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Abstract 

In this study, special attention is focused on the design of TiO2 morphology and 

microstructure in the two-step preparation procedure using TiOF2 as a precursor to study their 

photodegradation mineralization efficiency. Firstly, TiOF2 was synthesized by a simple 

solvothermal method using titanium(IV) tetrafluoride, which was further used as a precursor in 

preparation of anatase 2D nanosheets, octahedral, decahedral, and rectangular prisms shape 

structures. The as-obtained nanostructures were characterized by X-ray diffraction (XRD), 

scanning electron microscopy (SEM), Brunauer-Emmett-Teller surface area analysis (BET), X-

ray photoelectron spectroscopy (XPS), UV-vis diffuse reflectance spectroscopy and 

photoluminescence spectroscopy. It was assumed that TiOF2 could be applied as a useful 

precursor for the preparation of nanostructured TiO2 with defined morphology. Simple 

controlling of the reaction environment, together with the stabilizing effect of the introduced 

substrates, resulted in the formation of TiO2 particles with different morphologies and 
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consequently exposed crystal facets. The presence of {001}, {101} and {100} facets influence 

on their photocatalytic activity but mostly on their mineralization efficiency and the pathway 

of phenol degradation. From the obtained series, the TiO2 octahedra exposing {101} facets 

exhibited the highest photoactivity and mineralization efficiency under UV-Vis light 

irradiation, which decreases as the other facets appear and become more exposed. The obtained 

results were compared with a computational study on the ∙OH and ∙O2
- attack on the phenyl 

ring. Overall results showed that the surface effects of the photocatalyst could be an influencing 

factor in both mineralization efficiency and photodegradation products formation.  

Keywords: titanium oxyfluoride, TiO2 surface structure, TOC mineralization, phenol 

degradation 

 
1. Introduction  

Through the last years, titanium(IV) oxide has established itself as one of the most important 

wide-gap semiconducting material with numerous applications. Due to its excellent chemical 

stability, electron transport properties and overall availability it is being studied as a pure or 

modified material for sensors development [1], electronic devices [2], self-cleaning materials 

[3] and photoanodes preparation [4]. Moreover, it remains as one of the most important material 

that is continuously used in the field of photocatalysis. Although a great effort was made to 

understand and utilize TiO2 properties as a photocatalyst, some questions and unknown details 

are still present, mostly regarding interactions between TiO2 and reacting substrates. More 

recently, this has led to significant attention being given to preparation and studying activity of 

nanostructured TiO2 particles, exposing specific crystal facets, to describe the photocatalytic 

process on its fundamental level [5–8]. Reported findings have shown that surface structure can 

remarkably influence on reactivity towards H2 generation and storage [9-10], oxidation of 

organic compounds [11-12], generation of reactive radicals [13], CO2 photoconversion to 

methane [14] and gas sensing ability of TiO2 [15]. It can be controlled by growing TiO2 particles 
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in a specific environment, from which HF, ammonium-bearing compounds (amines, 

hydrazine), alcohols and pH regulators were found to influence significantly on particles 

morphology [16–22]. However, it is still challenging to find a preparation method that would 

limit the chemicals required to control TiO2 crystallization without compromising a variety of 

its possible structures. 

In this regard, titanium-fluorine compounds can be seen as useful precursors, as they 

naturally introduce fluorine ions inside the reaction system. Moreover, compounds like 

(NH4)2TiF6 or TiF4 can be easily obtained from the processing of Fe2O3·TiO2 minerals [23–25]. 

Within this group, TiF4 was already introduced, with great success, as a substrate in the 

preparation of anatase decahedrons and platelets [16], however, their direct synthesis results in 

the formation of large, micro-sized particles, which is unfavourable for their application in 

photocatalysis. As an alternative approach, Gordon et al. have obtained series of TiO2 

nanostructures from TiF4 by dissolving and subsequent crystal growing in mixtures of organic 

surfactants [6], which remain as a rather complex and waste-generating method. On the other 

hand, (NH4)2TiF6 was used in a solid-state reaction, where final TiO2 morphology results from 

coalescence of calcined particles, which were obtained only in the form of nanosheets [26].  

However, an alternative way can be emerged from solvothermal processing of titanium 

oxyfluoride TiOF2, utilizing fact of its easy degradation to TiO2. Titanium oxyfluoride is 

a metastable phase which exists in two known polymorphs, the first one with cubic structure 

(space group Pm-3m) and the second with hexagonal (space group R-3c). Both of them are 

composed of titanium atoms octahedrally coordinated by randomly distributed oxygen and 

fluorine, which are then connected differently. The unit cells of both structures, visualized by 

the VESTA program, are presented in Figure 1. Usually, TiOF2 with cubic structure is 

synthesized through partial hydrolysis/oxidation of titanium butoxide or TiF4 [27–30]. 

