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Abstract 16 

Photocatalytic acetaldehyde degradation exhibits satisfactory performance only at relatively 17 

low acetaldehyde flow rates, predominately below 10 × 10-3 mL/min, leaving ample room for 18 

improvement. Therefore, it is necessary to prepare more efficient photocatalysts for 19 

acetaldehyde degradation. Moreover, the impact of the interaction strength between the titania 20 

surface and surface water on the photocatalytic acetaldehyde efficiency is poorly understood. 21 

To address these issues, in this work a series of (001)-faceted anatase titania samples with 22 

various surface properties and structures were synthesized via a solvothermal method and 23 

tested at high acetaldehyde flow rates under UV light irradiation. With increasing solvothermal 24 

time, the pore volume, surface area, and the abundance of surface OH groups all increased, 25 

while the crystallite size decreased. These were all identified to be beneficial to promote the 26 

degradation performance. When the solvothermal temperature was 180 ℃ and the reaction 27 
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time was 5 h, the prepared sample displayed the most efficient performance at 19.25× 10-3 28 

mL/min of acetaldehyde (conversion of (74 ± 1)% versus (29 ± 1)% for P25), and achieved a 29 

100 % conversion at 16 × 10-3 mL/min. A weaker interaction strength between surface water 30 

and the titania surface was found to improve the acetaldehyde adsorption capacity, thereby 31 

promoting the acetaldehyde degradation efficiency. The stability of the best performing sample 32 

was tested over 48 h, demonstrating a highly stable performance with no signs of deactivation. 33 

Even at a relative humidity of 30 %, the acetaldehyde conversion retains 82% of its efficiency 34 

in a dry atmosphere, highlighting its potential in practical applications. 35 

Keywords: surface water; mesoporous structures; nanocrystals; (001) facets; acetaldehyde; 36 

photocatalysis 37 

1. Introduction 38 

Volatile organic compounds (VOCs), which can be found both indoors and outdoors, 39 

constitute an important class of air pollutants that affect human health [1]. For instance, 40 

acetaldehyde is a prevalent component of indoor VOCs, originating from building materials 41 

(e.g. glues for furniture), incomplete combustion from fireplaces and biological activity of 42 

human beings [2–4]. VOCs are known to cause ‘sick building syndrome’ when people are 43 

exposure to this kind of environment for a prolonged period of time, ultimately even reducing 44 

life expectancy [2]. It is therefore crucial to address this problem and develop technologies to 45 

improve air quality.  46 

To capture VOCs from the air, several recovery techniques have been proposed, such as 47 

absorption [5], adsorption [6], condensation [7], amongst others. These techniques typically 48 

involve collecting VOCs for subsequent post-treatment, allowing control of the amount of 49 

VOCs in a certain range. However, VOCs are not destroyed by these recovery methods. In 50 

contrast, destruction techniques such as thermal oxidation and photocatalytic oxidation (PCO) 51 

are more beneficial, given the direct degradation of VOCs, oxidizing hydrocarbons into CO2 52 
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and H2O [8,9]. However, conventional thermal oxidation is not economically feasible for air 53 

purification when the pollutants are present at low concentrations, as it permanently requires 54 

temperatures ranging from 200 ℃ to 1200 ℃ for efficient operation, causing relatively high 55 

operational costs [9]. As compared to that, photocatalytic degradation of VOCs can be induced 56 

by sunlight or room light, during which photogenerated electrons and holes combine with 57 

oxygen and/or water to produce reactive radicals, capable of fully mineralizing acetaldehyde 58 

into CO2 and water. This method provides potential advantages such as room-temperature 59 

feasibility, ease of use, economic viability, and sustainability [8,10–13]. Titania (TiO2), due to 60 

its relatively high photocatalytic activity, cost-effectiveness and chemical stability [14], shows 61 

potential in various photocatalytic application fields, including the decomposition of VOCs 62 

and soot [10,15,16], as well as the reduction of carbon dioxide [17] and nitrous oxide [18,19], 63 

amongst others.  64 

However, the photocatalytic degradation of VOCs using TiO2 is still not sufficiently mature, 65 

with limited real-life applications, and ample room for the improvement in terms of VOCs 66 

degradation performance. Therefore, researchers have attempted to enhance the performance 67 

through improvements in both the preparation of photocatalysts and the design of reactors 68 

[13,20,21]. The fabrication of photocatalysts requires considering various structures and 69 

physico-chemical properties to improve the photocatalytic efficiency [22–26]. A porous 70 

structure and high surface area are the main driving forces to achieve a higher photocatalytic 71 

performance in the degradation of gaseous VOCs. This is due to the decreased mass transfer 72 

resistance, increased exposure of surface active sites, and enhanced accessibility for gas 73 

molecules [22,27,28]. Although the porous structure and high surface area of TiO2 can be 74 

achieved by hybridizing it with materials possessing these properties, such as silica or zeolites, 75 

the photocatalytic performance still depends on the content and properties of the photoactive 76 

TiO2 phase. Given this, the preparation of pure porous TiO2 materials with a high surface area, 77 
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which have the highest content of TiO2, is an interesting solution that holds great promise for 78 

the photocatalytic degradation of acetaldehyde. G. He et al. synthesized mesoporous TiO2 79 

nanotubes with a high surface area of 78.4 m2/g via a dual-template method, reaching an 80 

acetaldehyde conversion of up to 92 % [29]. However, the flow rate of acetaldehyde employed 81 

was relatively low, only 40 ppm at a total flow rate of 100 mL/min. Therefore, the 82 

photocatalytic performance of acetaldehyde degradation is still limited. Moreover, surface 83 

interaction sites (OH groups) and surface water on the surface of TiO2 also play a vital role in 84 

photocatalytic acetaldehyde degradation. Hydroxyl groups provide interaction sites for the 85 

adsorption of acetaldehyde (and intermediates) [30]. However, a high content of OH groups 86 

renders the TiO2 surface too hydrophilic, which might lead to the adsorption of excessive water. 87 

Whereas acetaldehyde is soluble in water, it is still in competition for adsorption sites with 88 

surface-bound water. Consequently, the photocatalytic acetaldehyde degradation is impeded as 89 

well. G. Zhang et al. and B.I. Stefanov et al. investigated the effect of relative humidity on 90 

VOCs (acetaldehyde, acetone, p-xylene) degradation performance of TiO2 [31,32]. They found 91 

water indeed competed with VOCs to adsorb on the TiO2 surface, leading to a decreased 92 

degradation performance. In the reported studies, researchers have extensively investigated the 93 

effect of water content on VOC degradation efficiency by adjusting the humidity during the 94 

photocatalytic process [31,33,34]. K. Demeestere et al. reported that the affinity between the 95 

TiO2 surface and organic compounds was different with changes in water content [34]. 96 

However, the impact of interaction strength between surface water and the TiO2 surface on 97 

photocatalytic VOC degradation has not been studied in detail. For gas-solid photocatalysis, it 98 

is meaningful and essential to investigate this surface interaction strength, providing a deeper 99 

understanding of the photocatalytic process. 100 

In addition, it is found that acetaldehyde exhibits a higher adsorption affinity towards anatase 101 

