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Abstract 
This work reports a key factor, the H2SO4 concentration, in controlling the physicochemical 

properties of TiO2 photocatalysts during the sol-gel synthesis. The photocatalysts synthesized 

using different concentrations of H2SO4 possess specific anatase/rutile ratios and crystallite sizes 

as well as surface areas, resulting in different photocatalytic performance in the degradation of 

formic acid in solution. The best photocatalytic performance is observed for the TiO2 photocatalyst 

containing a relatively high percentage of the rutile phase (~84%), which is obtained from the sol-

gel synthesis without H2SO4. 

 

Keywords: Bandgap; Sol-Gel Synthesis; TiO2; Photocatalysis; Formic acid degradation. 

1 Introduction 
Removal of persistent organic contaminants from wastewater contributes greatly to water 

conservation and long-term environmental sustainability. One efficient way is the advanced 
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oxidation processes (AOPs), which have been proven to be comparable or even better than bio-

degradation in many cases [1–3]. Thus, decontamination of organic pollutants in water is often 

performed with an AOP-based technique such as heterogeneous photocatalysis [4]. Titanium 

dioxide (TiO2) is the photocatalyst of choice for water detoxification [5,6] due to its efficient 

oxidation of toxic pollutants under UV light [7–10]. This photocatalytic activity is determined by 

the physicochemical characteristics of TiO2 such as the specific surface area, crystallinity, crystal 

size, morphology, and phase composition [11–13], which are controlled via different preparation 

methods [14–17]. Since the crystallinity of TiO2 is one of the noticeable parameters, it is worthy 

to indicate that TiO2 can be either amorphous or in one of its three crystallized forms rutile, anatase 

or brookite. TiO2 Evonik P25 is one of the most investigated photocatalyst consisting of 

amorphous structure, rutile and anatase phases of TiO2 of which anatase (~80%) is the major phase 

[18,19]. Rutile and anatase phases have shown better photocatalytic activity in comparison to the 

amorphous TiO2 [20,21]. Yet, in the literature there are disagreements about whether rutile or 

anatase or a mixture of the two phases, promotes better photocatalytic activity. Various studies 

have determined that a mixture of the two phases is more effective in photocatalysis [19,22–24]. 

Therefore, tuning the anatase/rutile ratio or manipulating the bandgap energy of the pure TiO2 is a 

subject of several studies [19,25–29]. This can be done without doping with transition metals 

[30,31], for example, by using sol-gel synthesis protocol [32–35] 

In this study, we compare and explain the main differences in the structure and bandgap of sol-gel 

derived TiO2 when varying the sulfuric acid concentration, the ethanol content, and the type of 

titanium precursor in the sol-gel synthesis protocol. As a result, it is possible to control the ratio 

between the anatase and rutile polymorphs in order to tune the bandgap properties of the TiO2 

material. This is evidenced by the appearance of bends in the diffuse reflectance spectra (DRS). 

The TiO2-based catalysts were tested and compared for the degradation of formic acid under UV 

illumination. Formic acid was here chosen as the tested model pollutant as it is the simplest 

carboxylic acid and transparency under UV illumination; thus, avoiding the screening effect 

typically encountered for model pollutants based on dyes [36]. Importantly, formic acid is 

commonly released by the paper industry [37–39]. 
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2 Material and method  

2.1 Preparation of the catalysts 

The referenced sol-gel TiO2 photocatalysts, namely EST-1023t, were synthesized according to the 

reported procedure [40,41]. Herein EST refers to the synthesized samples by using absolute 

Ethanol and Sulfuric acid as reagents and Titanium (IV) isopropoxide/butoxide as TiO2 precursors. 

In short, a solution containing 40 mL absolute ethanol (99.5% Panreac) and 17 mL titanium 

butoxide (97% Sigma–Aldrich) was mixed for 10 min and then added dropwise to a sulfuric acid-

ethanol solution (15 mL of 0.6 M sulfuric acid (prepared from 99.5% Panreac) mixed with 40 ml 

absolute ethanol) under stirring condition for 2 h. The final mixture was stirred for 30 min at 1300 

rpm. The obtained gel was aged for 48 h. Then, the gel was dried at 100 °C for 24 h and the resulted 

powder was crushed and sieved using a 63-μm sieve before calcination at 750 °C for 3.5 h (with a 

heating ramp of 302 °C/h).  