However, it can also be obtained through the fluorination of TiO2 [31]. Although pure TiOF2 
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was found to be active under visible light [32-33], its possible photocatalytic activity under a 

broad spectrum is rather low, comparing to TiO2 [34]. In this regard, it was applied as a 

precursor for the synthesis of TiO2 or TiO2/TiOF2. At present, only (001) plane-exposing 

anatase was formed from TiOF2, which is not always desired [11-12]. Therefore, in this study, 

the possibility to create a variety of TiO2 structures, followed by their activity analysis, starting 

from TiOF2 precursor and with the addition of possibly simple growth-controlling agents, was 

investigated. The effect of octahedral, decahedral, and rectangular prisms shape of TiO2 on the 

ability to mineralize organic pollutants was further investigated. The correlation between 

anatase (001) and (101) surfaces ratio, and mineralization efficiency was studied in detail. 

Moreover, computationally analysis by calculating the minimum energy path (MEP) of radical 

addition at the ortho and para positions was applied to study the participation of ∙OH and ∙O2
- 

radicals in phenol molecule degradation. The initial and final structures were geometry 

optimized using DFT calculations with PBE0 hybrid functional and the D3BJ dispersion 

correction. 

 
Figure 1. Visualization of a) hexagonal TiOF2 unit cell, b) cubic TiOF2 unit cell.  

The probability of distribution in lattice is 1/3 for oxygen and 2/3 for fluorine 

2. Experimental section 
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The synthesis of titanium oxyfluoride and titanium(IV) oxide nanostructures were 

proceeded by a facile solvothermal method. Titanium(IV) tetrafluoride, 1-butanol,  hydrofluoric 

acid (48%), hydrochloric acid (35%), hydrazine hydrate (60%) and ammonia water (25%) were 

used as received from Sigma-Aldrich without any purification. 

2.1. Fabrication of TiOF2 precursor 

In the preparation of TiOF2 precursor, 10 g of TiF4 powder was added into a 200 cm3 Teflon 

reactor with 120 cm3 of 1-butanol (without introducing any HF). Obtained mixture was stirred 

for 15 minutes to form stable suspension using a Teflon-coated magnetic stirrer bar. After that, 

the reactor was transferred into a stainless-steel autoclave immediately and was heated at 210℃ 

for 24 h. The obtained product was separated through centrifugation and was washed 

thoroughly with absolute ethanol and deionized water to remove the residual contamination and 

fluorine species. After drying at 80ᵒC, the TiOF2 grey precursor was harvested. 

2.2. The synthesis of TiO2 nanostructures  

In the second step, the obtained TiOF2 precursor was hydrothermally treated to form 

nanostructured TiO2. Different capping agents (hydrochloric acid, hydrofluoric acid, hydrazine, 

and ammonia) were selected as growth-controlling species, based on the previous reports [35-

37]. In a typical synthesis, 0.25 g of as-synthesized TiOF2 was dissolved in a 100 cm3 mixture 

of deionized water and stabilizing agent and was transferred into a 200 cm3 autoclave after 15 

minutes of stirring. The prepared suspension was heated at 210°C for 24 h, then cooled down 

naturally. Obtained precipitates were centrifuged, washed, and dried the same way as during 

fabrication of the precursor, to obtain white powders of TiO2. Moreover, TiO2_H2O sample was 

synthesized as previously described in 100 cm3 of deionized water as a medium, without 

introducing any growth-controlling agent. Detailed information regarding the synthesis 

conditions of the obtained samples and their description is presented in Table 1. 
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To show the critical effect of the size change on the activity of the obtained photocatalyst 

the comparison of nanosheets prepared directly from TiF4 to structures obtained from  TiOF2 

was performed.  

Table 1. Synthesis conditions of the obtained samples 

Sample name Precursor Precursor 
amount [g] 

Medium Volume [cm3] 

Solvent Capping 
agent 

Solvent Capping 
agent 

TiOF2 TiF4 10 1-butanol - 120 - 
TiO2_HCl 

TiOF2 0.25 water 

HCl 98 2 
TiO2_HF/HCl HF and HCl 99 0.25/0.75 
TiO2_HF HF 99.75 0.25 
TiO2_H2O - 100 - 
TiO2_N2H4 N2H4∙H2O 75 25 
TiO2_NH3 NH3∙H2O 47 53 

 

Briefly, anatase sheets were solvothermaly synthesised directly from TiF4 in the presence 

of 1-butanol and with addition of hydrofluoric acid. For a synthesis a 3.06 g of TiF4 was 

introduced to the 120 cm3 of 1-butanol inside a 200 cm3 Teflon lined reactor and 0.68 cm3 of 

HF (48%) was subsequently added. Then, the mixture was transferred to an oven and was kept 

in 210°C for 24 h. Obtained TiO2 particles were centrifuged, washed with water, dried at 80°C 

and finally calcined at 500°C to remove residual F-. 