TiO2 compared to rutile TiO2, resulting in a degradation efficiency five times higher than that 102 
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of rutile [35]. The acetaldehyde degradation could be further improved by creating small-sized 103 

nanocrystalline anatase [31,36,37]. Zhang et al. investigated the influence of calcination 104 

temperature in preparing TiO2/diatomite composites on VOCs (formaldehyde, acetone and p-105 

xylene) photocatalytic degradation [31]. They found that the small anatase TiO2 crystallite size 106 

and high surface area were mainly responsible for the enhanced performance. Moreover, the 107 

existence of (001) facets on anatase TiO2 is another beneficial parameter in promoting VOCs 108 

degradation, due to their more reactive features than thermodynamically stable (101) facets 109 

[38,39]. B.I. Stefanov et al. prepared anatase TiO2 films with preferably exposed (001) facets 110 

[32]. They found that the films were more tolerant to changes in humidity than films with a 111 

random orientation. 112 

Based on the aforementioned findings, this study has the following goals. Firstly, mesoporous 113 

anatase TiO2 is synthesized with high surface area, composed of preferentially exposed (001) 114 

facets and small crystallite sizes, for highly efficient photocatalytic degradation of 115 

acetaldehyde at relatively high flow rates. Secondly, the impact of the interaction strength 116 

between surface water and the TiO2 surface on photocatalytic acetaldehyde degradation is 117 

studied, providing valuable insights into the role of surface water in the photocatalytic 118 

acetaldehyde degradation processes. This is done by preparing a series of anatase TiO2 with 119 

exposed (001) facets but possessing different surface areas and surface properties by applying 120 

a solvothermal method. The divergent surface areas and sizes of were achieved by adjusting 121 

the solvothermal temperature and solvothermal reaction time. The effect of these synthesis 122 

parameters on the structure and physico-chemical properties of TiO2 was unraveled by different 123 

characterization methods such as nitrogen (N2) sorption, X-ray powder diffraction (XRD), 124 

thermogravimetric analyses (TGA) and scanning transmission electron microscopy (STEM), 125 

etc. Subsequently, these as-prepared titania samples were tested towards photocatalytic 126 

degradation of acetaldehyde at relatively high flow rates, i.e. 19.25 × 10-3 mL/min (77 ppmv 127 
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in a total flow of 250 mL/min) and 16 × 10-3 mL/min (40 ppmv in a total flow of 400 mL/min). 128 

The results of photocatalytic acetaldehyde degradation were benchmarked to that of the 129 

commercial reference P25 and also compared with results from literature. Additionally, the 130 

interaction strength between surface water and the titania surface was studied using diffuse 131 

reflectance infrared Fourier transform (DRIFT) measured at different elevated temperatures. 132 

The combination of DRIFT, acetaldehyde adsorption, and photocatalytic degradation of 133 

acetaldehyde unraveled the impact of the interaction strength between the titania surface and 134 

surface water on photocatalytic acetaldehyde degradation. The effect of water was further 135 

investigated by varying the humidity during the photocatalytic degradation process. A 136 

correlation between the activity of as-prepared TiO2 samples and their physico-chemical 137 

properties was further revealed. 138 

2. Experimental  139 

 140 

2.1. Synthesis of TiO2 catalyst 141 

The mesoporous structures of TiO2 were obtained using a soft templating method, using F127 142 

as the template in an evaporation-induced self-assembly (EISA) process, resulting in structures 143 

with a high surface area [40]. Furthermore, the preferential exposure of (001) facets was 144 

targeted by introducing isopropanol and diethylenetriamine to the reaction mixture, which have 145 

been shown to selectively coordinate (001) surfaces of anatase, by effectively inhibiting the 146 

crystal growth along the [001] direction [41]. In a typical synthesis 1.5 g of F127 (PEO106-147 

PPO70-PEO106, Mw = 12600 g mol-1, Sigma-Aldrich Corp.), 2.29 mL of acetic acid (Sigma-148 

Aldrich Corp.), and 3 mL of concentrated HCl (37%, Sigma-Aldrich Corp.) were mixed, then 149 

30 mL of tetrahydrofuran (THF, Sigma-Aldrich Corp.) were added. After vigorously stirring 150 

at 900 rpm for 1 h, 3.58 mL of tetrabutyl titanate (TBOT, Sigma-Aldrich Corp.) was added 151 

drop by drop, afterwards 0.2 mL of H2O was introduced. Then, the obtained transparent light-152 

yellow solution was transferred to a Petri dish and was dried in an oven at 45 ℃ for 24 h. 153 
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Afterwards, 2.5 g of the formed yellow gel was added into 10 mL of anhydrous ethanol (Merck) 154 

with stirring at 900 rpm for 1 h to form a homogenous solution. Subsequently, 65 mL of 155 

isopropanol (Merck) mixed with 75 μL of diethylenetriamine (99%, Sigma-Aldrich Corp.) 156 

were added to the obtained homogenous solution. After complete adding, 15 min of additional 157 

stirring was applied to achieve full mixing. The reaction solution was transferred to a 150 mL 158 

Teflon-lined stainless-steel autoclave. The reaction temperature was varied from 100 ℃ to 200 ℃ 159 

and the reaction time changed between 1 h and 24 h. The autoclave was then taken out from 160 

the oven only when the temperature was cooled down to room temperature naturally. 161 

Subsequently, the white precipitate was harvested through centrifugation at 4000 rpm for 10 162 

min, followed by five rounds (5 × 30 min) of ethanol washing at the same centrifugation speed 163 

to remove organic solvents as much as possible. Afterwards, the precipitate underwent an 164 

overnight drying process at 60 ℃. The samples fabricated at different solvothermal 165 

temperatures or reaction time were collected together and calcined simultaneously at 550 ℃ in 166 

air for 2 h with a ramping rate of 1 ℃/min. Subsequently, these prepared samples were stored 167 

in a chamber with desiccant inside to maintain consistent storage conditions. For ease of 168 

description, fabricated samples are denoted with their reaction time (at the front) and 169 

temperature (at the end). For instance, 100TiO2-24 indicates that the sample was prepared at 170 

100 ℃ (solvothermal temperature) for 24 h (solvothermal time). 171 

2.2. Preparation of photocatalysts 172 

Before using, soda lime glass slides (2.5 × 1.5 cm2, VWR) were thoroughly cleaned in a 173 

mixture of 70 % sulfuric acid (H2SO4, Chem-Lab, 95–97 %) and 30 % hydrogen peroxide 174 

(H2O2, Chem-Lab) for 30 min. During the preparation, 10 mg of catalyst was dispersed in 175 

ethanol (abs. 100 %, Merck), and followed by 30 min of ultrasonication at 30 °C. Afterwards, 176 

the well-dispersed solution was casted onto dry glass slides, and then dried in an oven at 80 °C 177 
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overnight. In addition, Aeroxide-P25 (Acros Organics) was used as a reference sample without 178 

any pretreatment. 179 

2.3. Photocatalytic acetaldehyde activity and acetaldehyde adsorption 180 

The schematic diagram of the entire device for photocatalytic degradation of acetaldehyde is 181 

shown in Scheme S1 of the supporting information section. The photocatalytic degradation of 182 

acetaldehyde was measured at room temperature in a slit-shaped reactor whose detailed 183 

information is available in the earlier work [16,42,43]. Before performing the measurements, 184 

the well-dried glass slides coated with catalyst were set in the middle of the reactor. The 185 

distance between the surface of catalyst and UVA lamp (Sylvania, 6 W) placed above the 186 

reactor was fixed at 4.4 cm, leading to a 1.6 mW.cm−2 of light intensity, as measured by an 187 

