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Abstract: Formaldehyde (HCHO), an indoor volatile organic compound, is seriously harmful to human health. 

Therefore, green and effective decomposition of HCHO is essential. TiO2 has been employed for the 

degradation of HCHO via photocatalytic generation of reactive oxygen species (ROS) (O2-, ·OH), yet the low 

specific surface area of crystalline TiO2 depressed the catalytic performance. Herein, we prepared TiO2 aerogels 

with high specific surface area and high porosity by sol-gel method, and added PVA to introduce flexible 

molecular chains for pore size regulation. The photocatalytic performance test verifies that the pore size of TiO2 

aerogel is one of the important factors for HCHO decomposition. Notably, through the establishment of 

theoretical model and calculation, we validated that the efficiency of HCHO decomposition is related to the 

oxygen pressure in the pores of TiO2 aerogel, and the oxygen pressure is inversely proportional to the pore 

size. Accordingly, the optimal pore size of TiO2 aerogel for the photocatalytic HCHO decomposition is 2 nm~10 

nm. This study provides a theoretical idea for TiO2 aerogels in the decomposition reaction of HCHO, which is 

expected to inspire more breakthroughs in the study of TiO2 aerogels for green chemistry. 

Keywords: HCHO; TiO2 aerogel; pore size; photocatalysis; oxygen pressure; decomposition 

 

1. Introduction 

Indoor air quality (IAQ) is an important factor affecting human health. Formaldehyde (HCHO) 

is a typical indoor volatile organic compound [1–5], (VOC) that has severe influence on IAQ, which 

cannot be ignored for the health hazards of occupants. Hence, the treatment of HCHO has attracted 

much attention. There are many traditional methods for HCHO treatment, such as adsorption 

purification method [6–10], biological degradation method [11–13], air negative ion technology [14–

16], and thermal destruction method [17–19]. However, these methods all have certain deficiencies 

for poor HCHO treatment effect and easily-triggered secondary pollution. Hence, it is necessary to 

develop an environmentally friendly method with lower cost and higher efficiency for HCHO 

purification. In recent years, photocatalytic oxidation method [20–23], has attracted many interests 

for the advantages of high removal efficiency, low-temperature requirement (room temperature), 

wide applicability, and no secondary pollution. By using light energy, the organics distributed on the 

catalyst surface could be easily degraded into non-toxic H2O and CO2 [24]. This method has the 

advantages of high removal efficiency, low temperature requirement (room temperature), wide 

application range, no secondary pollution, so it has attracted extensive attention and research. 

Since the discovery of water molecules decomposition under ultraviolet irradiation on the 

surface of TiO2 electrodes by Fujishima Akira in 1972, the theory [25], and application of TiO2-based 

photocatalysts in the field of photocatalysis have been further developed after decades, and they have 

also become ideal materials for photocatalytic decomposition of HCHO [26,27]. Wang et al. [28], 

prepared TiO2/C/MnO2 ternary photocatalyst for visible light degradation of formaldehyde. Huang 

et al. [29], found that Pd/ TiO2 complex made of TiO2 supported with 0.1% Pd as catalyst could 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 May 2024                   doi:10.20944/preprints202405.1463.v1

©  2024 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202405.1463.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

decompose all HCHO into CO2 and H2O at room temperature. He et al. [30], found that when Ir/TiO2 

was doped with Na+, the decomposition rate of HCHO could reach 100%. Studied [31,32], show that 

nitrogen-doped nano- TiO2 can broaden its spectral response range. In another work, Liu et al. [33], 

prepared nitrogen-doped TiO2 film by sol-gel method to degrade HCHO, and the decomposition rate 

of HCHO reached 90% within 24 h, showing good stability and reusability. Tompsett et al. [34], 

modified TiO2 by nitrogen doping and found that the modified nano TiO2 had good photocatalytic 

decomposition performance under the illumination condition of 440 nm wavelength. Although a 

large number of experiments have been conducted to study the effect of doping ions into TiO2 on the 

decomposition of HCHO, and the factors affecting the photocatalytic decomposition of HCHO by 

TiO2 have been obtained, few studies have been conducted on the decomposition of HCHO by TiO2 

aerogels, and insufficient theoretical analysis has been conducted. In this study, the factors affecting 

the decomposition of HCHO by TiO2 aerogels have been analyzed experimentally and theoretically. 

TiO2 aerogel is a kind of porous inorganic material with high specific surface area and high 

porosity [35–39]. Due to these structural characteristics, it is commonly used as catalyst directly or 

the matrix to load catalyst [40–42], which showing a great catalytic performance. At present, there 

are many methods to prepare TiO2 aerogels, including sol-gel method [43–47], hydrothermal method 

[48,49], dry method [50,51], microemulsion method [52,53], precipitation method [54–57], and so on. 

