 
50 ± 5%; atmospheric oxygen content: ~21%). The digital photographs were obtained by a cellphone. 

2.2. Results and Discussion 

2.2.1. Synthesis and Structural Characterization of Sn-TiO2/PTA/PVP Nanocomposite Films 

The Sn-TiO2/PTA/PVP nanocomposite films were synthesized through a hierarchical strategy combining 
hydrothermal synthesis of Sn-TiO2 nanoparticles and their subsequent integration with PTA clusters via PVP-
mediated interfacial engineering. The structural evolution and chemical interactions within the nanocomposite 
were systematically investigated using XRD, TEM, FT-IR, XPS, and UV-vis spectroscopy.  

The crystalline structure of the synthesized components was first evaluated via XRD. As shown in Figure 1a, 
pristine Sn-TiO2 nanoparticles exhibited distinct diffraction peaks at 27.4°, 36.1°, and 54.3°, corresponding to the 
(100), (101), and (211) planes of the rutile TiO2 phase (JCPDS No. 21-1276) [38]. Notably, the absence of SnO2-
specific peaks (e.g., ~26.5° and ~33.8°) confirmed that Sn4⁺ ions were substitutionally doped into the TiO2 lattice 
rather than forming segregated SnO2 phases [46,47]. This substitutional doping is critical for narrowing the 
bandgap and enhancing visible-light absorption, as later evidenced by UV-vis analysis. In contrast, the XRD 
pattern of pristine PTA clusters (H₃PW₁2O₄₀) displayed sharp peaks at 10.2°, 25.6°, and 34.8°, characteristic of the 
Keggin-type structure (JCPDS No. 50-0655) [48,49]. The XRD peak broadening observed in the Sn-
TiO2/PTA/PVP nanocomposite film is attributed to the dual functionality of PVP as both a steric stabilizer and a 
hydrogen-bonding mediator. The pyrrolidone groups within PVP coordinate with Sn-TiO2 and PTA, disrupting 
long-range crystallinity and simultaneously enhancing interfacial charge transfer. This observation is supported 
by FT-IR and XPS data (discussed below), which demonstrate weakened intra-component vibrations (Figure 1g) 
and electron redistribution (Figure 2a–d). 

TEM and SEM images provided insights into the morphology and elemental distribution of the Sn-
TiO2/PTA/PVP nanocomposite film. The TEM image (Figure 1b) revealed that the Sn-TiO2 nanoparticles exhibited 
an average size of approximately 5 nm. Figure 1c illustrates the uniform dispersion of Sn-TiO2 nanoparticles and 
PTA clusters within the PVP matrix. A digital image (Figure 1d) showed the Sn-TiO2/PTA/PVP nanocomposite film 
to be transparent with a yellowish-green color, and the UV-vis transmittance spectrum (Figure S1) indicated a 
transmittance of approximately 80%. Furthermore, a cross-sectional optical microscope image (Figure 1e) 
confirmed a film thickness of ~270 μm, while low-magnification SEM (Figure 1f) highlighted a smooth surface 
morphology with minimal porosity. This dense structure is critical for minimizing oxidative degradation during 
photochromic cycling by impeding oxygen diffusion into the interior of film. The corresponding elemental 
mapping (Figure 1f) demonstrated uniform distribution of Sn, Ti, W, P, and N (from PVP) across the 
nanocomposite film, confirming the absence of agglomeration. The homogeneous elemental distribution 
underscores the effectiveness of PVP as both a dispersant and interfacial linker, ensuring optimal charge transport 
pathways [50]. The dual functionality of PVP originates from its pyrrolidone ring, where the carbonyl oxygen 
(C=O) acts as both a hydrogen bond acceptor and a coordination site. The C=O group forms hydrogen bonds with 
hydroxylated Sn-TiO2 surfaces and oxygen-rich PTA clusters, as evidenced by FT-IR peak broadening observed 
at 1665 cm⁻1 (Figure 1g). Furthermore, coordination between C=O and Ti4⁺/Sn4⁺ stabilizes Sn-TiO2 nanoparticles, 
while electrostatic interactions with PTA anions ensure their uniform dispersion, as depicted in Figure 1f. 
Complementing these interactions, the hydrophobic polymer backbone provides steric hindrance, effectively 
preventing agglomeration (Figure 1c). These mechanisms work synergistically to enhance interfacial charge 
transfer without compromising the structural integrity of the composite. 
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Figure 1. (a) XRD patterns of Sn-TiO2, PTA, and the typical Sn-TiO2/PTA/PVP nanocomposite film. (b,c) TEM 