Avantes AvaSpec-3648 spectrometer. For all tests, acetaldehyde was selected as the air 188 

pollutant with concentrations set at 77 ppmv and 40 ppmv. During the photocatalytic test, the 189 

polluted gas consisted of acetaldehyde (AirLiquide) mixed with dry synthetic air (21% O2 in 190 

N2, AirLiquide) at a total flow rate of 250 mL.min−1 (77 ppmv) or 400 mL.min−1 (40 ppmv), 191 

respectively. The flow rates of acetaldehyde and air were adjusted by MKS mass flow 192 

controllers in the range of 0–200 mL.min−1 and 0–2000 mL.min−1, respectively. The relative 193 

humidity (RH) for the administered gas mixture was 3–5 %, as measured with Sensirion 194 

Control Center software. For measurements conducted at a RH of 30 %, another air flow, 195 

connected to a mass flow controller within the range of 0–500 mL.min−1, was bubbled through 196 

a gas wash bottle to adjust the relative humidity levels by controlling the ratio of dry and moist 197 

air. Prior to the test, the polluted gas was introduced to the reactor for 40 min to reach the 198 

adsorption equilibrium and thus a stable concentration level of acetaldehyde is obtained. 199 

Afterwards, the lamp was switched on to illuminate the catalyst for 1 hour to test the samples' 200 

reactivity under continuous flow conditions. The variation of concentration of acetaldehyde 201 

and CO2 was monitored in time by FTIR (Thermo Fisher Scientific Nicolet 380 with ZnSe 202 
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windows), using the IR bands of acetaldehyde and CO2 located at 2728 cm-1 (υH-C=O stretching 203 

vibration) and 2360 cm-1 (υC=O stretching vibration), respectively. The reason of using these 204 

two bands is that they do not interfere with any other species in the FTIR spectrum. Therefore, 205 

the changes in concentration could be deduced from the variation of their FTIR band heights 206 

using the MacrosBasic software (Thermo Fisher). Finally, the respective concentrations were 207 

obtained using pre-established calibration curves. Each acetaldehyde performance test is 208 

repeated at least three times to decrease the error of the results. 209 

The stability measurements were performed at 77 ppmv of acetaldehyde at a total flow rate 210 

of 250 mL.min−1. For the long-time stability measurement, the catalyst was illuminated for 48 211 

h. In an alternative stability experiment, 10 consecutive runs (around 24 h in total) were 212 

conducted with light-based regeneration steps in the presence of pure air in-between cycles. 213 

The light-based regeneration procedure occurred as follows: After completing one 214 

photocatalytic test run, the lamp was turned off while air and acetaldehyde flows remained 215 

unchanged. As a result, the acetaldehyde concentration level was restored back to the initial 216 

level of around 77 ppmv. Subsequently, the system was purged with air, without acetaldehyde. 217 

The lamp was turned on to degrade any remaining pollution from the surface of the samples 218 

and within the reactor, under continuous purging with air. This process persisted for 30 min, 219 

after which the lamp was again switched off. This concluded the light-based regeneration 220 

process. The air flow was redirected to the bypass and mixed with acetaldehyde to again form 221 

the polluted test gas, and was reintroduced to the reactor for the photocatalytic measurement. 222 

Once the flow of polluted gas stabilized at around 77 ppmv, with a total flow rate of 250 223 

mL.min−1 inside the reactor, indicating the adsorption equilibrium was established, the one-224 

hour photocatalytic measurement was initiated. This procedure was repeated during 10 225 

consecutive runs. 226 

The conversion of acetaldehyde is calculated by the Eq. (1), 227 
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𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 = [𝐶 − 𝐶0] 𝐶0 × 100%⁄        (1) 228 

The adsorption capacity of acetaldehyde (i.e. the amount of acetaldehyde that adsorbs to the 229 

surface in dark conditions) is calculated from the concentration time profile during the 230 

adsorption equilibrium phase in the dark, prior to the photocatalytic degradation step. The 231 

adsorption capacity (Ad) was calculated by the Eq. (2): 232 

𝐴𝑑 = 𝐶0 × 𝜌1 × 𝜌2 × [∫ 𝑣×(1−𝐶 𝐶0⁄ )𝑑𝑡𝑡0 ]𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡−[∫ 𝑣×(1−𝐶 𝐶0⁄ )𝑑𝑡𝑡0 ]𝑏𝑙𝑎𝑛𝑘𝑚    (2) 233 

in which C denotes the concentration of acetaldehyde at different time intervals, C0 represents 234 

the initial concentration of acetaldehyde, ρ1 and ρ2 refer to the air density and the relative vapor 235 

density of acetaldehyde, respectively, v represents the acetaldehyde flow rate, and m is the 236 

weight of the photocatalyst employed in the measurement. 237 

2.4 Characterization 238 

Nitrogen sorption measurements were performed at -196 °C on a Quantachrome Quadrasorb 239 

SI automated gas sorption system. Prior to the measurements, a high vacuum degas was carried 240 

out on all the samples at 150 °C for 16 h. 241 

Thermal analysis measurements, i.e. thermogravimetric analyses (TGA) and differential 242 

thermal analysis (DTG), were performed on a Mettler Toledo TGA-DSC 3+. The parameters 243 

used are as follows: a pure oxygen flow of 80 mL/min with a ramping rate of 10 °C /min from 244 

35 °C to 600 °C. 245 

X-ray powder diffraction (XRD) spectra were collected by a D8 advance Eco diffractometer 246 

with Cu-Kα radiation (λ= 1.5406 Å) with a scanning range and rate respectively at 10–80 ° 2θ 247 

and 0.04 °/4 s.  248 

The diffuse reflectance infrared Fourier transform (DRIFT) measurements were performed 249 

using a Nicolet 6700 Fourier Transform IR spectrometer which was equipped with an 250 

electromagnetic source in the mid infrared region (4000–400 cm−1) and a DTGS detector. For 251 
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the DRIFT measurements from room temperature to 600 °C, a Praying Mantis High 252 

Temperature Reaction Chamber (Harrick, USA) was introduced. The specific measurement 253 

was done as follows: Prior to measuring the samples, KBr backgrounds were collected at RT 254 

after heating at different temperatures for 30 min under a constant Ar flow of 80 mL/min. This 255 

cooling-back measurement was to exclude thermal effects on the spectra. After obtaining these 256 

backgrounds, a dilution of 2 wt% by KBr was performed on samples. Afterwards, the 257 

measurements were carried out at different temperatures, cooling to room temperature to 258 

collect spectra (using corresponding background). When collecting a spectrum, the used 259 

resolution and accumulation were respectively 4 cm−1 and 100. 260 

Scanning Transmission Electron Microscopy (STEM) was performed using High Angle 261 

Annular Dark Field (HAADF) detector on the FEI Tecnai Osiris Microscope operating at 200 262 

kV. High resolution HAADF-STEM images were acquired with a probe corrected cubed 263 

Thermo Fisher Scientific Titan transmission electron microscope operating at 300 kV with a 264 

semi-convergence angle of 21 mrad. The SEM characterization was done with a scanning 265 

electron microscope (SEM) equipped with secondary electron and multisegmented 266 

backscattered electron detector (SEM, FEI Quanta 250), using an accelerating voltage of 10kV. 267 