Among these common strategies, the sol-gel method has received the most widely studied. The pore 

size and specific surface area of TiO2 aerogels prepared by sol-gel method are affected by many 

factors, such as the concentration of precursor solution [58,59], preparation conditions (including 

temperature [60,61], pH value [62], reaction time [63,64], etc.), additives amount [65], drying ways 

[66–68], post-treatment modification [69,70], etc. However, the pore size of aerogel cannot be 

accurately regulated by controlling just the concentration of solution [71]. The technology of post-

treatment modification is always complicated and requires sufficient strength [72,73], of TiO2 aerogel. 

Notably, the introduction of additives during sol-gel process can effectively regulate the pore size 

distribution range of aerogel. For example, polyvinyl alcohol (PVA) is a polymer with good film-

forming and adhesion properties, which is expected to enhance the structural stability of aerogels by 

doping into the aerogels. By adjusting the concentration and doping mode of PVA, the pore size 

distribution of aerogel can be precisely controlled, and thus well-designed aerogel with specific pore 

size could be obtained. 

In this study, we combined experiments and theoretical calculations to analyze the effect of pore 

size on catalytic HCHO decomposition activities for TiO2 aerogel. As a kind of small molecule 

organics, HCHO can be degraded rapidly by using TiO2 aerogels as photocatalysts. Therefore, the 

development of effective TiO2-based photocatalysts has become the research focus. However, most 

of the current studies are experimental exploration, which lacking the sufficient theoretical analysis 

for the corresponding decomposition process. Herein, we have prepared TiO2 aerogels with different 

pore sizes by sol-gel method. Flexible molecular chains were introduced to control the pore sizes of 

TiO2 aerogels. The structural characteristics were determined by infrared spectrometer, scanning 

electron microscope and specific surface area tester. Then, the degradation effect of HCHO was 

measured by ultraviolet spectrophotometer and gas chromatograph. Since oxygen plays an 

important role in the decomposition of HCHO by TiO2 aerogels, the influence of pore size on the 

decomposition effect of HCHO was obtained by detecting the oxygen pressure in different pore sizes 

of TiO2 aerogels. This study provides a theoretical idea for the application of aerogels in the 

photocatalysis field, which is expected to inspire further breakthroughs in the study of TiO2 aerogels 

for HCHO decomposition. 

2. Materials and Methods 

2.1. Materials and Chemicals 

Tetrabutyl titanate (C16H36O4Ti, GR), anhydrous ethanol (C2H5OH, AR), acetic acid (CH3COOH, 

GR), formamide (CH3NO, AR), polyvinyl alcohol 1788 ([C2H4O]n), formaldehyde (HCHO, AR) and 

tert-butanol (C4H10O, AR) were purchased from Shanghai Macklin Biochemical Technology Co. Ltd., 

Deionized water (H2O) is ultrapure water (18.2 MΩ/cm) treated by UHP ultra pure water machine. 
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The reagents and raw materials involved in this experiment can be used directly without further post-

treatment purification process. 

2.2. Experiment Methods 

2.5 ml tetrabutyl titanate was mixed with 5 ml anhydrous ethanol stirring for 10 min to prepare 

solution A. Aqueous solution of 0.5 ml acetic acid and 1 ml polyvinyl alcohol (PVA) was added to 5 

ml anhydrous ethanol by stirring for 10 min to prepare solution B. Then, solution B was slowly added 

to solution A with continuous stirring for 10 min, followed by the addition of 1 ml formamide and 

gelled after standing for 1 h. The obtained TiO2 wet gel was placed in the oven and aged at 60 ℃ for 

12 h. After that, the as-prepared aerogel was put into 40% tert-butanol aqueous solution for 12 h and 

repeated 2 times, followed by vacuum freeze-drying at a temperature below -45℃ and a pressure 

below 0.5 Pa for 24 h. Finally, the TiO2 aerogel photocatalyst with excellent catalytic performance was 

obtained by heat treatment at 800 ℃ in a tube furnace for 6 h. During the preparation process, PVA 

solutions with different mass fractions (0 wt%, 1 wt%, 3 wt%, 5 wt%) were added and named Ti-0, 

Ti-1, Ti-2, and Ti-3, respectively. 

2.3. Photocatalysis Experiment 

0.5 g of as-prepared TiO2 aerogels was placed in an open centrifuge tube, and the blank sample 

was set as the control group. The centrifuge tube was suspended in a 50 ml volumetric bottle 

containing 10 ml HCHO aqueous solution with a concentration of 0.1 mol/L. The volumetric bottle 

was placed under the ultraviolet lamp to irradiate 10 min every 1h for 4h continuously. Taking 0.1ml 

HCHO aqueous solution to detect the absorption peak of HCHO aqueous solution by gas 

chromatography for calculating the HCHO concentration change, and the absorbance of HCHO 

aqueous solution was measured by ultraviolet spectrophotometer to calculate the HCHO 

concentration in the solution. The photocatalysis experiment was carried out three times to take an 

average value. Finally, the HCHO degradation efficiency of TiO2 aerogel was obtained according to 

the change of HCHO concentration using the following equation: 

𝜂 =
𝑐0 − 𝑐

𝑐0
× 100%                                                                (1) 

where η is the degree of decomposition of HCHO, c is the tested concentration of HCHO aqueous 

solution, and c0 is the initial concentration of HCHO solution. 