images of Sn-TiO2 nanoparticles and the typical Sn-TiO2/PTA/PVP nanocomposite film. (d) Photograph of the 

typical Sn-TiO2/PTA/PVP nanocomposite film. (e) Optical microscope image of the typical Sn-TiO2/PTA/PVP 

nanocomposite film from cross-sectional view. (f) SEM images and corresponding elemental mapping of Sn, Ti, 

W, N, and P of the typical Sn-TiO2/PTA/PVP nanocomposite film. (g–i) FT-IR spectra, UV–vis diffuse absorption 

spectra and the corresponding Tauc ((Ahν)1/2 versus hν) plots of Sn-TiO2, PTA, and the typical Sn-TiO2/PTA/PVP 

nanocomposite film, respectively. 

 

Figure 2. High-resolution XPS spectra of Ti 2p (a), Sn 2p (b), W 4f (c) and O 1s (d) of Sn-TiO2 nanoparticles, 

PTA, and Sn-TiO2/PTA nanocomposite. 
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Figure 1g shows the FT-IR spectra of Sn-TiO2, PTA, and the typical Sn-TiO2/PTA/PVP nanocomposite film 
(Figures 1g and S2). The peaks at 3605–3412 cm−1 belong to the stretching vibration of O-H bond on the surface 
of Sn-TiO2, PTA, and the typical Sn-TiO2/PTA/PVP nanocomposite. The characteristic peaks at 2856–2928, 1665, 
1373, 1280, 1080, 981, 825 and 656 cm−1 arise from the stretching vibration of -CH2 group, stretching vibration 
of C=O, wagging vibration of CH2 group, stretching vibration of the C−N bond, stretching vibration of C-O-Ti or 
P=O, vibration of W=O, bending vibration of W-O-W, and Ti-O, respectively [39,51,52]. The FT-IR spectra of 
Sn-TiO2/PTA/PVP nanocomposite film showed diminished intensity in W–O–W and Ti–O–Ti vibrations (740–
525 cm⁻1), indicative of robust interfacial interactions that suppress nanoparticle aggregation [53,54]. UV-vis 
diffuse reflectance spectroscopy and Tauc plots (Figure 1h,i) elucidated the optical absorption characteristics and 
bandgap modulation induced by Sn doping and PVP-mediated integration. The Sn-TiO2/PTA/PVP nanocomposite 
exhibited a narrowed bandgap of 2.23 eV, as calculated using Kubelka-Munk function, compared to pristine Sn-
TiO2 (2.29 eV) and PTA (3.05 eV) [55]. Similar bandgap narrowing has been reported for Sn-TiO2 systems, where 
Sn4⁺ substitution creates defect states that extend visible-light absorption [39]. The broad absorption of the Sn-
TiO2/PTA/PVP nanocomposite film in the 600–800 nm range (Figure 1h) is attributed to IVCT transitions between 
W5⁺ and W6⁺ species within the reduced PTA clusters. This IVCT absorption is critical for achieving high-contrast 
black coloration, as it spans a significant portion of the visible spectrum [56−59]. In contrast, conventional WO3-
based systems exhibit narrower IVCT bands (~600–700 nm), resulting in grayish color [60]. The synergistic effect 
between the visible-light absorption of Sn-TiO2 and the broadband IVCT transitions of PTA enables the 
nanocomposite to achieve enhanced optical contrast. 