3. Results and discussion 268 

 269 

3.1 Synthesis and characterization 270 

To obtain TiO2 with different porous structures and surface areas, the experimental 271 

parameters were adjusted, including a variation of the solvothermal temperature from 100 ℃ 272 

to 200 ℃ at a constant reaction time of 24 h and a change in reaction time from 1 h to 24 h at 273 

a constant solvothermal temperature of 180 ℃. Nitrogen adsorption-desorption isotherms were 274 

collected to evaluate the changes in pore structure, pore size distribution, and surface area, as 275 

displayed in Fig. 1. The crystal phase of samples was determined using XRD, as illustrated in 276 
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Fig. 2. The data obtained from nitrogen sorption and XRD are summarized in Table 1. 277 

Additionally, Table 1 also includes the specific information about the synthesis. 278 

 279 

Fig. 1. Nitrogen adsorption-desorption isotherms of P25 and prepared TiO2 samples. (a) TiO2 prepared 280 

at 100–200 ℃ for 24 h; (b) Samples fabricated at 180 ℃ for 1–24 h. 281 

Fig. 1a-b shows the nitrogen adsorption-desorption isotherms for as-prepared samples and 282 

P25. All provided nitrogen isotherms of prepared samples are classified to IUPAC IV(a) and 283 

show H1 hysteresis loops [44], indicating a mesoporous structure. A type H3 hysteresis was 284 

observed in P25, moreover, the position of the hysteresis is close to P/P0 = 1, indicating the 285 

presence of macropores. However, P25 is nonporous, synthesized by hydrolysis of TiCl4 in a 286 

hydrogen flame [45]. Therefore, the macropores are ascribed to the inter-particle porosity. 287 

Based on nitrogen adsorption-desorption isotherms, the BET-SSA (specific surface area) of 288 

P25 and prepared TiO2 samples was calculated and summarized in Table 1. Except 100TiO2-289 

24, 180TiO2-1, and 180TiO2-2, the remaining as-prepared TiO2 samples exhibited similar or 290 

higher specific surface areas than commercial P25. When the solvothermal reaction time was 291 

kept constant at 24 h, no evident trend was observed between the BET-SSA of as-fabricated 292 

TiO2 and solvothermal temperature. At a solvothermal temperature of 180 ℃, the BET-SSA 293 

of as-prepared TiO2 samples increased as the solvothermal time increased. Moreover, samples 294 

180TiO2-12 and 180TiO2-24 exhibited nearly identical BET-SSA values, within the 295 

experimental error. Additionally, the pore volumes of as-prepared samples are listed in Table 296 
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1. The changes in pore volume of prepared TiO2 samples corresponded directly to the variations 297 

in BET-SSA. This is intuitively represented in Fig. S1, which illustrates the specific correlation 298 

between the pore volume and BET-SSA. The role of the solvothermal reaction time and 299 

temperature in surface areas or pore volumes will be discussed later. 300 

In addition, the variations in pore size distribution (PSD, determined using the Barrett-301 

Joyner-Halenda method), obtained based on the desorption branch of as-fabricated samples are 302 

displayed in Fig. S2. The pore size distribution of all the as-prepared TiO2 samples falls within 303 

the range of mesopores (2–50 nm), confirming the presence of mesoporous structures. At a 304 

solvothermal time of 24 h, the TiO2 samples showed a broader PSD and larger finest pore size 305 

as the solvothermal temperature increased. Moreover, the finest pore size was smaller for 306 

200TiO2-24 compared to 180TiO2-24, while their PSDs were similar. Similarly, at a constant 307 

solvothermal temperature of 180 ℃, increasing the solvothermal reaction time resulted in a 308 

broader PSD and larger finest pore sizes. Furthermore, sample 180TiO2-24 exhibited a similar 309 

finest pore size and a broader PSD compared to sample 180TiO2-12.  310 

The presence of a mesoporous structure and a large surface area are dominant driving forces 311 

for photocatalytic acetaldehyde degradation. These factors can enhance the mass transfer 312 

during acetaldehyde degradation and more active sites can be exposed over the surface, 313 

resulting in improved acetaldehyde removal efficiency [22,27,28].  314 

 315 

 316 

 317 

 318 

 319 

Table 1. Physico-chemical characteristics of P25 and as-prepared TiO2. 320 
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Sample 

name 

Temp. of 

solvothermal 

(℃) 

Period of 

solvothermal 

(h) 

BET 

surface 

area (m2/g) 

Crystallite 

size 

(nm) 

Pore 

volume 

(cc/g) 

Crystal 

phase 

100TiO2-24 100 24 23 21.2 0.04 Anatase 

120TiO2-24 120 24 55 18.1 0.11 Anatase 

150TiO2-24 150 24 54 18.3 0.12 Anatase 

180TiO2-24 180 24 88 14.5 0.25 Anatase 

200TiO2-24 200 24 75 15.9 0.19 Anatase 

180TiO2-12 180 12 89 14.6 0.23 Anatase 

180TiO2-5 180 5 72 16.6 0.18 Anatase 

180TiO2-2 180 2 45 19.3 0.08 Anatase 

180TiO2-1 180 1 36 20.4 0.06 Anatase 

P25 - - 55 20.2 - 

Anatase 

(80%) and 

rutile 

(20%) 

The experimental errors for surface area and crystallite size are respectively 10 % and ± 0.2 nm. 321 

322 

Fig. 2. XRD patterns of P25 and TiO2 samples prepared at 100–200 ℃ for 24 h are in (a), of P25 and 323 

those fabricated at 180 ℃ for 1–24 h are in (b). ♦ is for anatase, * is for rutile. 324 
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Fig. 2 displays the XRD patterns of commercial P25 and fabricated samples. The commercial 325 

P25 shows the mixed phases of anatase and rutile and its pattern corresponds to the patterns in 326 

JCPDS No. 21-1272 (anatase) and No. 21-1276 (rutile) [46,47] (Fig. 2). The peaks of anatase 327 

at 25.2°, 37.6°, 48.0°, 53.7°, 55.0°, 62.6°, 68.5°, 70.2° and 74.9° correspond to the planes of 328 

(101), (004), (200), (105), (211), (204), (116), (220), and (215). The pattern of rutile phase 329 

exhibits peaks at 27.4°, 36.0°, 41.0°,44.0°, and 56.6°, which are respectively attributed to the 330 

reflection planes of (110), (101), (111), (210) and (220). Irrespective of the solvothermal 331 

temperature and time, all the prepared TiO2 samples showed well-defined crystallization of 332 

only anatase phase. The average crystallite size of all TiO2 samples in Table 1 was estimated 333 

based on the most pronounced diffraction peak of the (101) plane, using the Scherrer equation 334 

[48]. Most of the as-prepared titania exhibited a smaller crystallite size than P25, except 335 

100TiO2-24 and 180TiO2-1. Moreover, the changes in crystallite size observed in the as-336 

prepared TiO2 samples are related to the variations in surface area, as also reported in literature 337 

[49–51]. This is intuitively represented in Fig. S1, which illustrates the correlation between the 338 

crystallite size and BET-SSA.  339 

At a solvothermal temperature of 180 ℃, the solvothermal reaction time is related to the 340 

ultimate crystallite size, surface area, and pore volume of the titania samples. It can be expected 341 

that with increasing solvothermal time, more nucleation events are allowed to occur, resulting 342 

in smaller crystallite sizes and consequently larger surface areas and pore volumes. When the 343 

solvothermal time was kept constant (24 h), the solvothermal temperature could also affect the 344 

resulting crystallite size, surface area, and pore volume of the samples. A higher temperature 345 

appears to lead to titania species with a smaller crystallite size, higher surface area and pore 346 

volume, although no evident correlation was found. A higher solvothermal temperature could 347 

promote nucleation, and formed particles could also re-dissolve under these conditions, leading 348 
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to a smaller crystallite size and, consequently, a higher surface area and pore volume. However, 349 

more specific underlying reasons for this remain unclear with the information at hand. 350 