The formula for calculating the standard uncertainty is: 

𝑢𝐴(𝑥) = √
∑ (𝑥𝑖 − 𝑥̅)2𝑛

𝑖=1

𝑛 − 1
                                                             (2) 

𝑢𝐵(𝑥) =
𝑎

𝑘𝑢
= √𝑢𝐵1

(𝑥)2 + 𝑢𝐵2
(𝑥)2 + ⋯                                            (3) 

𝑢(𝑥) = √𝑢𝐴(𝑥)2 + 𝑢𝐵(𝑥)2                                                       (4) 

In formula (2), (3) and (4), 𝑢𝐴(𝑥) is class A standard uncertainty; 𝑢𝐵(𝑥) is class B standard 

uncertainty, a is a known condition, 𝑘𝑢 is an inclusion factor; 𝑢(𝑥) is class B standard uncertainty. 

2.4. Materials Characterization 

Field Emission Scanning Electron Microscope (SEM): The morphology of the materials was 

analyzed using a Hitachi SU-4800 scanning electron microscope (SEM) from Hitachi, Japan. The 

operational parameters were set as follows: working voltage of 30kV, electron accelerating voltage of 

5kV, working current of 10μA, and working distance (WD) of 8mm. Elemental and content analysis 

of the catalyst was carried out using X-ray spectrometry (EDS) with a Tecnai G2 F20 S-TWIN model, 

which is an accessory to the SEM. The test conditions included a working voltage of 30kV, electron 

acceleration voltage of 15kV, working current of 10μA, working distance (WD) of 15mm, and a 

scanning time of 120 seconds. 

Field Emission Transmission Electron Microscopy (TEM): Transmission electron images were 

captured under high voltage using a Hitachi-7700 transmission electron microscope (TEM) operating 
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at 120 kV. Additionally, high-resolution transmission electron microscopy (HR-TEM) was conducted 

at an accelerating voltage of 200 kV. 

X-ray diffraction (XRD): The phase structure of the material was characterized using an X-ray 

powder diffractometer, specifically the Smartlab model from Rigaku. Test parameters included a Cu 

target (λ = 0.154 nm), tube voltage of 40 kV, tube current of 225 mA, scan rate of 15°-min-1, and a scan 

range of 2θ = 20° to 80°. 

Thermogravimetric analysis (TG): The thermogravimetric-temperature (TG-T) characterization 

was performed using an HCT-1 integrated thermal analyzer from China. Samples weighing 5-10 mg 

of TiO2 aerogel were placed in an alumina crucible and heated to 800°C under air atmosphere 

conditions with a temperature increase rate of 10°C/min. 

Spectroscopic tests: The chemical properties of TiO2 aerogels were investigated using Fourier 

transform infrared spectroscopy with a Bruker TENSOR instrument from Germany. The absorption 

wavelength range of TiO2 aerogels was measured using a UV-visible spectrophotometer from Japan 

(UV-3600 Plus). A liquid UV spectrophotometer from Australia (Agilent Cary60) was utilized to 

measure the absorption wavelength range of formaldehyde aqueous solution. Furthermore, a gas 

chromatograph from China (GC7920-GTF2ZV) detected the signal peak of formaldehyde. 

Specific surface area tester: The specific surface area and pore size distribution of TiO2 aerogels 

were determined using a Gemini V specific surface area tester from Microneritics, USA. Samples 

weighing between 30mg to 100mg were subjected to N2 adsorption-desorption tests at a liquid 

nitrogen temperature of 77K. The test parameters included taking six points in the P/P0 pressure 

range between 0.05 and 0.3, calculating the cross-sectional area of N2 molecules as 0.162 nm2, utilizing 

the Brunauer-Emmett-Teller (BET) analysis for specific surface area determination, determining the 

volume of the sample intermediary pores at P/P0 of 0.985, and employing the Barrett-Joyner-Halenda 

(BJH) algorithm to ascertain the pore size distribution of the samples of interest. 

3. Results 

3.1. Structure and Composition Characterization of TiO2 Aerogel 

A schematic diagram of the conventional sol-gel method for the preparation of TiO2 aerogels, 

which involves the hydrolysis of Ti organic salt solutions, and the condensation process is illustrated 

in Figure 1. The SEM image (right upper) shows TiO2 aerogels without PVA exhibit wide pore size 

distribution and large average pore size. In our approach, illustrated at the bottom of Figure 1, we 

modify the process by incorporating flexible molecular chains and the resulting material is shown in 

the SEM image (right bottom). By adding PVA to the hydrolyzed precursor, we were able to achieve 

TiO2 aerogels with adjustable pore size through in-situ growth and self-assembly facilitated by -OH 

bonding. Here, we used the mass fraction of added PVA as a variable to obtain three TiO2 aerogels 

named Ti-1, Ti-2, and Ti-3, while the TiO2 aerogel without PVA named Ti-0. 
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Figure 1. Preparation process and reaction method of TiO2 aerogel. 