2.3. Material characterization 

The structure of the samples and phase composition were investigated by X-ray powder 

diffraction (Cu Kα radiation, Rigaku MiniFlex 600 X-Ray diffractometer). The analysis and 

Rietveld refinements were performed with the HighScorePlus software package (PANalytical, 

2006) and the ICDD database with data fitting based on the pseudo-Voigt profile function. The 

specimen displacement, lattice parameters, polynomial coefficients for the background 

function, profile parameters, and Gaussian and Lorentzian profile coefficients were refined. The 

amorphous phase content was analyzed using an internal standard (NiO, Aldrich, Germany). 
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The morphologies of the nanostructures were characterized by field emission scanning 

electron microscope (SEM, FEI Quanta FEG 250). The selected area electron diffraction 

(SAED) analysis were performed using the transmission electron microscope (TEM) Tecnai 

20F X-Twin, an electron source, cathode with field emission gun (FEG), EHT=200keV, camera 

for TEM Orius, Gatan Inc. The Brunauer-Emmett-Teller (BET) surface area of the powders 

was analysed by nitrogen adsorption using a Micromeritics Gemini V instrument. All samples 

were degassed at 200°C prior to nitrogen adsorption measurements. The BET surface area was 

determined by a multipoint BET method. The chemical states on the surface of nanostructures 

were determined by X-ray photoelectron spectroscopy (XPS) using Escalab 250Xi (Thermo 

Fisher Scientific, Waltham, USA) with Al Kα radiation and pass energy 20 eV. The optical 

properties were studied by a UV–Vis spectrophotometer (Thermo Fisher Scientific Evolution 

220) for the measurement of diffuse reflectance (DRS), using BaSO4 as a standard. Based on 

the obtained data, the bandgap energy calculations were performed using Tauc’s method. The 

photoluminescence (PL) spectra were recorded on a Perkin-Elmer LS 55 spectrophotometer 

with a Xe discharge lamp as the excitation source. The samples were excited at 250 nm in the 

air at room temperature. During measurements, a 290 nm cut-off filter was used. 

2.4. Determination of photocatalytic activity 

Photocatalytic activity of obtained samples was tested in a model reaction of phenol 

degradation, performed in the black-box. All mentioned chemicals were used as delivered by 

the provider and were used without any purification. 

In a typical experiment of phenol degradation, 25 cm3 of pollutant solution (20 mg∙dm-3, 

diluted from the concentrated stock solution) and 50 mg of photocatalyst were put into a 25 cm3 

quartz reactor under stirring. A Xe lamp (model 6271H, Oriel, USA) with a water IR filter, 

emitting light from the UV-Vis range, was used as a light source and the system was set up to 

obtain the measured UV-spectrum flux intensity at the reactor border equal to 30 mW∙cm-2. 
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During the reaction, a constant air flow of 5 dm3∙h-1 was introduced through suspension, which 

was magnetically stirred and thermostated at 20°C. Before irradiation, the whole system was 

kept in the dark for 30 minutes to achieve the adsorption-desorption equilibrium. After that, the 

process was initiated by turning on the Xe lamp. All the experiments were studied for 60 min 

of irradiation. Samples were collected at -30, ‑15, 0, 5, 10, 20, 30, 40, 50, and 60 minutes of the 

process, where 0 is the point of light introduction. Degradation efficiency was monitored using 

a high-performance liquid chromatography system (HPLC, model Shimadzu LC-6A), 

combined with a photodiode array detector (SPD-M20A) and C18 column (Phenomenex 

Gemini 5 µm; 150x4.6 mm) working at 45°C. During HPLC measurements mobile phase 

composed of (v/v) 70% acetonitrile, 29.5% water and 0.5% orthophosphoric acid (85% w/w 

solution) was used at the flow rate of 0.3 cm3∙min-1. Moreover, mineralization efficiency was 

analysed after the process as the difference in total organic carbon (TOC) concentration. TOC 

measurements were performed using Shimadzu TOC-L apparat.  

Quantitative analysis of all observed species was performed utilizing the external 

calibration method using standard compounds, all purchased from Sigma-Aldrich. An HPLC 

grade acetonitrile and orthophosphoric acid solution were provided by Merck. 

2.5. Computational details 

The attack of ∙OH and ∙O2
- radicals on the phenol molecule was studied computationally by 

calculating the minimum energy path (MEP) of radical addition at the ortho and para positions. 