A small crystallite size is widely accepted as an important factor that promotes photocatalytic 351 

acetaldehyde degradation. The combination of a mesoporous structure, a relatively large 352 

surface area, and small crystallite size, which is present in some as-prepared TiO2 samples, 353 

provides significant advantages for enhancing the photocatalytic efficiency of acetaldehyde 354 

degradation. Consequently, these TiO2 samples are expected to exhibit highly efficient 355 

photocatalytic acetaldehyde degradation. 356 

3.2 Hydroxyl groups and surface water  357 

It is well known that the hydroxyl groups and surface-bound water on TiO2 play a significant 358 

role in the degradation of contaminants [27,52,53]. This is because OH groups provide the 359 

reactive sites for acetaldehyde (and intermediate) adsorption. On the other hand, acetaldehyde 360 

adsorption competes with water sorption at these sites. An appropriate content of surface water 361 

is beneficial for the photocatalytic degradation of acetaldehyde by acting as a source of OH 362 

radicals upon illumination. When there is excessive surface water, however, the activity of 363 

TiO2 can be potentially suppressed. This study will further investigate the effect of variations 364 

in the surface water-TiO2 surface interaction strength on the resulting photocatalytic 365 

acetaldehyde degradation. Here, the OH groups and surface water on P25 and as-prepared 366 

samples were characterized by DRIFT, identifying the presence of hydroxyl groups and 367 

surface-bound water and determining the interaction strength between surface water and the 368 

TiO2 surface. The TG/DTG technique was applied to estimate the amount of surface water and 369 

OH groups on the TiO2 surfaces. 370 
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 371 

Fig. 3. DRIFT spectra of as-prepared TiO2 and commercial P25, as measured under an argon flow of 372 

80 mL/min at room temperature. (a) P25 and TiO2 samples prepared at 100–200 ℃ for 24 h; (b) P25 373 

and TiO2 samples fabricated at 180 ℃ for 1–24 h.  374 

To identify the hydroxyl groups and surface water on TiO2 samples, DRIFT spectra were 375 

collected at room temperature, as seen in Fig. 3. The existence of surface hydroxyl groups 376 

(3700–2500 cm-1) and surface water (1620 cm-1) were observed on as-prepared titania samples 377 

and commercial P25 [27]. Among these OH groups, the bands at 3700–3600 cm-1 are assigned 378 

to the hydroxyl groups on the titania surface, while the broad band at 3600–3000 cm-1 is 379 

ascribed to the overlapping signals of adsorbed water and the stretching of OH groups [54]. 380 

Although these titania samples exhibit similar signals of hydroxyl groups, the different 381 

intensity ratios on these samples might suggest different distributions or number of OH groups, 382 

which could represent different surface properties and thus play different roles in the 383 

degradation of acetaldehyde. Furthermore, almost no obvious bands which are related to 384 

organic compounds were observed on as-prepared titania samples, indicating that the F127 385 

template was fully removed during the calcination process. 386 
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387 

Fig. 4 TG/DTG results for (a) P25 and TiO2 samples prepared at different solvothermal temperatures 388 

(100 – 200 ℃) for 24 h and (b) P25 and TiO2 samples synthesized at 180℃ for different solvothermal 389 

reaction times (1 – 24 h). Panels (c) and (d) display the correlations between the amount of surface 390 

water, hydroxyl groups, and specific surface area (SSA) of these sample sets, respectively. The dashed 391 

and full lines are for DTG and TG curves, respectively.  392 

To estimate the content of hydroxyl groups and surface water on the TiO2 samples, TGA 393 

measurements were performed from 35 ℃ to 600 ℃ under a pure oxygen flow of 80 mL/min, 394 

as shown in Fig. 4a-b. The results show two noticeable weight losses and corresponding DTG 395 

maxima for all samples: one from room temperature to 130 ℃ and another one from 130 ℃ to 396 

400 ℃. The weight loss at RT to 130 ℃ can be attributed to surface water desorption, while 397 

the majority of weight loss from 130 ℃ to 400 ℃ is due to the condensation between OH 398 

groups (possibly including desorption of some strongly adsorbed surface water) [27,55,56]. 399 

Therefore, the content of surface water and hydroxyl groups in these TiO2 samples could be 400 

estimated based on the weight losses observed within these two temperature ranges. More 401 
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detailed data can be found in Table S1. Fig. 4c-d depict the correlations between the hydroxyl 402 

group content and surface area, as well as the surface water content and surface area. OH groups, 403 

as one of the active sites for acetaldehyde adsorption, show an increasing content with 404 

increasing surface area. That is, higher surface areas provide more active sites for acetaldehyde 405 

adsorption, potentially leading to better acetaldehyde degradation efficiency. Similarly, the 406 

increased content of surface water with the increase in surface area could lead to a higher rate 407 

of OH radical formation during illumination, thereby promoting the degradation process. 408 

Moreover, Fig. 4a-b shows that all as-prepared samples exhibit almost no weight loss above 409 

400 ℃, and their total weight loss between RT–600 ℃ was the sum of the lost surface water 410 

and hydroxyl groups (see Table S1). This again confirms that the template was successfully 411 

removed during the calcination, which is consistent with the DRIFT results above. 412 
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 413 

Fig. 5. DIRFT spectra of as-prepared TiO2, as measured under an argon flow of 80 mL/min from room 414 

temperature to 600 ℃. (a) 200TiO2-24, (b) 180TiO2-24, (c) 180TiO2-12, (d) 180TiO2-5. 415 

In order to clarify the differences in the interaction strength between surface water and TiO2 416 

surface, the DRIFT spectra were collected from 30 ℃ to 600 ℃ under an Ar flow. Samples 417 

180TiO2-24, 200TiO2-24, 180TiO2-12 and 180TiO2-5 were selected as they display similar and 418 

higher surface area than other samples, as seen in Fig. 5. The DRIFT spectra of other samples 419 
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can be found in Fig. S3. With increasing temperature, all samples display a decreasing intensity 420 

for hydroxyl groups (3670 cm-1 and 3600–3000 cm-1) and surface-bound water (1620 cm-1), 421 

indicating the condensation of OH groups and the desorption of surface-bound water. Other 422 

bands at 3630 cm-1 and 3690 cm-1, which are assigned to OH hydrogen-bonded to surface water 423 

and the stretching mode of water with dangling H, respectively, also became small with the 424 

desorption of surface water [27,54]. Furthermore, titania samples in Fig. 5 all displayed 425 

different surface water desorption temperatures, suggesting different interaction strengths 426 

between surface water and the titania surface. This probably leads to different degrees of 427 

competitive adsorption between surface water and acetaldehyde onto the titania surface. The 428 

spectra of 200TiO2-24 (Fig. 5a) show that the signal of surface water at 1620 cm-1 becomes 429 

almost unresolved at 300 ℃ and its intensity does not decrease anymore with further increase 430 

in temperature. Therefore, the complete desorption of adsorbed surface water was at 300 ℃ 431 

for 200TiO2-24. Similarly, the desorption temperatures of surface-bound water on 180TiO2-24, 432 

