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Improving photocatalytic activity and stability of titanium dioxide (TiO2) is crucial for its 
application in wastewater treatment. Incorporating polymer ligands into the synthetic 
process is an important way to improve the catalytic performance of TiO2. In this work, a 
water-soluble, non-toxic, and non-ionic polymer, polyvinylpyrrolidone (PVP), was used to 
regulate the synthesis of TiO2 by using hydrothermal method. It was observed that 
PVP-regulated TiO2 had enhanced photocatalytic performance comparing with the pure 
TiO2, mainly due to the enhanced light absorption, the suppressed charge recombination 
efficiency, the increased oxidation power of photogenerated holes and specific surface area. 
Additionally, the catalytic stability of the catalyst was also improved. As a result, TiO2 
assisted with PVP exhibited a significant improvement in catalytic stability after four 
cycles of methyl orange degradation. Our research results can provide experimental and 
theoretical basis for the development of photocatalysts with excel-lent stable catalytic 
performance. 
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1. Introduction 
 
Many scientists have acknowledged TiO2 as a semiconductor photocatalyst that is utilized 

in various applications, such as wastewater treatment, solar energy conversion, and hydrogen 
production[1], due to its low synthesis cost, simple and reliable synthesis methods, and excellent 
resistance to corrosion by natural light[2-3]. It is widely recognized that anatase, rutile, and 
brookite are the metastable phases of TiO2. Among the three crystal structures of TiO2, the anatase 
phase demonstrates superior photocatalytic activity[4-5]. However, the anatase of TiO2 lacks 
stability and reusability[6-7]. In the process of tackling industrial pollution, the notable drop in 
performance after a single degradation event undoubtedly escalates the cost of environmental 
remediation, which hinders its application in degrading organic pollutants. Therefore, 
photocatalysts that both exhibit good catalytic activity and catalytic stability have become the goal 
of many researchers[8]. Utilizing organic polymeric material for surface modification of 
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photocatalysts offers a gentle, cost-efficient, and environmentally-friendly approach to enhance 
their surface functionality[9]. By incorporating TiO2 into a polymer matrix, the composite can 
enhance its photocatalytic efficiency by expanding the light absorption range and improving 
charge separation and migration through the formulation of some heterojunctions[10]. What’s 
more, polymers can act as stabilizers, preventing particle aggregation and maintaining the 
dispersion of TiO2 in the solution[11]. Additionally, polymers can improve the mechanical strength 
of the composite, allowing for easier separation and reuse[12]. 

Jiaguo Yu’s group investigated the enhanced reduction power of polydopamine-modified 
TiO2[13]. The enhanced photocatalytic activity can be attributed to efficient separation and transfer 
of photogenerated charge carriers facilitated by the S-scheme heterojunction formed between TiO2 
and PDA, the improved light absorption and increased reduction capability of photogenerated 
electrons. Zhang et al. achieved the ability to photocatalyze the conversion of CO2 by modifying 
TiO2 with covalent porphyrin polymers[14]. The phenomenon can be attributed to enhanced 
charge transfer between two components facilitated by a robust interaction between them. Ping Lei 
et al. enhanced the degradation capability of methyl orange (MO) by modifying TiO2 with 
polyvinyl alcohol (PVA) using a hydrothermal method. After 25 cycles of catalytic degradation, 
the catalytic performance only exhibited a slight decrease[15]. What’s more, previous research has 
also demonstrated that incorporating polymer ligands into TiO2 systems yielded beneficial 
outcomes in terms of enhancing performance and catalytic stability through suppressing the charge 
carriers recombination[16]. PVP is a water-soluble, non-toxic, non-ionic polymer with advantages 
such as solubility and heat resistance. It has wide-ranging applications in fields such as biology 
and material science, and its molecular structure contains numerous carbonyl and nitrogen groups. 
These functional groups allow PVP to form complexes with inorganic precursors[17-18], 
potentially expanding the opportunities for surface and microstructural modifications of the 
synthesized TiO2 particles. 

 
 

 
Scheme. 1. Schematic diagram of PVP-regulated synthesis of TiO2. 