Due to the shielding effect of the PVP polymer matrix on XPS signals from Sn-TiO2 and PTA, direct 
characterization of the photochromic process was performed using Sn-TiO2/PTA nanocomposites. The survey 
XPS spectrum (Figure S3) of the Sn-TiO2/PTA nanocomposite revealed the presence of Ti, Sn, W, P, O, and C 
signals, originating from the Sn-TiO2 nanoparticles and PTA components. High-resolution XPS analysis revealed 
critical insights into interfacial charge transfer dynamics. The Ti 2p3/2 core-level spectrum (Figure 2a) exhibited a 
binding energy shift from 458.2 eV (pristine Sn-TiO2) to 458.7 eV in the nanocomposite, while the Sn 3d5/2 peak 
shifted from 485.9 eV to 486.5 eV (Figure 2b). These upward shifts indicate electron depletion at Ti and Sn sites, 
suggesting electron transfer from Sn-TiO2 to adjacent species. Conversely, the O 1s peak shifted downward by 0.1 eV 
(from 530.5 eV in pristine PTA to 530.4 eV in the nanocomposite; Figure 2d), reflecting increased electron density 
on oxygen atoms, likely due to electron accumulation from Sn-TiO2 [61,62]. Notably, the W 4f spectra remained 
unchanged, ruling out direct involvement of W redox states in the interfacial charge transfer process (Figure 2c). 
The directional electron flow aligns with the observed photochromic kinetics (discussed later), where Sn-TiO2 acts 
as an electron donor under visible light, reducing PTA and triggering IVCT transitions. This mechanism is further 
corroborated by the stability of W 4f signals, which confirms that PTA maintains its structural integrity during 
charge transfer, serving as a robust electron acceptor. By excluding PVP, this analysis isolates the intrinsic 
interactions between Sn-TiO2 and PTA, clarifying their synergistic roles in photochromic behavior. 

2.2.2. Photochromic Performance of Sn-TiO2/PTA/PVP Nanocomposite Films 

The photochromic behavior of the Sn-TiO2/PTA/PVP nanocomposite films was systematically evaluated 
under 450 nm illumination and H2O2 vapor treatment, with a focus on coloration kinetics, bleaching dynamics, 
cyclic stability, and component ratio effects. For the optimal Sn-TiO2:PTA molar ratio (5:1), the film exhibited 
ultrafast coloration within 10 s (Figure 3a), achieving a maximum absorbance at 750 nm (Figure 3b). Illumination 
with 450 nm light resulted in a pronounced color change in the nanocomposite film, transitioning from an initial 
light yellow to a black color. This color change is indicative of efficient electron transfer from the Sn-TiO2 
nanoparticles to the PTA component (Figure 3a). Concurrently, the UV−vis diffuse reflectance spectra of the Sn-
TiO2/PTA/PVP nanocomposite film exhibited a time-dependent increase in absorption across the visible region 
(470–800 nm) upon exposure to 450 nm light for 10 s, with a characteristic absorption peak observed at 750 nm 
(Figure 3b). This absorption peak is attributed to IVCT transition between W5⁺ and W6⁺ species, providing direct 
evidence for the reduction of W6⁺ to W5⁺ within the nanocomposite film under 450 nm illumination [31]. The 
bleaching kinetics of the Sn-TiO2/PTA/PVP nanocomposite film were initially investigated under ambient 
atmospheric conditions (Figure 3c). The UV−vis diffuse reflectance spectrum of the photoreduced (darkened) film 
revealed a gradual decrease in absorption intensity as a function of time, which is attributed to the slow reoxidation 
kinetics of W5⁺ back to W6⁺ by molecular oxygen present in the ambient air [61]. Beyond 50 h, no further decrease 
in the UV−vis diffuse reflectance intensity was observed, suggesting that oxygen diffusion from the surface to the 
interior of the film becomes diffusion-limited due to PVP’s oxygen-blocking effect. The prolonged color retention 
of the photoreduced Sn-TiO2/PTA/PVP nanocomposite film, lasting for more than 2 days, renders this system a 
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promising candidate for rewritable paper applications. In order to further manipulate and accelerate the bleaching 
process for potential applications, the nanocomposite film was subjected to treatment with H2O2 vapor. As depicted 
in Figure 3d, the UV−vis diffuse reflectance spectra of the photoreduced (darkened) film exhibited a gradual shift 
towards the reverse direction, with complete recovery to the initial state achieved within a period of 22 min upon 
exposure to H2O2 vapor (3 wt. %). This rapid bleaching is attributed to the efficient oxidation of W5⁺ back to W6⁺ 
within the Sn-TiO2/PTA/PVP nanocomposite film, where H2O2 acts as an effective oxidizing agent [62]. The 
resulting H2O2-treated film demonstrated an enhanced bleaching rate (Figure 3e). The coloration and bleaching 
process, induced by illumination with 450 nm light and subsequent treatment with 3 wt.% H2O2 vapor, respectively, 
was repeated multiple times to investigate the reversibility and stability of the Sn-TiO2/PTA/PVP nanocomposite 
film for potential applications (Figure 3f). The UV-Vis diffuse reflectance spectra were acquired, and the intensity 
at 750 nm was monitored to quantify the coloration and bleaching efficiency. The nanocomposite film 
demonstrated exceptional photochromic reversibility and repeatability, retaining over 95% of its initial absorbance 
after 80 cycles. The performance of the Sn-TiO2/PTA/PVP nanocomposite film surpasses that of many existing 
photochromic systems, as detailed in Table S1. 