180TiO2-12 and 180TiO2-5 were at 400 ℃ (Fig. 5b), 400 ℃ (Fig. 5c), and 250 ℃ (Fig. 5d), 433 

respectively. A lower desorption temperature of surface-bound water indicates a weaker 434 

interaction strength between surface water and the TiO2 surface, which probably results in a 435 

weaker competitive interaction between surface water and acetaldehyde for adsorption on 436 

titania. Therefore, the varying interaction strengths between surface water and the TiO2 surface 437 

in different samples might indicate that the affinity between the TiO2 surface and acetaldehyde 438 

could vary from sample to sample, resulting in divergent acetaldehyde adsorption capacities. 439 

Consequently, the 180TiO2-5 surface exhibits the weakest interaction strength with adsorbed 440 

surface water among those samples, letting us assume that acetaldehyde might adsorb more 441 

easily to its surface, thereby improving the acetaldehyde adsorption capacity and potentially 442 

enhancing the photocatalytic acetaldehyde degradation efficiency. 443 
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Additionally, Table S1 summarizes the desorption temperature of surface-bound water over 444 

different TiO2 samples. No clear correlation was found between the desorption temperature of 445 

surface-bound water and solvothermal temperature or solvothermal reaction time. 446 

3.3 Morphology 447 

 448 

Fig. 6. HAADF-STEM (a-d) and high resolution HAADF-STEM (e) images of as-prepared TiO2. (e) 449 

Enlarged from the dotted red-circle area in (c), (f) is its corresponding FFT pattern. 450 

HAADF-STEM was applied to characterize the facets of as-prepared TiO2. Samples 451 

100TiO2-24, 180TiO2-24, 180TiO2-5, and 180TiO2-1 were selected, as shown in Fig. 6a-d, 452 

respectively. Sample 180TiO2-5 was selected to be further analyzed by high resolution 453 

HAADF-STEM image (Fig. 6e) and fast Fourier transform (FFT) patterning (Fig. 6f). The 454 

results display top facet planes with a lattice spacing of 0.237 nm, and an interplanar spacing 455 

of 0.356 nm was paralleled to the side facets, corresponding to the (004) and (101) planes of 456 

anatase with exposed (001) facets [57,58]. Therefore, it could be deduced that predominantly 457 
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(001) facets were exposed on all these presented samples, irrespective of the reaction time and 458 

temperature. The emerging (001) facets could be due to the stabilization effect by 459 

diethylenetriamine and isopropanol in the solvothermal process, as they prevent crystal growth 460 

along the [001] direction, which has been reported in literature [59,60]. In principle there could 461 

be a correlation between the percentage of exposed (001) facets and reaction time or 462 

temperature. However, we have not attempted to estimate this since the particle size among as-463 

prepared TiO2 samples is not sufficiently uniform (see Fig. S4, 100TiO2-24 even did not show 464 

spherical nanoparticles). This could be induced by the polar solvent, the mixture of isopropanol 465 

and ethanol. The Ostwald ripening or sequential nucleation tends to take place in polar solvents, 466 

resulting in a broader distribution of particle size [61]. Even though most prepared samples 467 

consist in fact of spherical shaped nanoparticles (except for 100TiO2-24), their particle size 468 

does not show a clear correlation with solvothermal time or temperature. The nanocrystal size 469 

of these as-prepared TiO2 samples ranged from 5–15 nm, which is relatively small compared 470 

to values reported in the literature [62–65]. This small size is beneficial for enhancing the 471 

reactivity of (001) facets. It is known that (001) facets on anatase are more reactive than the 472 

thermodynamically stable (101) facets, and can thus boost the degradation efficiency of VOCs 473 

[38,39]. Therefore, it is expected that the as-prepared TiO2 samples will show further improved 474 

acetaldehyde degradation performance due to the combination of preferential exposure of (001) 475 

facets and small size of nanocrystals. 476 

3.4 Photocatalytic activity 477 

The photodegradation, conducted without samples inside the reactor, and photocatalytic 478 

degradation of acetaldehyde using different TiO2 samples, were run at an inlet concentration 479 

of ca. 77 ppmv of acetaldehyde in air at a total flow rate of 250 mL/min. Fig. 7a represents a 480 

blanc control experiment, in which bare glass slides were placed inside the reactor without 481 

TiO2. The concentration of acetaldehyde briefly dropped after introducing the gas flow to the 482 
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reactor due to air displacement. When the light was switched on, the concentration of 483 

acetaldehyde remained constant, suggesting no acetaldehyde degradation. Therefore, UV light 484 

alone is insufficient for acetaldehyde degradation. 485 

Fig. 7b shows the results of photocatalytic degradation of acetaldehyde over TiO2 samples 486 

fabricated with the same reaction time (24 h) but at different solvothermal temperatures (100–487 

200 ℃) and P25. When the lamp was switched on to illuminate the catalyst, the concentration 488 

of acetaldehyde is first observed to slightly increase, and then rapidly decreases until leveled 489 

off. Fig. 7b shows that except for sample 100TiO2-24, other TiO2 samples display better 490 

acetaldehyde degradation performance than P25, with 180TiO2-24 showing the best 491 

performance. Three samples (120TiO2-24, 150TiO2-24 and 200TiO2-24) present a similar 492 

degradation efficiency, which was lower than 180TiO2-24 and higher than P25. The superior 493 

performance of these samples compared to P25 derive their effect from a combination of 494 

positive factors, such as a more porous structure, smaller crystallite size and/or higher BET-495 

SSA as well as more surface hydroxyl groups. The crystallite size, surface area and hydroxyl 496 

group content reached the lowest and highest values, respectively, for the sample prepared at 497 

180 ℃, which is therefore expected to yield the best acetaldehyde degradation performance 498 

[66,67]. Moreover, the presence of (001) facets on as-prepared samples could also contribute 499 

to the improvement of photocatalytic acetaldehyde degradation. 500 
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 501 

Fig. 7. Photodegradation of acetaldehyde without titania inside the reactor (a), and photocatalytic 502 

degradation of acetaldehyde (AcAl) over different samples (b-c). All the measurements were performed 503 

under UV light illumination, at an around 77 ppmv of acetaldehyde in dry air (RH = 3–5 %) at a total 504 

flow rate of 250 mL/min. (b) P25 and TiO2 samples prepared at 100–200 ℃ for 24 h; (c) P25 and TiO2 505 

samples fabricated at 180 ℃ for 1–24 h.  506 

Fig. 7c plots the results of photocatalytic degradation of acetaldehyde over samples prepared 507 

at the same temperature (180 ℃) but with different reaction time (1–24h) and P25. 180TiO2-5 508 

degraded acetaldehyde better than TiO2 prepared during other periods (1 h, 2 h, 12 h and 24 h), 509 

showing a conversion of around 74 %. Although 180TiO2-5 showed that the positive impact 510 

factors, e.g. pore volume, surface area and the content of hydroxyl groups, almost reached the 511 

highest values, it additionally displayed a larger crystallite size than other samples, which is 512 

again assumed to be disadvantageous. Therefore, the positive impact factors apparently 513 

outweigh the effect of crystallite size in this case. Its lower desorption temperature of surface 514 

water, designating a weaker interaction between surface water and the titania surface, indicates 515 

that the competitive interaction between the adsorbed surface water and acetaldehyde towards 516 

the titania surface might also be weaker. Therefore, acetaldehyde might adsorb onto 180TiO2-517 