To explore the effect of added PVA on the pore size of TiO2 aerogels, the N2 adsorption-

desorption curves, and pore size distribution curves were investigated. Due to capillary 

condensation, N2 molecules undergo condensation and occupy the mesoporous at pressures lower 

than normal. The process of N2 adsorption initiates from the pore wall, while N2 desorption initiates 

from the orifice. Consequently, there is a disparity between the adsorption and desorption isotherms, 

resulting in the formation of hysteresis circles. As shown in Figure 2a, Ti-1, Ti-2 and Ti-3 showed 

significant hysteresis circles in the relative pressure range of 0.4-1.0, indicating that the pore size 

distribution was concentrated in the mesoporous region in the samples. However, Ti-0 shows no 

significant hysteresis circles, indicating larger pore size and fewer mesopores. Then, the pore size 

distribution curves of the sample were analyzed, and noticed that the average pore size of TiO2 

aerogels gradually increased with the increase of PVA content. The average pore size of Ti-1, Ti-2 and 

Ti-3 are 7.3 nm, 12.9 nm and 48.6 nm, respectively, and all were mesoporous. However, the average 

pore size of Ti-0 without PVA is 64.6 nm, which belongs to the macropore. It can be seen that by 

adding a small amount of PVA, the hydroxyl group on this flexible polymer chain will react with 

TBOT, making TiO2 particles dispersed evenly, which is conducive to reducing the average pore size 

of TiO2. It is worth noting that the pore volume displayed a noticeable decrease as the PVA content 

increased (as shown in Figure 2b and Table S1). This can be explained by the fact that besides bonding 

with the hydrolyzed precursor, the PVA molecular chains that not react completely will also 

intertwine with each other and occupy the aerogel's pores. Simultaneously, during the gelation 

process, the diffusion rate and distribution uniformity of PVA in solution will directly affect the 

structure of the gel. Excessive local crosslinking density arises from uneven diffusion when an 

excessive amount of PVA is present, subsequently impacting both pore structure and size distribution 

within the aerogel. In addition, due to its abundant hydroxyl groups and strong affinity with water 

molecules, PVA acts as an ice nucleating agent that modulates ice crystal growth and regulates pore 

size [74]. After high-temperature heat treatment, the PVA in the pores was thermally decomposed, 

yet the pore size became larger and the number of pores was greatly reduced, resulting in a decrease 

in the pore volume. The distribution of pore size distributions of Ti-1, Ti-2 and Ti-3 are clearly 

observed in Figure 2b, which concentrates on 2-10 nm, 10-20 nm and 20-50 nm. The addition of PVA 

can regulate the pore size of TiO2 aerogels. Since the pore sizes of Ti-1, Ti-2 and Ti-3 are different and 

all belong to the mesoporous range, they were selected as photocatalysts and the Ti-0 was set as the 
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control group to study the effect of pore size of TiO2 aerogel on catalytic decomposition of 

formaldehyde. 

 

Figure 2. (a) N2 adsorption-desorption curve and (b) pore size distribution of TiO2 aerogels. 

To explore the PVA content in the TiO2 aerogel that had not been combined with TBOT, 

thermogravimetric analysis (TGA) was performed on the aerogel before being heated to 800 ℃ (as 

shown in Figure 3a). During the heating process, a considerable loss of mass was observed at 

temperatures ranging from 50-150°C. That was attributed to part of the water and ethanol solution 

would be retained in the mesopores of the TiO2 aerogels during the drying process due to capillary 

coalescence. The Ti-1 aerogel, which had the smallest pore size, showed the most significant mass 

loss, while the Ti-2 and Ti-3 aerogels had less solution retention and lower mass loss as the capillary 

effect was reduced. PVA begins to decompose at 200~350°C, among which the maximum thermal 

weight loss of Ti-3 is 0.223 %, while the minimum is Ti-0 (0.033 %). When the TG temperature 

exceeded 400°C, the mass of the aerogel no longer changed, at which time the mass stabilization state 

had been reached. The results also indicated that not all PVA in TiO2 was crosslinked with the 

hydrolyzed solution, in which the PVA remaining in the TiO2 pores would all decompose and 

provide larger pore size for the TiO2 aerogel after heat treatment at 300°C. 