 

Figure 3. (a) Digital photographs showing the color switching process of the typical Sn-TiO2/PTA/PVP 

nanocomposite film upon 450 nm illumination and treatment with H2O2 vapor. (b–d) UV-vis diffuse absorption 

spectra showing the coloration process upon 450 nm illumination (b), upon the bleaching process in ambient air 

(c), and in the 3 wt.% H2O2 condition (d). (e) The bleaching rate of the Sn-TiO2/PTA/PVP nanocomposite film in 

the ambient condition and treated with H2O2 vapor, respectively. (f) Absorption intensity at 750 nm of the 

nanocomposite film in 80 cycles. 
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To further elucidate the impact of component ratios, the photochromic performance of Sn-TiO2/PTA/PVP 
nanocomposite films with Sn-TiO2:PTA molar ratios of 3:1 and 7:1 was also investigated, respectively. While the 
3:1 ratio nanocomposite film exhibited a noticeable color change from light gray to black upon 10 s of illumination 
with 450 nm light, its cycling stability was limited to only 50 cycles (Figures S4 and S6a). This limited stability at 
the 3:1 Sn-TiO2:PTA ratio can be attributed to the lower Sn-TiO2 content, which restricts the number of 
photogenerated electrons available for PTA reduction. Consequently, the reduction of W6⁺ to W5⁺ is slowed due 
to this insufficient electron density, leading to incomplete coloration and accelerated degradation of the partially 
reduced PTA clusters during cycling. Conversely, the 7:1 ratio resulted in excessive aggregation of Sn-TiO2 
nanoparticles, which hindered film formation. Consequently, the 7:1 ratio nanocomposite film displayed minimal 
color change after 10 s of illumination at 450 nm (Figures S5 and S6b). These findings highlight the critical 
importance of maintaining balanced component ratios to achieve optimal photochromic performance. 

2.2.3. Mechanistic Insights into Photochromic Behavior 

The photochromic mechanism of the Sn-TiO2/PTA nanocomposite was elucidated through XPS and FTIR 
analyses. Upon 450 nm illumination, this peak of W 4f7/2 peak shifted from 35.6 eV to 35.4 eV (Figure 4a), 
confirming the reduction of W6⁺ to W5⁺ [58]. The intensity ratio of W5⁺/W6⁺ increased after illumination, indicating 
efficient electron accumulation at PTA clusters. Concurrently, the Ti 2p3/2 peak shifted from 458.7 eV to 458.5 eV 
(Figure 4b), signifying the formation of Ti³⁺ species via electron trapping at oxygen vacancies [31]. These 
vacancies, introduced by Sn4⁺ substitution into the TiO2 lattice, act as hole scavengers, prolonging electron 
lifetimes (>10 ns) and enhancing charge separation efficiency [38]. The O 1s peak shifted downward by 0.2 eV 
(from 530.5 to 530.3 eV; Figure 4c), reflecting increased electron density at oxygen sites due to interfacial charge 
transfer. These observations align with prior studies on metal oxide-POM systems, where visible-light excitation 
drives directional electron flow from the semiconductor to POM clusters [31]. The survey XPS spectra (Figure S7) 
confirmed the absence of elemental leaching or phase decomposition during cycling, with C 1s and P 2p peaks 
remaining unchanged, underscoring the structural integrity of the Sn-TiO2 and PTA clusters. 