5 more easily, which could induce a higher acetaldehyde degradation efficiency. Moreover, the 518 
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photocatalytic degradation efficiency of acetaldehyde does not show a clear trend for the 519 

remaining as-prepared TiO2 samples. Therefore, no further in-depth analysis is provided. 520 

However, it can still be anticipated that the aforementioned influencing factors collectively 521 

impact their photocatalytic acetaldehyde efficiency.  522 

Photocatalytic acetaldehyde degradation on TiO2 involves various possible reaction 523 

pathways. It is widely accepted that the process begins with the adsorption of acetaldehyde 524 

onto the TiO2 surface, followed by degradation facilitated by photogenerated hydroxyl radicals 525 

(from H2O) and superoxide radicals (from O2) [36]. Our earlier work explored the 526 

photocatalytic degradation pathway of acetaldehyde on TiO2 using operando FTIR 527 

spectroscopy [8]. Consistent with literature [36], the adsorption process involves both aldol 528 

condensation and a minor oxidation, resulting in the formation of 3-hydroxybutanal and 529 

crotonaldehyde, as well as acetate. The adsorption on anatase predominantly involves the aldol 530 

condensation, resulting in the formation of crotonaldehyde. With the illumination of UV light, 531 

crotonaldehyde is converted to intermediates acetic acid and formic acid, eventually producing 532 

CO2 and H2O, or is directly mineralized to CO2. The pathway of acetaldehyde decomposition 533 

on anatase was found to be more efficient in generating CO2 compared to that on rutile [22,36]. 534 

The full reaction pathway of acetaldehyde to CO2 and all possible intermediates, is given in the 535 

study of Hauchecorne et al. [8].  536 

To evaluate the selectivity of acetaldehyde degradation in this study, Fig. 8 presents the 537 

concentrations of converted acetaldehyde and generated CO2 over as-prepared TiO2 samples 538 

and P25 during the photocatalytic process. It is evident that the concentration of generated CO2 539 

is approximately two times that of converted acetaldehyde for all the samples, suggesting that 540 

the photocatalytic acetaldehyde mineralization process is quite selective. In addition, Fig. S5 541 

illustrates the real-time detection of acetaldehyde, generated CO2 and H2O under steady state 542 

conditions during the photocatalytic process. In the FTIR spectra, all the as-prepared TiO2 543 
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samples and P25 exhibit that there is nothing else in the gas phase spectrum other than 544 

unconverted acetaldehyde, and CO2 and H2O as mineralization products. If any other organic 545 

by-products such as acetic acid would be formed, their contribution is expected to be 546 

insignificant and below the detection limit. This further confirms that CO2 and H2O are the 547 

main ultimate products in the photocatalytic degradation of acetaldehyde, and the selectivity 548 

of acetaldehyde is nearly 100 % for all TiO2 samples. The selectivity in this study is similar 549 

with findings from literature [27–29,68]. 550 

 551 

Fig. 8. Concentrations of converted acetaldehyde (AcAl) and generated CO2 over different samples 552 

during the photocatalytic degradation of acetaldehyde, measured at 77 ppmv of acetaldehyde in dry air 553 

(RH = 3–5 %) at a total flow rate of 250 mL/min. (a) P25 and TiO2 samples prepared at 100–200 ℃ for 554 

24 h, (b) P25 and TiO2 samples fabricated at 180 ℃ for 1–24 h. The error bars were obtained from 555 

standard errors based on three repeated measurements. 556 

 557 

The acetaldehyde adsorption capacity on P25 and as-prepared TiO2 samples was calculated 558 

as the amount of acetaldehyde taken up by the sample when introducing the polluted gas stream 559 

to the reactor in dark conditions, resulting in a decrease of the outlet concentration due to 560 

adsorption, until the outlet concentration returns to the bypass reference level indicating that 561 

the adsorption-desorption equilibrium has been reached. Based on the changes in acetaldehyde 562 

adsorption capacity, a correlation between this and the AcAl conversion efficiency was found, 563 
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as shown by the blue icons in Fig. 9a-b. It is evident that samples with high acetaldehyde 564 

adsorption capacities correspond to high acetaldehyde conversions. The acetaldehyde 565 

adsorption capacity is largely determined by the number of active sites. A large surface area, 566 

which can expose more active sites, thus logically results in a higher acetaldehyde adsorption 567 

capacity [22,27]. Among the photocatalytic degradation of acetaldehyde tests, the best-568 

performing sample, 180TiO2-5, exhibits the highest acetaldehyde capacity although not having 569 

the largest specific surface area. This indicates that 180TiO2-5 has stronger surface affinity for 570 

acetaldehyde. This finding provides evidence for the conclusion obtained from the DRIFT 571 

experiment in Fig. 5, where 180TiO2-5 showed the weakest competitive interaction between 572 

surface water and acetaldehyde for adsorption, compared to other good-performing samples 573 

(180TiO2-12, 180TiO2-24, 200TiO2-24). Therefore, the weak interaction strength between the 574 

titania surface and surface water reduces the competitive adsorption of acetaldehyde and water 575 

onto titania, thereby promoting the acetaldehyde adsorption, and ultimately improving the 576 

acetaldehyde degradation. Likewise, this finding is also applicable to comparisons among other 577 

samples, such as 180TiO2-2, 120TiO2-24, 150TiO2-24, and P25. Apart from that, the specific 578 

surface area of the samples relates to the acetaldehyde conversion as well, as indicated by the 579 

black icons in Fig. 9a-b. High surface area samples can be expected to exhibit a high 580 

acetaldehyde conversion, although not in an absolute manner. The correlation between the 581 

surface area and acetaldehyde conversion is also consistent with literature [22,27]. 582 
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 583 

Fig. 9. Correlation of acetaldehyde (AcAl) conversion with specific surface area and acetaldehyde 584 

adsorption capacity. (a) P25 and TiO2 samples prepared at 100–200 ℃ for 24 h; (b) P25 and TiO2 585 

samples fabricated at 180 ℃ for 1–24 h.  586 

 587 

Table 2 lists the photocatalytic performance of acetaldehyde degradation of TiO2 samples 588 

reported in literature, including the results of this study. These measurements were conducted 589 

under UV at room temperature, utilizing different measurement parameters such as sample 590 

weight, flow rate of acetaldehyde, lamp intensity, etc. As the acetaldehyde conversion is 591 

influenced by both the inlet concentration (ppmv) and the total flow rate (mL/min), we decided 592 

to calculate and report the acetaldehyde flow rate to compare the photocatalytic performance 593 

of samples in different studies. High sample weights, low acetaldehyde flow rates, and high 594 

lamp intensities typically promote the photocatalytic degradation efficiency. Table 2 595 

demonstrates that the best-performing sample synthesized in this study (180TiO2-5) exhibits 596 

the highest acetaldehyde degradation efficiency compared to the samples reported in literature. 597 