Further, Fourier transform infrared spectroscopy (FT-IR) was utilized to detect the chemical 

bonding of the TiO2 aerogel after heat treatment at 800°C. As shown in Figure 3b, absorption peaks 

appeared at 950 cm-1 and 1072 cm-1, which is corresponded to the characteristic vibration peak of Ti-

O-Ti. The high frequency region of the spectra does not detect any vibrational peaks, indicating that 

the PVA in the heat-treated TiO2 aerogel has been completely decomposed. Then the light absorption 

performance of TiO2 aerogels were tested (Figure 3c). All four samples exhibited excellent light 

absorption in the UV wavelength region of 10-400 nm, which was consistent with the properties of 

TiO2 aerogels photocatalysts. X-ray diffraction (XRD) tests conducted on TiO2 aerogels after heat 

treatment at 800°C. As shown in Figure 3d, a series of crystal peaks at 2θ = 25°, 38°, 48°, 55°, 63° are 

corresponded to the (101), (004), (200), (211) and (204) lattice plane (PDF #71-1168). All the crystal 

structures are anatase, which may explain the excellent photocatalytic performance of the aerogels. 
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Figure 3. (a) The TGA curve, (b) FT-IR spectra, (c) UV absorption spectra and (d) XRD of TiO2 

aerogels. 

3.2. Morphology Characterization of TiO2 Aerogels 

The transmission electron microscopy (TEM) tests were conducted to further confirm the crystal 

structure of TiO2 aerogels shown in Figure 4. The images clearly show crystal lattice fringe with a 

spacing of 0.35 nm, corresponding to the (101) lattice plane of anatase crystal, consistent with the 

results obtained from XRD analysis (Figure 3d). According to the literature, the (101) lattice plane of 

anatase has excellent photocatalytic performance, which provides a basis decompose HCHO by as-

prepared TiO2 aerogels. As seen in Figure S1, TiO2 particle clusters were formed through nanoparticle 

cross-linking, with pores between the clusters. Among them, the pore size of Ti-1 was about 10 nm, 

which was smaller than that of Ti-2 (12.9 nm) and Ti-3 (48.6 nm). TiO2 aerogel in Figure S1(a2, b2, c2) 

presents particles of about 3-6 nm, and these nanoparticles are cross-linked with each other, forming 

a porous network structure of TiO2 aerogel. The distribution of nanoparticles in Ti-1 is relatively 

uniform, and there is no particle aggregation phenomenon, while the aggregation of nanoparticles in 

Ti-3 is obvious.  

The scanning electron microscope (SEM) analysis provided further characterization of Ti-1, Ti-

2, and Ti-3 microstructures. All samples displayed porosity as shown in Figure 4 (a2-c3). Ti-1 exhibited 

a relatively uniform particle distribution with no signs of particle aggregation, as shown in Figure 4 

(a2, b2, c2). Conversely, Ti-3 showed severe particle aggregation, consistent with TEM results. This 

could be attributed to cross-linking and entanglement of molecular chains due to increased of PVA 

content and aggregation of TiO2 particles after high-temperature heat treatment. Consequently, the 

porosity of TiO2 aerogels decreased significantly, and the pore sizes distribution became non-

uniform. Meanwhile, Figure 4 (a3, b3, c3) indicated that the pore sizes of all three TiO2 aerogels were 

mesoporous, and these results are consistent with the data derived from the pore size distribution 

curves (Figure 2b) and the average pore size (Table S1). Figure S2 (a, b) shows the SEM of TiO2 aerogel 

(Ti-0) without PVA. It can be seen in the Figure S2 (a), the aggregation of nanoparticles in Ti-0 is 

obvious, and the pore sizes of Ti-0 ranging from 50-100 nm Figure S2 (b). 
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Figure 4. TEM images of sample (a1) Ti-1, (b1) Ti-2 and (c1) Ti-3；SEM images of sample (a2 a3) Ti-1, 

(b2 b3) Ti-2 and (c2 c3) Ti-3. 

3.3. Characterization of Photocatalytic Properties 

Aerosols are defined as particulate matter with a diameter exceeding 0.01μm among 

atmospheric pollutants, while gaseous pollutants refer to those with a diameter below 0.01μm. VOCs 

typically combine with mineral aerosols for further migration and transformation. When 

formaldehyde gas volatilizes into the air and combines with aerosols, it results in an augmentation 

of particle size, thereby impeding the adsorption and decomposition of formaldehyde by TiO2 

aerogel. If the aerosol particle size is too large to enter the mesoporous of aerogel, hinder the 

decomposition of formaldehyde. Consequently, surface modification of the aerogel is necessary to 

disrupt the aerosol structure and facilitate formaldehyde molecule release for subsequent 

degradation. In this experiment, the degradation effect of aerogel on formaldehyde molecules was 

initially taken into account. 