In this work, the sol-gel TiO2 catalysts were prepared using titanium isopropoxide as the 

TiO2 precursor (97% Sigma–Aldrich) and compared with the referenced EST1023t. The effects of 

ethanol and sulfuric acid on the produced TiO2 material were examined by varying their amounts 

during the synthesis while keeping the same preparation conditions and procedure including the 

volume of the titanium precursor. Table 1 shows details about the preparation compositions of all 

photocatalysts in this study. In the case of samples EST00-80A and EST00-80B, a volume of 15 

mL distilled water was used instead of a sulfuric acid solution. 

 

Table 1. Details about the amounts of reagents for the preparation of the different photocatalysts 
used in this work.  

Catalysts 
Name 

Titanium precursor and 
amount (mL) 

H2SO4 

concentration 
(mol/L) 

Total 
ethanol 
volume 
(mL) 

Calcination 

EST1023t Titanium butoxide,           17 0.6 80 After 
EST1023t-B Titanium butoxide,           17  0.6 80 Before 
EST06-80A Titanium isopropoxide,    17 0.6 80 After 
EST06-80B Titanium isopropoxide,    17 0.6 80 Before 
EST00-80A Titanium isopropoxide,    17 0 80 After 
EST00-80B Titanium isopropoxide,    17 0 80 Before 
EST03-80A Titanium isopropoxide,    17 0.3 80 After 
EST03-80B Titanium isopropoxide,    17 0.3 80 Before 
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EST12-80A Titanium isopropoxide,    17 1.2 80 After 
EST12-80B Titanium isopropoxide,    17 1.2 80 Before 
EST06-20A Titanium isopropoxide,    17 0.6 20 After 
EST06-20B Titanium isopropoxide,    17 0.6 20 Before 
EST06-40A Titanium isopropoxide,    17 0.6 40 After 
EST06-40B Titanium isopropoxide,    17 0.6 40 Before 

 

2.2 Characterization techniques 

All X-ray diffraction patterns (XRD) were measured by a Panalytical X’Pert Pro diffractometer 

equipped with a detector operating at 40 KV and 30 mA with Cu Kα radiation (λ = 1.540598 Å). 

Phase identification was done by comparison to the JCPDS database using the HighScore Xpert 

plus software and phase percentage was estimated from the characteristic peak intensity Ia at 2θ = 

25.4° (101) for anatase and the intensity Ir of the peak at 2θ = 27.5° (110) for rutile. The anatase 

phase percentage was calculated as follows [42]:  

Percentage of anatase (%) = 100/ (1+1.265 (Ir /Ia)) (1) 

The crystallite sizes for all catalysts were calculated from the full width at half maximum (FWHM) 

values of the characteristic peaks for anatase and rutile at 2θ = 25.4° and 2θ = 27.5°, respectively, 

using the Scherrer equation as follows [43]:  

crystallite size = K λ / (FWHM × cos θ) (2) 

where K = 0.9 is the shape factor, λ is the X-ray radiation wavelength and θ is the diffraction angle. 

The morphology for some of the samples was analyzed by scanning electron microscopy 

(SEM) using a Hitachi S 4800 microscope [44–46] and by transmission electron microscopy 

(TEM) using a Philips CM 200 microscope. Diffuse reflectance spectra (DRS) for all samples were 

recorded on a Varian Cary 5 spectrometer equipped with an integrating sphere using PTFE (poly-

tetra-fluoroethylene) as a reference to study the optoelectronic properties of the samples. Bandgap 

values were estimated from Tauc plots calculated using the Kubelka-Munk function [47]. 