 
 

In this study, PVP was used as an organic template agent. The titanium source employed in 
this study was titanium butoxide, while oxalic acid (OA) was utilized as a reaction inhibitor to 
regulate the hydrolysis rate. The carbonyl and nitrogen groups in PVP were coordinated with 
titanium atoms using a hydrothermal method (Scheme 1). Finally, the PVP-modulated TiO2 was 

obtained by calcination at 650°C. The study revealed that the addition of PVP in the reaction 

system led to an in-creased length of the TiO2 particles. Consequently, the recombination rate of 

photoinduced electron-hole pairs (e-–h+) experienced a considerable reduction. This reduction in 

recombination effectively improved the photocatalytic performance of TiO2. The degradation rate 
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of MO was also improved. Further investigation into the catalytic stability of TiO2 showed that 
PVP modulation greatly enhanced the catalytic stability of TiO2. 

 
 
2. Experimental 
 
2.1. Reagents 
Polyvinylpyrrolidone (PVP, average molecular weight: 58000, CAS: 9003-39-8), 

tert-butanol (TBA, 99.8%, CAS: 75-65-0) were purchased from Chengdu Chron Chemical Co., 
Ltd. (Cheng-du, China), methyl orange (MO, 96%, CAS: 547-58-0) were supplied by Aladdin 
Chemical Co., Ltd. (Shanghai, China), Titanium butoxide (TBOT, 98%, CAS: 5593-70-4), ethanol 
(99.5%, CAS: 64-17-5), 1,4-benzoquinone (BQ, 97%, CAS: 106-51-4), Ammonium oxalate (AO, 
99.8%, CAS: 1113-38-8), oxalic acid (OA, 99%, CAS: 144-62-7). All chemicals used in the 
experiment were of analytical grade and employed without additional purification. The water used 
in the experiment was deionized. 

 
2.2. Synthesis of PVP-regulated TiO2 
The synthesis process of PVP-modified TiO2 has two primary steps. During the initial step, 

a three-neck flask was used, to which 20 mL of anhydrous ethanol and 6.8 mL of TBOT were 
carefully introduced. The mixture was then subjected to thorough stirring to ensure complete 
homogenization. Subsequently, to achieve a controlled and uniform precursor and to slow down 
the hydrolysis rate, 4.5 g of solid OA and 100 mL of deionized water were introduced into the 
mixture. The resulting solution was maintained under stirring within an ice-water bath at 

temperatures ranging from 3-5 ℃ for a period of 3 hours. Following that, solid PVP was 

incorporated into the solution, as indicated in Table S1. The resulting mixture was then transferred 

to a water bath set at a temperature of 90 ℃. The solution was allowed to react and thermally 

process for a duration of 8 hours. After an aging period of approximately 14 hours at room 
temperature, the precursor solution exhibited phase separation and formed a layered liquid. The 
supernatant was carefully removed, leaving behind a lower milky white suspension. This 
suspension was subjected to drying in an oven for roughly 5 hours, leading to the formation of a 
white precursor solid. In the subsequent step, the obtained white precursor solid was finely ground 
into a powder form. This powder was then subjected to calcination in an air environment at a 

temperature of 650 ℃. The heating rate during the calcination process was maintained at 5 ℃

/min, and the powder was held at this temperature for a period of 2 hours. Through this calcination 
process, the PVP-modified TiO2 mate-rial was synthesized. The resulting powder, with a PVP 
con-centration of x g/L, was named TiO2-PVPx. 

 
2.3. Photocatalytic performance of TiO2-PVPx 
To simulate natural sunlight, a xenon lamp with a power out-put of 250 W and an 