The photocatalytic decomposition experiments were carried out in a sealed volumetric bottle as 

illustrated in Figure S3. As the HCHO aqueous solution volatilizes, a gas-liquid balance is reached in 

the bottle. When exposed to UV-light, TiO2 aerogel breaks down HCHO in the gas, disrupting the 

gas-liquid balance of the solution and causing the HCHO to continue to volatilize, resulting in 

changes in the concentration of HCHO in the solution. The absorbance of HCHO aqueous solution 

was measured by UV spectrophotometer, and the absorption peak of HCHO aqueous solution was 

detected by gas chromatography (Figure 5). Aerogel in the mesoporous range, the absorption peak 

and absorbance of the HCHO aqueous solution containing Ti-1 were the lowest. Obviously, the GC 

results (Figure 5b) showed that the lowest HCHO signal was detected in Ti-1, while the relatively 

higher signal was observed in Ti-2. The measurement results were statistically measured and the 

standard uncertainties of all measurements were considered to obtain formaldehyde concentrations 

at different time points, as shown in Table (S2, S3, S4). Compared with the original HCHO solution, 

Ti-1, Ti-2 and Ti-3 all demonstrated decomposition effects, but Ti-0 had almost no effect, which is 

caused by the average pore size of Ti-0 (64.6nm) belonged to the macroporous range (>50nm) rather 

than mesoporous (2-50nm). It can be seen from Table S4 that Ti-1 possesses the more excellent catalytic 

effect. The above photocatalytic experimental results demonstrated that the pore size of TiO2 aerogel 

has a significant effect on the photocatalytic degradation of HCHO. Based on the experimental 

results, the range of TiO2 aerogel pore size with the best decomposition effect on HCHO was further 

determined by theoretical calculations. 
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Figure 5. Absorption spectrum of (a) decomposed HCHO solution and (b) gas chromatographic 

absorption peak of HCHO solution. 

3.4 Theoretical Model and Mechanism Analysis 

The photocatalytic decomposition of HCHO by TiO2 was systematically investigated to 

elucidate the underlying mechanism. TiO2 is a semiconductor that is composed of a valence band 

(VB) and a conduction band (CB), with the VB predominantly occupied by electrons and situated at 

the upper echelon, while the CB, characterized by electron vacancies, resides at the lower level. The 

energy disparity between the VB and the CB, known as the bandgap (Eg), delineates the forbidden 

gap. Under UV illumination, TiO2 undergoes photonic excitation, generating electron-hole pairs, 

which play a pivotal role in the photocatalytic breakdown of HCHO. The sequence of reactions 

involved in the decomposition process [75,76], is detailed as follows: 

𝑇𝑖𝑂2 + ℎ𝑣 → 𝑒− + ℎ ∙+ 

𝑂2 + 𝑒− → 𝑂2
− 

𝐻2𝑂 + ℎ ∙+→∙ 𝑂𝐻 + 𝐻+ 

𝐻𝐶𝐻𝑂 + (∙ 𝑂𝐻, 𝑂2
−) → 𝐶𝑂2 + 𝐻2𝑂 

Upon UV illumination, TiO2 surfaces initiate a photogenerated charge separation process, as 

illustrated in Figure 6. Electrons are excited from the VB to CB, where holes (h+) are generated due to 

the loss of electrons in the VB, while the conduction band gains electrons (e-), generating electron-

hole pairs. The hole (h+) located in the VB is oxidized with H2O in the air to generate hydroxyl radicals 

(·OH) with strong oxidative capabilities, while the electron (e-) at the conduction band reacts with O2 

to generate oxide anions (O2-). These active substances engage in further reactions with HCHO, 

ultimately decomposing HCHO into CO2 and H2O. This result demonstrates that O2 have 

participated in the photocatalytic HCHO decomposition process byTiO2 and plays a key role during 

reaction.  

 

Figure 6. Reaction paths of O2 and HCHO in TiO2 aerogel pores. 

To elucidate the role of O2 in the photocatalytic process, we undertook a theoretical analysis, 

focusing on the pore sizes of the TiO2 aerogels. The aerogel's porous structure encompasses a 
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spectrum of pore sizes: micropores (diameter < 2nm), mesopores (diameter 2-50nm), and macropores 

(diameter > 50nm), with the TiO2 aerogels in our samples predominantly featuring mesopores. The 

structural intricacies of the TiO2 aerogel are depicted in Figure 7a, where a model showcases the 

intermolecular connections within the aerogels. This arrangement was modeled by considering the 

interconnections between TiO2 molecules within the aerogel, resulting in the formation of TiO2 

clusters separated by different pore diameters. To more accurately represent the aerogel's 

environmental conditions, these pores were assumed to be air-filled, simulating the actual exposure 

scenario of the TiO2 aerogel, illustrated in Figure 7b. 

 

Figure 7. Distribution model of (a) cluster and (b) pore size in TiO2 aerogel. 