 

Figure 4. (a,b) High-resolution XPS spectra of W 4f (a), Ti 2p (b) and O 1s (c) of the Sn-TiO2/PTA nanocomposite 

before and after 450 nm illumination. (d) FT-IR spectra of the Sn-TiO2/PTA/PVP nanocomposite film upon 450 nm 

with different time. 
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FT-IR spectroscopy (Figure 4d) provided further evidence of dynamic interfacial interactions during 
photochromic cycling. The W–O–W vibrational peak at 895 cm⁻1 decreased in intensity within 30 s of illumination, 
indicating electron localization at W sites. Simultaneously, the –OH vibrational peak at 3452 cm⁻1 exhibited a 
sharp intensity decline with prolonged illumination, attributed to hydroxyl group formation via water oxidation by 
photogenerated holes. This process stabilizes charge-separated states by suppressing hole recombination [63,64]. 
The W=O stretching vibration at 981 cm⁻1 also diminished, suggesting partial reduction of terminal oxygen atoms 
in PTA. These spectral changes correlate with enhanced interfacial electronic coupling between Sn-TiO2 and PTA, 
facilitating unidirectional electron transfer under visible light. Notably, the C–N vibrational peak of PVP (1280 cm⁻1) 
remained almost unchanged during illumination, confirming its non-redox role as a structural stabilizer. PVP 
suppresses nanoparticle aggregation and oxidative degradation by forming a protective matrix, ensuring uniform 
dispersion of Sn-TiO2 and PTA clusters. 

2.2.4. Application of Sn-TiO2/PTA/PVP Nanocomposite Films as Rewritable Smart Media 

The practical utility of the Sn-TiO2/PTA/PVP nanocomposite film as a high-performance rewritable medium 
was demonstrated through photopatterning experiments and environmental stability tests, as illustrated in Figure 5. 
Leveraging its ultrafast visible-light-driven photochromism, high optical contrast, and robust reversibility, the film 
enables precise, durable, and eco-friendly information recording and erasing, addressing critical limitations of 
conventional rewritable systems. As shown in Figure 5a, high-definition text patterns were printed onto the 
nanocomposite film using 450 nm illumination through a photomask (10 s exposure). The printed patterns 
exhibited sharp edge definition and no pixel bleeding, demonstrating the localized photochromism of the material. 
This spatial selectivity arises from efficient electron transfer from Sn-TiO2 to PTA exclusively in illuminated 
regions, triggering W6⁺-to-W5⁺ reduction and subsequent broadband IVCT absorption. The environmental stability 
of printed information was assessed under ambient conditions. As illustrated in Figure 5b, legible text remained 
discernible for up to 3 days, with complete disappearance observed after 6 days (Figure 5b, panels i–vi). This 
extended retention time represents a significant improvement compared to organic dye-based systems, such as 
spiropyran, which typically exhibit a retention period of less than 3 days [65]. This performance characteristic 
aligns well with the requirements for temporary display applications in logistics, signage, and anti-counterfeiting 
labels. The slow oxidative fading is attributed to the dense PVP matrix, which impedes oxygen diffusion into the 
film’s interior. 