2.3 Photodegradation procedure 

The photocatalytic activity of the synthesized catalysts was evaluated using a 250 mL quartz batch 

reactor under UV illumination of a 60W Philips Solarium HB175 lamp (Figure 1). A suspension 

containing 200 mL of 24 ppm formic acid (Panreac 98%) and 1 g/L of each catalyst is continuously 

stirred and air-bubbled at 750 rpm and 0.4 L/min, respectively. All the experiments were done at 
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room temperature and pH 3.6 (the pH of the initial 24 ppm formic acid solution). The pre-condition 

time was 10 min in the dark to let the formic acid adsorbed into the surface of the catalysts before 

switching on the UV lamp to start the photocatalytic reaction. After specific time intervals, the 

samples were collected from the solution, separated by centrifugation at 5000 rpm, and then 

filtered using a 0.2 μm membrane. The remaining concentrations of formic acid in each sample 

were analyzed by high performance liquid chromatography (HPLC, 230-nm detector) using a 

Supelcogel C-610H (30 cm × 7.8 mm ID, mobile phase phosphoric acid-water 0.1:99.9 

respectively). The total organic carbon (TOC) was determined using a TOC-VCSN analyzer 

(Shimadzu). The TOC values were measured after the 60 min photocatalytic tests of each sample. 

 

Figure 1. Experimental setup for the photocatalytic tests. 

 

3 Result and discussion 
This study aims to clarify the effect of the synthesis parameters on the structural and optical 

properties of the resulting TiO2 materials and, thus, indirectly also on their photocatalytic 

performance. The starting point for the study is using a similar synthesis protocol reported for the 

EST1023t sample [40,41], of which the anatase/rutile ratio can be controlled by changing the 

calcination temperature. While titanium butoxide was used as the TiO2 precursor in the EST1023t 

protocol, titanium isopropoxide was used in all of our other sample series (Table 1) as this 

precursor has been reported to result TiO2 of higher anatase content, i.e. supposedly a better 

catalyst [42]. Thus, it is worth investigating whether there is any difference in the produced TiO2 
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materials from different TiO2 precursors. From Table 2 and the data in the Supporting Information 

(Figure S1A and S1B), it is evident that both samples (EST06-80A and EST1023t) possess 

comparable characteristic including phase ratio (78% and 71% anatase and 22% and 29% rutile) 

as well as surface area (SBET) (Table 1). In addition, the photocatalytic performance of these 

samples was comparable with first order rate constants (k1) of 0.081 min-1 and 0.050 min-1 for 

samples EST1023t and EST06-80A, respectively (Figure S1C and S1D). The TOC values after 60 

min of the photocatalytic runs over these samples were all 0 ppm confirming that no organic 

intermediates remain after the reaction. Conclusively, the choice of TiO2 precursors influences 

only slightly the photocatalytic activity of the samples.  

Next, the effect of the H2SO4 concentration on the catalysts synthesized using titanium 

isopropoxide was investigated, while the volumes of ethanol (80 mL) and the precursor (17 mL) 

were fixed. Figure 2 shows the effect of the H2SO4 concentration on the percentage of anatase and 

rutile phases of samples EST00-80A, EST03-80A, and EST06-80A analyzed by XRD. The XRD 

peaks for EST00-80A at 2θ of 25.4° and 27.5° correspond to the characteristic reflections of the 

(101) and (110) crystal planes of the anatase and rutile phases, respectively [48–50]. Rutile and 

anatase phases could be identified by the Joint Committee on Powder Diffraction Standard 

(JCPDS) cards no. 21-1272 and no. 21-1276, respectively. The estimated percentages of anatase 

and rutile are different in EST00-80A, EST03-80A, EST06-80A and EST12-80A. As it has already 

been reported [51,52], the addition of sulfate ions during the preparation of TiO2 stabilizes the 

anatase phase and preserves the surface area during the calcination process. Thus, when the H2SO4 

concentration increases from 0 to 1.2 M, the anatase percentage of EST00-80A is 16% and the 

percentage increases to 28%, 78% and 84% for the EST03-80A, EST06-80A and EST12-80A 

samples, respectively, as summarized in Table 2. The increase of anatase was accompanied by a 

decrease of the rutile phase from 84% to 16%.  