The existence of surface tension on the solid surface creates adsorption energy that effectively 

resists its effects, resulting in effective adsorption effect for liquid or gas molecules. Porous aerogels 

enhance this effect by continuously adsorbing multiple layers of water vapor molecules, leading to 

capillary condensation and a continuous gas liquefaction process. This generates an ultra-thin liquid 

layer on the solid surface of the pores, creating a gas-liquid interface with the gas in the pores (as 

shown in Figure 8a). TiO2 aerogels exhibit the ability to adsorb multiple layers of water vapor 

molecules on the solid surface, forming a gas-liquid interface that conforms to the curvature of the 

solid. The influence of pore size on oxygen partial pressure was further investigated by simulating 

three pores with different curvatures, representing micropores, mesopores and macropores in TiO2 

aerogel, respectively, as illustrated in Figure S4. Regardless of the different pore sizes, the number of 

layers of water vapor molecules that adsorb onto the surface remains the same. This leads to a 

continuous gas liquefaction process and subsequent capillary condensation. However, if the pore 

volume is larger, the liquid volume fraction occupying the hole is smaller, resulting in a greater 

volume fraction of gas (as depicted in Figure 8b). The content of water molecules in the pore of TiO2 

aerogel is related to the humidity of the air at room temperature and pressure. The larger pore size 

in a single pore corresponds to the larger surface area and the greater amount of adsorbed water 

molecules for O2 production by photocatalysis. There are numerous active centers distributed on the 

surface of the aerogel, which play a catalytic role in decomposition process. When O2 contacts the 

active center on the surface of the TiO2 aerogel, electron transfer will occur between O2 and TiO2, 

which in turn promotes the catalytic reaction. In other words, the larger pore size can promote the 

catalytic reaction. However, the larger pore volume simultaneously means the lower oxygen pressure 

in the pore, thus resulting in the lower catalytic efficiency. Consequently, a relatively larger pore size 

can result in a decrease in the catalytic reaction. In summary, there is an optimal range of pore size 

in TiO2 aerogel, which is conducive to the photocatalysis. 
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Figure 8. Schematic diagram of (a) adsorption-capillary condensation phenomenon and (b) oxygen 

pressure at the gas-liquid interface with different pore sizes in TiO2 aerogel. 

The reaction equation for HCHO decomposition is: 

𝐻𝐶𝐻𝑂 + 𝑂2 = 𝐶𝑂2 + 𝐻2𝑂                                                          (5) 
For the reaction 𝑚𝑀 + 𝑛𝑁 → 𝑒𝐸 + 𝑓𝐹, the reaction rate equation is: 

𝑟𝑣 = 𝑘[𝑀]𝑚[𝑁]𝑛                                                                   (6) 
where 𝑟𝑣 is the reaction rate, k is the reaction rate constant, m and n are the series. 

k is calculated according to the Arrhenius equation: 

𝑘 = 𝐴𝑒𝑥𝑝(− 𝐸𝑎 𝑅𝑇⁄ )                                                               (7) 
where A is the Arrhenius constant; Ea is the Apparent activation energy (J/mol), and T is the 

thermodynamic temperature (K). 

HCHO is decomposed to produce intermediate products, so the decomposition reaction process 

is a series of reactions 

𝐴1 + 𝐴2

𝑘1
→ 𝐵1 + 𝐵2

𝑘2
→ 𝐶1 + 𝐶2 

For consecutive reactions, substances A (A1, A2) are reactants HCHO and O2; substances B (B1, 

B2) are intermediate products, and the consumption and generation of substance B is occurred 

simultaneously; substances C (C1, C2) are products CO2 and H2O. so the equation of the rate of change 

of substance concentration is as follows: 

−
𝑑𝑐𝐴1

𝑑𝑡
= 𝑘1𝑐𝐴1𝑐𝐴2                                                              （8） 

𝑑𝑐𝐵1

𝑑𝑡
= 𝑘1𝑐𝐴1𝑐𝐴2 − 𝑘2𝑐𝐵1𝑐𝐵2                                                      （9） 

𝑑𝑐𝐶1

𝑑𝑡
= 𝑘2𝑐𝐵1𝑐𝐵2                                                                 （10） 

The qualitative analysis of the calculated results only requires establishing the proportional 

relationship between 𝑟𝑣 and 𝑐𝐴. so it is assumed that 𝑐𝐴1 = 𝑐𝐴2. 

Integral to draw, 𝑐𝐴1 =
1

1

𝑐𝐴1,0
+𝑘1𝑡

+ 𝐶 

where 𝑐𝐴1 is concentration of substance A1, 𝑐𝐴1,0 is initial concentration of substance A1. 

Therefore: 

c𝐻𝐶𝐻𝑂 =
1

1
c𝐻𝐶𝐻𝑂,0

+ 𝑘1𝑡
+ 𝐶                                                       （11） 

c𝑂2
=

1

1
c𝑂2,0

+ 𝑘1𝑡
+ 𝐶                                                           （12） 

the reaction rate equation for HCHO decomposition is: 

𝑟𝑣 = 𝑘[𝑀]𝑚[𝑁]𝑛 = 𝑘1𝑐𝐻𝐶𝐻𝑂𝑐𝑂2
= (

1

1
c𝐻𝐶𝐻𝑂,0

+ 𝑘1𝑡
) (

1

1
c𝑂2,0

+ 𝑘1𝑡
) + 𝐶            （13） 

According to formula (13), reaction rate 𝑟𝑣 is positively correlated with c𝐻𝐶𝐻𝑂,0. A higher the O2 

concentration leads to a faster the reaction rate. According to Le Chatelier's principle, the 
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concentration of the reaction gas increases, and the reaction proceeds in the direction of gas reduction. 