 

Figure 5. (a) Schematic illustration of photoprinting on the Sn-TiO2/PTA/PVP nanocomposite film under 450 nm 

illumination in 10 s using a photomask. (b) Digital photographs of the original printed rewritable film (i) and the 

printed rewritable film maintained in air for 6 h (ii), 12 h (iii), 2 days (iv), 3 days (v), 6 days (vi). 
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3. Conclusions

In summary, we present a visible-light-responsive Sn-TiO2/PTA/PVP nanocomposite film that synergizes 
ultrafast photochromic switching, high-contrast black coloration, and exceptional environmental stability for 
rewritable media applications. By leveraging Sn4⁺ doping to narrow the TiO2 bandgap (2.23 eV) and PVP-mediated 
interfacial engineering to integrate PTA clusters, the nanocomposite achieves efficient visible-light absorption 
(400–500 nm) and broadband IVCT transitions (600–800 nm), enabling full-spectrum black coloration. The 
material exhibits ultrafast coloration (10 s under 450 nm illumination) and rapid bleaching (<30 min via H2O2 
vapor), sustaining over 80 reversible cycles with negligible performance decay. This represents a significant 
improvement over organic dyes and UV-dependent inorganic systems in terms of both speed and durability. The 
dense PVP matrix further ensures long-term stability by suppressing oxidative degradation, retaining legible 
patterns for >48 h under ambient conditions. As a rewritable smart medium, the film enables high-resolution, 
energy-efficient information storage and erasure, showcasing direct applicability in temporary displays, smart 
packaging, and dynamic signage. From an environmental perspective, the Sn-TiO2/PTA/PVP nanocomposite 
offers a sustainable alternative to conventional photochromic systems. The inorganic components (Sn-TiO2, PTA) 
are non-toxic and abundant, while the aqueous synthesis process avoids hazardous solvents. The visible-light-
driven mechanism reduces energy consumption compared to UV-dependent systems, and the film’s long-term 
stability (>80 cycles) minimizes material waste. These attributes align with global efforts toward green chemistry 
and energy-efficient technologies. By harmonizing visible-light activation, high optical contrast, and mechanical 
durability within an eco-friendly inorganic framework, this work establishes a transformative platform for next-
generation smart displays, anti-counterfeiting technologies, and energy-efficient rewritable media. 

Supplementary Materials: The following supporting information can be downloaded at: 
https://media.sciltp.com/articles/others/2505151554522574/MI-953-SI-final.pdf, Figure S1: UV-vis transmittance spectrum of 
the typical Sn-TiO2/PTA/PVP nanocomposite film; Figure S2: FT-IR spectra of Sn-TiO2, PTA, and the typical Sn-
TiO2/PTA/PVP nanocomposite film; Figure S3: Survey XPS spectra (a) and high-resolution XPS spectra of C 1s (b) and P 2p 
(d) of PTA, Sn-TiO2 nanoparticles and Sn-TiO2/PTA nanocomposite; Figure S4: (a) Digital photographs showing the color
switching process of the Sn-TiO2/PTA/PVP nanocomposite film (the molar ratio of Sn-TiO₂:PTA is 3:1) upon 450 nm
illumination and treatment with H2O2 vapor. (b,c) UV-vis diffuse absorption spectra showing the coloration process upon 450
nm illumination (b), upon the bleaching process in the 3 wt.% H2O2 condition (c); Figure S5: (a) Digital photographs showing
the color switching process of the Sn-TiO₂/PTA/PVP nanocomposite (the molar ratio of Sn-TiO₂:PTA is 7:1) upon 450 nm
illumination and treatment with H₂O₂ vapor. (b,c) UV-vis diffuse absorption spectra showing the coloration process upon 450
nm illumination (b), upon the bleaching process in the 3 wt.% H2O2 condition (c); Figure S6: (a) The coloration rate and (b)
the bleaching rate of Sn-TiO2/PTA/PVP nanocomposite films with different Sn-TiO2:PTA molar ratios under 450 nm light
illumination in the initial state, treatment with vapor of H2O2, respectively. (c) Absorption intensity at 750 nm of films with
Sn-TiO2:PTA molar ratios of 5:1 (80 cycles) and 3:1 (50 cycles) during continuous color switching. Figure S7: Survey XPS
spectra (a) and high-resolution XPS spectra of C (b), P (c), N (d) of the Sn-TiO2/PTA nanocomposite before and after 450 nm
illumination. Table S1: Comparison of photochromic performance between Sn-TiO2/PTA/PVP and existing systems.
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