Table 2. Physicochemical properties of the prepared catalysts. 

Sample 
SBET 

(m2/g) 

Band Gap 

(eV) 

Phase ratio (%) 
Crystallite Size 

(nm) 

Anatase Rutile Anatase Rutile 

EST1023t 18** 2.95 71 29 46 56 

EST12-80A n.a. n.a. 84 16 47 62 
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EST06-80A 15 (2.95), 3.22 78 22 46 59 

EST03-80A 13 (2.95), 3.14 28 72 30 40 

EST00-80A 11 2.98 16 84 37 47 

EST06-20A n.a. 2.92 23 77 43 46 

Catalysts before 

calcination 
0.4-2 3.1-3.45 n.a. n.a. n.a. n.a. 

Evonik P25 52* 3.22 80* 20* 22* 25* 

* From reference [40,53] 

** From reference [40,41] 

n.a. = not analyzed 

 

Figure 2. XRD diffraction patterns of the synthesized EST00-80A, EST03-80A, EST06-80A and 

EST12-80A samples. 
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When the H2SO4 concentration decreases, there is a shift in the characteristic threshold of 

reflectance for the post-calcination TiO2 samples to longer wavelengths (Figure 3A). Furthermore, 

apparent bends are observed in the wavelength range of 350−400 nm, which is proportional to the 

H2SO4 concentration used in the synthesis. When converted to Tauc plots (Figure 3B), these data 

suggest that there are two regions fulfilling the (αhv)2 linear relationship as a function of energy 

expected for a direct bandgap material [54]. The high-energy linear regions of the Tauc plots for 

samples TiO2 P25, EST12-80A, and EST06-80A intersect at the same bandgap of 3.22 eV, which 

is the same value as reported for P25 and close to the expected value of pure anatase (3.2 eV) [55–

57]. The high-energy region of EST03-80A presents a slightly lower bandgap value of 3.14 eV. 

This sample has the smallest rutile crystal size, which might explain this shift [54]. However, we 

were not able to find a linear part in the high-energy region for the EST00-80A sample. In addition, 

the low-energy linear regions of all samples presented in Figure 3B seem to intersect at a bandgap 

value between 2.95 and 2.98 eV, which has earlier been reported by Santiago et al. [40,41] and is 

close to the value expected for pure rutile (3.0 eV) [55,57]. Thus, the bends observed in the spectra 

suggest that these materials consist of mixture of anatase and rutile phases in different ratios, 

effectively giving rise to two direct bandgaps. The small deviations from the bandgaps of pure 

anatase and rutile phases might be due to size effects of the crystal sizes.  

It is interesting to note that such bends do not appear before calcination and the increase of 

H2SO4 concentration shifts the bandgap of TiO2 to smaller values of which EST12-80B reaches 

the same value as for commercial P25 (Figures 3C and 3D). This can possibly be explained by a 

shift from amorphous TiO2 [58] (when no or small amounts of H2SO4 is used) to crystalline anatase 

for the EST06-80B and EST12-80B samples (Figure S4 in the SI). Furthermore, the latter two 

samples appeared in dark color (and scarcely noticeable in EST03-80B), which suggests they 

contain organic remnants from the synthesis. This is evidenced by the reduced reflectance of 

EST03-80B, EST06-80B, and EST12-80B in the visible region (Figure 3C).  
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Figure 3. Dependence of the reflectance of TiO2 and Tauc plots (A&B) after- and (C&D) before-

calcination samples on the H2SO4 concentration. Inset of Figure 3B is the magnified bandgap 

intersection. 

In order to investigate the photocatalytic activity of the TiO2 materials synthesized using 

different H2SO4 concentrations, formic acid photodegradation tests were carried out (Figure 4). 

The formic acid concentration slightly decreases and reaches adsorption equilibrium in the dark. 