irradiance of 35 mW/cm2 was employed as the light source for the photocatalytic experiments of 
TiO2. To analyze the UV-visible absorption spectra of the TiO2 samples, a UV-2800A UV-Vis 
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spectrophotometer from Shanghai Unico Instrument Co., Ltd. was utilized. In this study, the 
experimental setup involved adding 0.1 g of TiO2 samples to a 20 mL solution of Methylene 
Orange (MO) with a concentration of 20 mg/L. The mixture was stirred magnetically in the dark 
for 30 min, allowing adsorption-desorption equilibrium to be established between the TiO2 and 
MO molecules. After the adsorption-desorption equilibrium was reached, the light source was 
turned on to initiate the photocatalytic process. To monitor the degradation of MO over time, 1 mL 
of the solution was collected at regular intervals of 15 min. To separate the supernatant from the 
TiO2 samples, the collected solution underwent centrifugation at a speed of 8000 rpm for 10 min. 
This centrifugal force caused the TiO2 particles to settle at the bottom, while the supernatant 
(containing the degraded MO) remained as the top layer. The absorbance of the MO supernatant 
was then measured at a specific wavelength of λ=470 nm using a spectrophotometer. The 
degradation ratios (D) were calculated using Formula (1). 

 
  𝐷𝐷 = 𝐴𝐴0−𝐴𝐴𝑡𝑡

𝐴𝐴0
✕100%= 𝐶𝐶0−𝐶𝐶𝑡𝑡

𝐶𝐶0
✕100%                            (1) 

 
In the given formula, the variables A0 and C0 represent the initial absorbance and 

concentration of the supernatant, respectively. On the other hand, the variables At and Ct represent 
the absorbance and concentration of the solution at a specific time point, denoted as t, under 
illumination. These variables are used to analyze and quantify the changing properties of the 
solution over time, particularly in relation to its absorbance and concentration levels. 

 
2.4. Characterization 
Morphological analysis was conducted using a scanning electron microscope (SEM, FEI 

Corporation, Hillsboro, USA). The UV-visible diffuse reflectance spectra (DRS, Shimadzu Group 
Company, Kyoto, Japan) were obtained using a spectrophotometer. X-ray diffraction pattern (XRD) 
was obtained using an X-ray diffractometer (XRD, Dandong Hao yuan Instrument Co., Ltd., 
Dandong, China). The infrared spectrum of the sample was obtained using a Fourier transform 
infrared spectrometer (Thermo Nicolet iS50 FTIR). X-ray photoelectron spectra were obtained 
with an X-ray photoelectron spectrometer (XPS, Kratos Ltd., Manchester, UK) for analyzing the 
elemental compositions and chemical states of the surfaces of the samples. Photoluminescence 
spectra (PL, Hitachi, Ltd., Hita-chi, Japan) were recorded on a Hitachi F-4600 fluorescence 
spectrophotometer. Surface area measurements were per-formed on nitrogen adsorption-desorption 
data using Brunauer–Emmett–Teller (BET, Mike Instrument Company, Atlanta, GA, USA). 

 
 
3. Results and discussion 
 
3.1. Effect of PVP on the morphology of TiO2 

To investigate the impact of the addition of PVP on the morphology of the TiO2 samples, 
SEM analysis was employed in this study. In the absence of PVP regulation, the morphology of 
TiO2-PVP0 particles (Fig.1ab) displayed a regular and well-dispersed hexagonal prism shape, with 
a length of approximately 0.615±0.026 μm. When the PVP concentration was 1 g/L (Fig.1cd), the 
image of TiO2-PVP1 showed a disrupted regular morphology of the particles compared with 
TiO2-PVP0. The aspect ratio of the particle size increased. As the PVP con-centration further 
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increased to 2 g/L (Fig.1ef), the aspect ratio of TiO2-PVP2 particles continued to increase, and the 
edges of the hexagonal prisms became gradually blurred. The statistic data were shown in Table S2. 
It was found that when the PVP concentration was 0, 1, and 2 g/L, the aspect ratios of the particles 
were 2.544 ± 0.289, 2.75 ± 0.092 and 2.996 ± 0.543, respectively. As the PVP concentration 
increased to 2 g/L, the particle aspect ratios increased. The SEM analysis revealed that the addition 
of PVP allows for the modulation of TiO2 morphology at the micro-nano scale. The originally 
observed hexagonal prisms with smaller lengths increase in size upon the addition of PVP. 