It achieves a conversion of 100 % at an acetaldehyde flow rate of 16 × 10-3 mL/min and 74 % 598 

at a flow rate of 19.25 × 10-3 mL/min, i.e. the highest conversion of acetaldehyde even at higher 599 

flow rates. Moreover, this sample was measured under even more challenging conditions, i.e. 600 

a smaller amount of photocatalyst (4–20% of the sample amount used in the literature, if 601 
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reported) and a lower lamp intensity (3–8 % of intensity used in other studies, if reported). The 602 

excellent performance of the as-prepared titania underscores its significant potential in the 603 

photocatalytic degradation of acetaldehyde. 604 

Table 2. A comparison of photocatalytic acetaldehyde (AcAl) degradation performance of TiO2 in 605 

literature and this study (180TiO2-5), measured under UV light at ambient temperature (25–30 ℃) using 606 

different measurement parameters (e.g., sample mass, flow rate of acetaldehyde, lamp intensity, etc.). 607 

Reference 
Sample weight  

(mg) 

Flow rate of AcAl 

(1 × 10-3 mL/min) 

Lamp intensity 

(mW/cm2) 

Conversion of 

AcAl (%) 

TiO2  

(Fig. 7c, this work) 
10 19.25 1.6 74 ± 1 

TiO2  

(Fig. S6, This work) 
10 16 1.6 100 

TiO2 [69] 100 0.5 51.2 99.2 

TiO2 [29] 50 4  50 92 

TiO2 [70] 110 6  u.n 35 

TiO2 [71] u.n 1 20 55 

TiO2 [72] u.n 5 u.n 100 

TiO2 [3] 250 12.06  u.n 100 

 608 

Additionally, the stability of the prepared TiO2 sample was confirmed by running ten 609 

consecutive photocatalytic tests (around 24 h in total) as well as one long-time (48 h) 610 

measurement on the best performing sample (180TiO2-5), as seen in Fig. 10a-b. Fig. 10a shows 611 

the results of ten consecutive runs, with “lamp on” and “lamp off” periods displayed by the 612 

light blue and dark blue lines, respectively. Within one run of the measurement in Fig. 10a, 613 

when the lamp was turned on, the concentration of acetaldehyde rapidly decreased until 614 

levelled off (light blue line); when the lamp was turned off, the acetaldehyde concentration 615 



31 

 

quickly rose again until it reached the initial concentration (dark blue line). The acetaldehyde 616 

degradation efficiency remained almost the same after ten runs. Fig. 10b presents one long-617 

term stability test. The results indicate that the sample maintains a very constant activity 618 

towards acetaldehyde degradation over a 48-hour time span. Both experiments thus confirm 619 

the superior stability of the highly performant 180TiO2-5 sample. 620 

There always was a light-based regeneration step with pure air in-between cycles in the 621 

consecutive tests. Such a step is depicted in Fig. 10c. After completing one photocatalytic test 622 

run, the lamp was turned off while air and acetaldehyde flows remained unchanged. As a result, 623 

the acetaldehyde concentration level was restored back to the initial level of around 77 ppmv. 624 

Subsequently, the system was purged with air, without acetaldehyde. The lamp was turned on 625 

to degrade any remaining pollution from the surface of the samples and within the reactor, 626 

under continuous purging with air. This process persisted for 30 min, after which the lamp was 627 

again switched off. This concluded the light-based regeneration process. The air flow was 628 

redirected to the bypass and mixed with acetaldehyde to again form the polluted test gas, and 629 

was reintroduced to the reactor for the photocatalytic measurement. The processes of light-630 

based regeneration, gas mixing in bypass, and the reintroduction of the polluted gas to the 631 

reactor were not shown in Fig.10a. 632 

 633 
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 634 

Fig. 10. Photocatalytic degradation of acetaldehyde (AcAl) over 180TiO2-5, measured by (a) running 635 

ten consecutive tests and (b) one 48-hour long-term test at ~77 ppmv of acetaldehyde in dry air (RH = 636 

3–5 %) at a total flow rate of 250 mL/min. (c) Two consecutive tests as shown in (a), demonstrating the 637 

processes of light-based regeneration, gas mixing, and the reintroduction of polluted gas. The dark blue 638 

lines represent AcAl concentrations before and after the photocatalytic degradation, the light blues lines 639 

are for the changes in AcAl concentration during the photocatalytic process, the dark yellow lines 640 

represent the light-based regeneration process. (d) A measurement conducted at a relative humidity of 641 

30 % at the same concentration of acetaldehyde and total flow rate. 642 

The relative humidity level of indoor air is recommended to be between 30–50 % by the EPA 643 

(Environmental Protection Agency). To confirm the feasibility of employing the as-prepared 644 

TiO2 sample in a realistic humid environment, measurements were also performed at a RH of 645 

30 %, as shown in Fig. 10d. At an acetaldehyde concentration of 77 ppmv and a total flow rate 646 

of 250 mL/min, the conversion of acetaldehyde decreased from approximately 74 % (for dry 647 

air, RH of 3–5 %, Fig. 10a-b) to 61 % under the RH of 30 %. Hence, 82 % of the activity is 648 
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retained at a higher humidity level. On the one hand, the decrease in the conversion of 649 

acetaldehyde demonstrates the inhibiting effect of excessive water on acetaldehyde degradation 650 

due to the presence of competitive interactions between acetaldehyde and water. On the other 651 

hand, the decrease in the conversion is comparable to the decrease reported in literature [73]. 652 

Furthermore, the conversion in humid environment is still much higher (61%) than the 653 

conversion observed for commercial P25, even when tested in a relatively dry environment 654 

with a RH of 3–5 % (29 %). This difference highlights its potential for the application in indoor 655 

conditions.  656 

4. Conclusion 657 

In this study, mesoporous titania samples with appreciable surface area (30-90 m2g-1), 658 

preferentially exposed (001) facets, nanocrystals, and variable content of hydroxyl groups were 659 

prepared via a solvothermal method for highly efficient photocatalytic degradation of 660 

acetaldehyde. In particular, the impact of the interaction strength between the titania surface 661 

and surface water on the photocatalytic acetaldehyde degradation was explored. The 662 

correlation between the degradation performance and the physico-chemical properties of the 663 

samples was revealed. 664 

As the solvothermal time increased at a constant temperature of 180 ℃, the pore volume, 665 

surface area, and the content of surface OH groups overall increased while the crystal size 666 

overall decreased, which all have a positive impact on the acetaldehyde degradation efficiency. 667 

The obtained results showed that almost all samples displayed a similar or even better 668 

acetaldehyde degradation performance as compared with commercial P25. When the 669 

solvothermal temperature and time were 180 ℃ and 5 h, respectively, the prepared TiO2 670 

exhibited the most efficient performance, outperforming samples from literature even under 671 

harsher measurement conditions. The sample is characterized by an optimal set of parameters, 672 

including more porous structure, higher surface area and content of surface hydroxyl groups. 673 



34 

 

Additionally, it exhibits a weaker interaction strength between the titania surface and surface 674 

water, reducing competitive adsorption of surface water and acetaldehyde onto titania, thereby 675 

improving the acetaldehyde adsorption capacity thus providing an additional advantageous 676 

contribution to it superior performance. Moreover, the best-performing sample additionally 677 

showed a highly stable degradation performance, with no deactivation observed even after 48 678 

h. Even when employed in a more realistic atmosphere at a RH of 30 %, the acetaldehyde 679 

degradation efficiency retains 82 % of its performance in a dry atmosphere (RH of 3-5 %), still 680 

strongly outperforming P25. This indicates its potential in practical applications such as indoor 681 

air cleaning. Finally, the findings from this study can now also be translated to photocatalytic 682 

degradation applications for other VOCs which have similar chemical properties, such as being 683 

easily soluble in water, providing a contribution with extended significance in the field of air 684 

pollution control. 685 
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