However, when the UV illumination is switched on, the concentration starts to decrease drastically, 

indicating that the photocatalytic reaction is ongoing. The absence of H2SO4 in the synthesis leads 

to a significant enhancement of the photocatalytic activity of EST00-80A compared to the other 

samples (Figure 4A), resulting in a fast photocatalytic degradation where the formic acid is 

completely degraded within 20 min. Since XRD and DRS results manifested that H2SO4 affects 

the anatase/rutile ratio of the produced TiO2 material (Figure 2 and 3B), it appears that the formic 
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acid photodegradation kinetics also follows the anatase/rutile ratio in these samples, i.e., a higher 

photodegradation rate is achieved when the H2SO4 concentration is decreased (Figure 4B). As can 

be seen, the formic acid photocatalytic conversion (measured by k1) of EST00-80A (k1=0.399 min-

1) and EST03-80A (k1=0.07 min-1) is faster than the commercial P25 material (k1=0.056 min-1) 

under the same experimental conditions. Meanwhile, EST06-80A (k1=0.05 min-1) is approximately 

similar to P25, while EST12-80A k1=0.002 min-1) present negligible photodegradation activity. 

The latter can be explained by the high concentration of sulfuric acid during the synthesis. It is 

worth noting that sulfation of TiO2 has not improved its photocatalytic efficiency, contrary to what 

was previously reported for other substrates such as phenol or methyl orange [59,60]. Except for 

the run with EST12-80A (which has a remaining TOC of 5.06 ppm), the TOC values after the runs 

are 0 ppm, confirming that total mineralization of the acid is reached, and no organic intermediates 

remain after the reaction. It is worth mentioning that none of the synthesized photocatalysts prior 

to calcination exhibits any photoactivity and their adsorption capacities are very low. 

 

 

Figure 4. Effect of H2SO4 concentration during the synthesis on (A) the mineralization of formic 

acid and (B) Pseudo-first-order kinetics plotted using the data of Figure 4A. 

 

As the EST00-80A sample exhibits remarkable photocatalytic activity, SEM and TEM 

images of EST00-80A were captured to yield more insight on the morphology and the particle 
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size. In Figure 5A, a representative SEM image demonstrates that the EST00-80A sample consists 

of agglomerates of TiO2 nanoparticles, which are homogeneous in morphology and size (~100 

nm). From the higher resolution in the TEM image in Figure 5B, it appears that the particles have 

two different morphologies; some have a more or less truncated bipyramid shape, while others 

have a polyhedron shape. This could be indicative of that some of the particles are anatase 

crystallites, while others are rutile crystallites. The particle size ranges from 40 to 140 nm, which 

is in good agreement with the results of the estimated crystallite sizes calculated from XRD data 

(Table 2).  

 

 

Figure 5. Representative SEM (A) and TEM (B) micrographs of the EST00-80A sample. 

 

Thus, we can conclude that by controlling the H2SO4 catalyst concentration in the sol-gel 

synthesis, the anatase/rutile ratio over a wide composition range (from 16%/84% to 84%/16%) is 

obtained. In turn, this strongly affects the optical and catalytic behavior of the produced TiO2 

materials. Interestingly, an improved photocatalytic performance is observed when the rutile 

content was relatively high (~84% for the EST00-80A sample), which is contradictory to what is 

generally observed in literature [26,29,42,61,62]. This can be explained through the way we 

control the anatase/rutile ratio without compromising the surface area, which is not the case if the 
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calcination temperature is the parameter to control the anatase/rutile ratio. In the latter case, the 

higher temperature for obtaining the rutile phase would generally lead to a lower specific surface 

area due to sintering effects. The EST00-80A sample in particular, with a specific surface area of 

11 m2/g and rutile as the main crystalline phase (commonly considered less reactive than anatase), 

performs much better than the P25 and EST06-80A samples with specific surface areas of 50 and 

15 m2/g, respectively. However, in this case, a plausible explanation for the superior photocatalytic 

activity for EST00-80A could be the suitable proportions of anatase and rutile in sample. The large 

rutile content in the sample (~84%) means that a larger number of photons can be absorbed due to 

its narrower bandgap (~3.0 eV), and these excited electrons can easily be injected into the close-

by anatase crystals (Scheme 1). Furthermore, the larger bandgap (~3.2 eV) in the anatase phase is 

sufficient to cause the catalytic reaction with formic acid [63].  