 

 

 

 

Fig. 1. SEM images of the TiO2 regulated by PVP with different concentration of PVP (mg/L):  
(a, b) TiO2-PVP0, (c, d) TiO2-PVP1, (e, f) TiO2-PVP2. 
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3.2. Analysis of Photocatalytic Performance of TiO2 under PVP Regulation 
To assess the photocatalytic performance of PVP-regulated TiO2, we chose MO as a 

colored dye for degradation by the samples. During a 30 min dark reaction, we observed that PVP 
regulation did not improve the adsorption performance of TiO2. The average adsorption values of 
all samples for MO remained around 4%. After the dark reaction, the absorption spectra of MO 
were recorded every 15 min. Under xenon lamp-simulated illumination, it was observed that the 
absorbance of MO decreased to varying degrees with increasing illumination time. Fig.2a 
demonstrated the significantly de-creased absorption of MO when TiO2-PVP2 was used as a 
photocatalyst. Fig.2b illustrated the variation of degradation ratio (D) vs. reaction time. It can be 
observed that when using TiO2-PVP2 as the photocatalyst, the degradation ratio of MO is the 
fastest. When the illumination time was set to 30 min, D for TiO2-PVP0, TiO2-PVP1, and 
TiO2-PVP2 were 69.9%, 73.5%, and 83.7% respectively. The catalytic performance of TiO2-PVP3 
was also considered (Fig.S1). With the increased concentration of PVP, the catalytic activity of 
TiO2 first increased and then decreased. 2 g/L PVP is the optimal concentration. 

For better industrial applications, the stability of the TiO2-PVP0 and TiO2-PVP2 was 
investigated. Although the performance of both samples decreased to some extent with increasing 
cycle number, it can be observed that the 4 completed degradation cycles times of TiO2-PVP2 
decreased by 105 min compared to TiO2-PVP0. This demonstrates that the introduction of PVP can 
significantly enhance the catalytic stability of TiO2. 

 

 

Fig. 2. Photocatalytic performance of PVP-regulated TiO2. (a) The absorption spectra of MO 
degraded by TiO2-PVP2. (b) The degradation rate of MO degraded by TiO2-PVP0, TiO2-PVP1, and 

TiO2-PVP2. The cycling degradation rate of MO with (c) TiO2-PVP2 and (d) TiO2-PVP0. 
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3.3. Composition of TiO2 Crystals 
XRD analysis was employed to examine the crystal structure of the samples in this study. 

As shown in Fig.3a, after calcination at 650°C, XRD analysis of TiO2-PVP0, TiO2-PVP1, and 
TiO2-PVP2 samples showed distinct peaks at 25°, 38°, 48°, and 55°.which can be attributed to the 
(101), (103), (200), and (211) crystal facets of the TiO2 anatase phase. These crystal facets were 
identified based on the Powder Diffraction File (PDF) reference number 89-4921. Therefore, it can 
be concluded that all the samples exhibited the crystal structure of anatase TiO2. Furthermore, the 
peak intensity at (101) position decreased with the addition of PVP, and the full width at half 
maximum (FWHM) also slightly increased. This indicated that PVP regulation slightly inhibited 
the crystallization of TiO2. 

The FTIR spectra of samples TiO2-PVP0, TiO2-PVP1, and TiO2-PVP2 were shown in 
Fig.3b. Based on the results obtained, it is evident that the peaks observed in the range of 
3200-3700 cm-1 in three samples can be attributed to the stretching vibration of O-H bonds[19-20]. 
These peaks indicate the presence of water molecules that have been adsorbed onto the surface of 
the samples. The characteristic peak observed at 1630 cm-1 in samples primarily corresponds to the 
stretching vibration of C-N bonds[20]. Although TiO2-PVP0 itself contains little C and N 
contaminants, the C-N bonds of the PVP molecules were more pronounced. The enhanced C-N 
stretching vibrations observed in TiO2-PVP1 and TiO2-PVP2 demonstrated the successful 
coordination of PVP into TiO2. The peaks observed at 1396 cm-1 and 1402 cm-1 in TiO2-PVP1 and 
TiO2-PVP2 correspond to the bending vibrations of -CH2 groups present in PVP[21]. The peak at 
1100 cm-1 in TiO2-PVP0, at 1120 cm-1 in TiO2-PVP1 and at 1113 cm-1 in TiO2-PVP2 were 
attributed to the stretching vibrations of Ti-O-C bonds[22]. The peaks observed in TiO2-PVP0, 
TiO2-PVP1, and TiO2-PVP2 in the range of 400-660 cm-1, known as the "bread roll" peaks, 
correspond to the stretching vibrations of Ti-O-Ti bonds from TiO2[20,22-23]. However, due to the 
influence of PVP, the peaks in TiO2-PVP1 and TiO2-PVP2 located in this region undergo planar 
deformation, further supporting the incorporation of PVP into TiO2 through various forms of 
bonding, such as C-N and Ti-O-C bonds, in the precursor. 