Hence, the reaction proceeds in the forward direction with the increases of O2 concentration, resulting 

in the decomposition of HCHO. 

Due to the surface of the pore in TiO2 has the ability to absorb water molecules in the air, these 

molecules are directly contact with O2 decomposed by TiO2 catalysis, then participated in the catalytic 

decomposition of HCHO on TiO2 aerogels. Therefore, according to the formula 𝑆 = 4𝜋𝑟2, (where S 

is surface area, r is radius) the decomposition reaction and the pore surface area were positively 

correlated. The decomposition reaction is proportional to the square of r. Conversely, as the pore size 

increases, the volume fraction occupied by gas also increased, resulting in the decrease of the oxygen 

partial pressure. According to the ideal gas equation 𝑝𝑉=𝑛𝑅𝑇, (where p is pressure, V is volume, n is 

amount of substance) the oxygen pressure is inversely proportional to the third power of the pore 

size r. In conclusion, O2 pressure is inversely proportional to the pore size r of TiO2 aerogel, that is, 

the larger pore size will lead to the smaller O2 pressure (Figure 9). 
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Figure 9. Relationship between pore size and O2 pressure in TiO2 aerogel. 

As depicted in Figure 9, within the range mesoporous pores between 2 nm-50 nm, O2 pressure 

decreases with the increase of pore size. In particular, with the mesoporous pores between 2 nm-10 

nm, a pronounced rapid decrease in O2 pressure is observed. Conversely, for pores exceeding 10 nm, 

this decrease becomes more gradual. Therefore, the pore size with the greatest influence on oxygen 

partial pressure in TiO2 aerogel falls within the 2 nm to 10 nm range. According to formula (13), when 

the concentration of HCHO is determined, the concentration of O2 has a decisive effect on the 

decomposition rate of HCHO. According to the above calculation results, the optimal pore size range 

of TiO2 aerogel for HCHO photodecomposition is 2 nm~10 nm. 

This investigation not only furnishes a novel theoretical framework for employing TiO2 aerogels 

in HCHO decomposition reactions but also heralds new avenues for exploration in the realm of green 

chemistry, leveraging TiO2 aerogels' unique properties.  

4. Conclusions 

TiO2 aerogels with different pore sizes were prepared by sol-gel method, and flexible molecular 

chains were introduced by adding PVA to regulate the pore sizes of TiO2 aerogels. TiO2 aerogels 

prepared by adding PVA with mass fraction of 1%, 3% and 5% had an average pore size of 7.3 nm, 

12.9 nm and 48.6 nm, respectively, and the pore size of TiO2 aerogel without PVA was 64.6nm. The 
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samples were characterized by FT-IR, UV and XRD, the structure and composition were almost the 

same. But the photocatalytic performance for HCHO decomposition of TiO2 aerogels were tested by 

ultraviolet spectrophotometer and gas chromatography. Results show that the efficiency of 

decomposition of formaldehyde varies greatly, and the TiO2 aerogels with an average pore size of 7.3 

nm (Ti-1) had the highest HCHO decomposition efficiency, while the TiO2 aerogels with Ti-0 shown 

the worst performance. Therefore, the pore size of TiO2 aerogel, as the only variable, had a great effect 

on the decomposition of formaldehyde. To explore the relationship between pore size and HCHO 

decomposition efficiency, we established a theoretical model and verified that the decomposition 

efficiency of HCHO is related to the oxygen pressure in the pores of TiO2 aerogel. Through derivation 

and calculation, the reaction rate equation of HCHO decomposition was obtained. The oxygen 

pressure is inversely proportional to the pore size r of TiO2 aerogel, which indicate that the larger 

pore size is corresponded to the smaller oxygen pressure. Finally, the optimal pore size range of TiO2 

aerogel for HCHO photodecomposition is determined to be 2 nm~10 nm. This provides a theoretical 

idea for the application of TiO2 aerogels and even porous materials in the field of catalytic 

decomposition. 

Supplementary Materials: The following supporting information can be downloaded at: Preprints.org. Figure 

S1: TEM images of sample (a1, a1) Ti-1, (b1, b1) Ti-2 and (c1, c1) Ti-3; Figure S2 SEM images of sample (a, b) Ti-0; 

Figure S3 Photocatalytic decomposition of HCHO by TiO2 aerogel, from left to right are Ti-0, Ti-1, Ti-2 and Ti-3; 

Figure S4 Adsorption of water molecules by TiO2 aerogel with different pore sizes. Table S1 Textural properties 

of TiO2 aerogels; Table S2 Standard uncertainty introduced in the measurement process; Table S3 The values of 

formaldehyde concentration at different points in time; Table S4 Multiple measurement data and standard 

uncertainty of experimental results. 
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