 

Scheme 1. Proposed mechanism for photocatalytic degradation of formic acid in the presence of 

EST00-80A 

 

Not only the H2SO4 concentration, but also different types of solvents (e.g., methanol, 

ethanol, and isopropanol) has been used to control the TiO2 crystalline phase [31], and it was shown 

that TiO2 nanoparticles prepared using ethanol had the best photodegradation performance. We 
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took this idea a step further by investigating the effect of the ethanol volume on the bandgap of the 

catalyst as well as on the performance of each catalyst on the formic acid photodegradation. 

Figures S2 in the SI show the DRS and band gaps for the EST06-20A, EST06-40A, EST06-80A, 

and commercial P25 photocatalysts. The optical bandgap curve of the prepared TiO2 catalysts were 

shifted towards the visible region when using a small ethanol volume (Figure S2B). The EST06-

20A and EST06-40A present almost the same reflectance spectra in which the bend has 

disappeared completely. Furthermore, a similar bandgap shift (as seen for the sulfuric acid 

concentration series) is observed when the ethanol volume is varied. This is due to the degree of 

rutilization and the diminution of the crystallite size (Table 2). It is worth mentioning rutile 

presents a lower bandgap energy compared to anatase phase especially in the form of small 

nanoparticles [34,64,65]. In addition to diluting the sol, ethanol contributes to the ligand exchange 

and impacts the diffusion of the positively charged Ti(OH)x(OR)y
n+ species during the hydrolysis 

of titanium isopropoxide. It has been shown that the ethanol volume ratio might affect the 

hydrolysis rate especially in the presence of sulfuric acid as a catalyst of hydrolysis [34]. Thus, an 

increase in the rutile content of the sample is observed when lowering the EtOH amount. However, 

in this case, it does not mean a good photocatalytic performance (Figure S3) due to possibile 

impurities on the sample after calcination. The TOC values of EST06-20 and EST06-40 remain at 

4.67 and 4.40 ppm, respectively. The photocatalytic performance of EST06-20 and EST06-40 can 

be possibly much higher if higher calcination temperature was used. Even so, it can also lower the 

specific surface area by the sintering effect. 

 

4 Conclusion  
In this work, the synthesis conditions of sol−gel-derived TiO2 nanoparticles were optimized to 

obtain an improved photocatalytic degradation of formic acid. We observed that the photocatalytic 

performance of the produced TiO2 nanoparticles strongly depends on the H2SO4 concentration and 

the ethanol volume, and to some extent the type of titanium oxide precursor. By decreasing the 

H2SO4 concentration or the ethanol volume, the anatase phase in the nanoparticles can be 

converted to the rutile phase, which is seen as a higher rutile/anatase ratio in the XRD results. This 

is accompanied with a redshift of the bandgap energy or in some cases the formation of a bend in 

the DRS data indicating that the sample contains both anatase and rutile phases. The optimal 
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conditions for synthesizing TiO2 nanoparticles with excellent photocatalytic activity were obtained 

when using the titanium isopropoxide precursor dissolved in 80 mL ethanol and 15 mL water (i.e., 

completely without sulfuric acid as a catalyst), which is interesting and to the best of our 

knowledge it has not been investigated before. The photocatalytic activity to degrade formic acid 

was found to be more efficient for EST00-80A than the commercial P25. We speculate that the 

reason for the high formic acid photodegradation for the EST00-80A catalyst is due to the lower 

bandgap energy because of the high rutile content, as well as the smaller crystallite size. Moreover, 

using the low ethanol content produce a high rutile content but impure catalysts after calcination 

(seen as colored samples). These photocatalysts do not perform well, since impurities prohibit the 

formic acid to reach the reactive catalyst surface, and therefore, enhancing these catalysts can be 

an important perspective for future work. 
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