 

 

Fig. 3. (a) XRD patterns and (b) FTIR spectra of TiO2-PVP0, TiO2-PVP1, and TiO2-PVP2. 
 
 
3.4. Mechanism of enhanced catalytic performance of TiO2 
To explore the mechanism behind the influence of PVP regulation on the photocatalytic 

performance of nano-sized TiO2, a series of analysis was conducted. We first analyzed the samples 
TiO2-PVP0, TiO2-PVP1, and TiO2-PVP2 based on the diffuse reflectance spectra (DRS) shown in 
Fig.4a. Each sample in the experiment demonstrated remarkable ultraviolet (UV) light absorption. 
With the introduction of PVP, the absorption intensities of the three samples can be clearly 
observed as TiO2-PVP2 > TiO2-PVP1 > TiO2-PVP0. The energy band (Eg) of the photocatalyst 
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can be determined by employing the former analysis mothed[24-25]. Therefore, we obtained the Eg 
values of TiO2-PVP0, TiO2-PVP1, and TiO2-PVP2 as 3.34, 3.25, and 3.31 eV, respectively. The 
slight difference in the Eg values among the three samples suggests that their capability to enable 
electron transitions from the VB to the CB is relatively comparable. The XPS spectra of 
TiO2-PVP0, TiO2-PVP1, and TiO2-PVP2 are shown in Fig.S2. The binding energies of Ti 2p3/2 
(458.8, 458.5, 458.5 eV) and Ti 2p1/2 (464.4, 464.2, 464.2 eV) indicate the chemical valence state 
of Ti as +4 for all three samples[26]. The binding energies of lattice oxygen (O2

-) for TiO2-PVP0, 
TiO2-PVP1, and TiO2-PVP2 are 529.9, 529.7, and 529.7 eV, respectively. All three samples exhibit 
C-C, C-O, and C=O bonds[27-28]. Based on the XPS spectra, it can be observed that the 
intro-duction of PVP does not have a significant impact on the elemental valence states and 
chemical bond types of TiO2. The XPS valence band (VB) spectra of the samples are shown in 
Fig.4c. The estimated valence band values (EVL) are obtained by identifying the x-coordinate 
where the tangent to the up-ward section of the curve intersects with the horizontal line. The EVL 
values for the samples are 1.80, 2.09, and 2.87 eV, severally. The actual VB can be calculated 
using Formula (2)[29] 

𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁 = φ 𝐸𝐸𝑉𝑉𝑉𝑉4                                                                            (2) 
 
In the formula, ENHE represents the standard hydrogen electrode potential, and Φ 

represents the work function of the instrument (4.6 eV)[30]. Using these values, the final VB 
values of TiO2-PVP0, TiO2-PVP1 and TiO2-PVP2 were calculated to be 1.96 eV, 2.25 eV, and 3.03 
eV, respectively. It can be observed that the modulation of PVP has a significant impact on the VB 
values of TiO2. As the VB value increases, the oxidative power of the samples can become 
stronger.  

 

 

 
Fig. 4. The mechanism of improved photocatalytic performance. (a) UV-Vis DRS spectra, (b) 

bandgap curves, (c) VB-XPS spectra and (d) electronic band structure diagram of TiO2-PVP0, 
TiO2-PVP1, and TiO2-PVP2. 
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The oxidative capacities of the three samples follow the order: TiO2-PVP0 < TiO2-PVP1 < 
TiO2-PVP2. The CB values for TiO2-PVP2, TiO2-PVP1, and TiO2-PVP0 can be calculated from 
the Eg and VB values and are determined to be -0.28, -1.00, and -1.38 eV, respectively. Fig.4d 
represents a schematic diagram of the Eg, CB, and VB for each sample. 

In order to investigate the roles of various radicals in the photocatalytic degradation 
process of PVP-modulated TiO2. By using ammonium oxalate (AO), 1,4-benzoquinone (BQ) and 
tert-butanol (TBA) as radical scavengers, the effects of h+, superoxide radicals(O2

-), and hydroxyl 
radicals(·OH), and to enhance the efficiency or selectivity of the catalytic reaction were 
investigated[31]. Fig.5a presents the degradation results of TiO2-PVP2. Without these radical scavengers, 
the D of MO was initially deter-mined as 95%. However, when AO was introduced into the catalytic 
process, the degradation efficiency was decreased to 34.7%, indicated O2

- affected the degradation 
process. Similarly, when TBA and BQ was introduced, the D of MO decreased to 84.8% and 38.6%. It is 
evident that the photogenerated ·OH species in the catalyst played a crucial role in the degradation 
process after the introduction of PVP. 

The specific surface area of a catalyst is a critical factor that directly impacts its catalytic 
efficiency. As shown in Fig.5b, when TiO2 was modulated with increased concentration of PVP, 
there was an observed increase in the specific surface area of the samples. This trend aligns with 
the sequence of photocatalytic activity exhibited by the samples, further confirming the reason for 
the improvement in photocatalytic performance with the addition of PVP. 

PL is a phenomenon that arises from the recombination of photoexcited electron-hole pairs. 
The higher the recombination rate of e-–h+ pairs, the stronger the intensity of PL[32]. As shown in 
Fig.5c, the order of PL intensity was TiO2-PVP0 > TiO2-PVP1 > TiO2-PVP2. Thus, the 
introduction of PVP significantly reduced the recombination rate of e-–h+ pairs in TiO2, which is 
beneficial for enhancing photocatalytic activity. In TiO2-PVP2 and TiO2-PVP1 samples, a notable 
decrease in the recombination rate of e-–h+ pairs were observed compared to TiO2-PVP0. 
Particularly, the recombination rate of e-–h+ pairs of TiO2-PVP2 was reduced by approximately 
90%. By testing the PL spectrum of TiO2-PVP3, we found that the PL intensity of TiO2-PVP3 was 
obviously increased comparing with TiO2-PVP2 (Fig.S3), indicating a significant increase in 
charge re-combination efficiency. So it causes a decrease in catalytic activity (Fig.S1). It may be 
due to the formation of N-scheme heterojunction between TiO2 and PVP, resulting in controllable 
separation and transfer of photogenerated charge carriers. SEM images indicate that TiO2-PVP0 
exhibited better particle dispersion than the other two samples. As a result, the catalytic activity of 
TiO2-PVP0 is not significantly disadvantaged compared to TiO2-PVP1 and TiO2-PVP2. However, 
as the material undergoes repeated cycles of use, the catalytic activity and stability gap between 
TiO2-PVP0 and TiO2-PVP2 gradually widened. 
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Fig. 5. (a) The degradation rate of TiO2-PVP2 in the presence of different radical scavenger. Specific 
surface area (b) and PL spectra (c) of TiO2-PVP0, TiO2-PVP1, and TiO2-PVP2. 

 
 

4. Conclusion 
 
In summary, the employment of the polymer PVP in the syn-thetic process of TiO2 

increased the length of the particle diameters to some extent and reduced the crystallinity of the 
particles slightly. However, the introduction of PVP enhanced the absorption of TiO2 in the 
ultraviolet region and greatly reduced the recombination rate of e-–h+ pairs in the catalyst, thus 
improving the photocatalytic activity of TiO2. In the sub-sequent recycling and reusability 
experiments, it was found that the catalytic stability of the catalysts modified with PVP was 
significantly enhanced. Particularly, when the concentration of PVP in the reaction system was 2 
g/L, the initial degradation rate of MO was increased by 13.8%. After four cycles of MO 
degradation, the required degradation time was reduced by 105 min, indicating a substantial 
improvement in stability compared to the unmodified catalyst. Thus, this study provided valuable 
insights for the fabrication of the photocatalysts with high catalytic activities and stability. 
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