Before MEP calculations, initial and final structures were geometry optimized using DFT 

calculations with PBE0 hybrid functional and the D3BJ dispersion correction to a convergence 

threshold of 10-8 Ha [38–40]. The MEP calculations were performed using the Nudged Elastic 

Band (NEB) method with an energy weighted spring constant and L-BFGS optimization 

method, as implemented in the Orca 4.2.1 software package [41]. In the presented results, the 

relative 0 energy is a sum of reactants energy obtained in separate runs. Throughout the 
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calculations, the CPMC model of continuum solvation was introduced to account for the solvent 

effect during model reactions. 
 

3. Results and discussion 

3.1. Structural and morphological analysis 

 
Figure 2. Rietveld refinement of the XRD pattern of the TiOF2 precursor 

The phase structure and crystallinity of TiOF2 precursor and TiO2 nanostructures are 

significant for their morphologies. Fig. 2 shows the XRD patterns of titanium oxyfluoride 

compared with the calculated model. All the diffraction peaks corresponding to TiOF2 were 

observed, which indicates that the TiOF2 with high purity was obtained. The Rietveld 

refinement was necessary to confirm the presence of titanium oxyfluoride. Therefore, fitting 

experimental data with the calculated model was performed. The results of Rietveld refinement 

for the as-obtained TiO2 nanostructures are presented in Figure S1 and Table S1 in the 

Supporting Materials. 

The broad reflection at 2θ = 24.3° with the highest intensity corresponds to the (100) plane 

diffraction of TiOF2. As presented in Figure 3, in the second step of the synthesis, the peaks of 

TiOF2 vanished, and the peak intensity of (101) plane at 2θ = 25.3ᵒ of anatase increased, 
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indicating the complete phase transformation of TiOF2 to anatase. The different environments 

(1-butanol, hydrofluoric acid, hydrochloric acid, hydrazine hydrate, ammonia water, and water) 

influenced the shapes of diffraction peak parameters, especially in the range of 2θ = 53-56°. 

The sample TiO2_N2H4 had the higher reflection at 53.9° than 55° and similar intensities of 

peaks at 37.8° and 48.1°, which are typical for octahedral TiO2 nanostructures [6]. The 

difference between their intensities disappeared in other samples. Titanium(IV) oxide samples 

prepared by reaction in the presence of acids were more crystallized than obtained in basic 

conditions. As presented in Table S2 (in the Supporting Materials) the highest amorhous phase 

content was observed for sample TiO2_N2H4, and the lowest for TiO2_HF/HCl photocatalyst. 

No other reflections were detected, suggesting the high purity of the as-synthesized 

photocatalysts. 

 

Figure 3. X-ray diffraction patterns of TiO2 in comparison to the precursor 
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The XRD pattern of the obtained nanosheets with an observed anatase structure is presented 

in Figure S2 in the Supporting Materials. The enhancement of the (211) signal, comparing to 

the (105) one, at approximately 53-55° indicates size reduction along the c direction of the 

anatase structure. It is consistent with reported patterns for anatase nanosheets exposing (001) 

facets and the effect of HF addition in the alcohol environment [6,18]. 

The morphologies of TiOF2 precursor and TiO2 nanostructures were further studied by 

scanning microscopy analysis. Fig. 4 showed SEM images of the as-prepared TiOF2 powders. 

It was found that the obtained precursor consists of a mixture of cubic and spherical particles, 

with a mean size of 260 ± 138 nm (this corresponds to a sphere diameter or a cube side). 

Comparing to some other results of TiOF2 preparation [27–29,33] the morphology of the 

obtained precursor is not uniform, which could result from high amounts of TiF4 used during 

synthesis. As reported by Wang et al., nanocubic titanium oxyfluoride can be obtained from 

TiF4 during the solvothermal alcoholysis process [33]. The final oxidation from fluoride to 

oxyfluoride results from alcohol condensation and subsequent hydrolysis of initially formed 

(RO)xTiF4-x structure. Obtained TiOF2 was observed to form spheres in the first place and was 

subsequently transformed into cubes as the process was prolonged. Since the kinetics of the 

described process was reported to depend mostly on H2O production during alcohol 

condensation, the conclusion is that a higher amount of TiF4 to alcohol, would hinder the 

hydrolysis process, resulting in the formation of both spheres and cubes, as observed. It could 

probably be managed by increasing reaction time and the introduction of HF, which both 

include H2O as a solvent and catalyses alcohol condensation [33]. Nevertheless, in this study, 

the obtained TiOF2 particles were used as a precursor for the fabrication of TiO2 nanostructures. D
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Figure 4. SEM image of TiOF2 precursor 

Figures 5 and 6 showed SEM images of the obtained TiO2, resulting from TiOF2 processing 

in the presence of different capping agents. In most cases, the formation of clearly defined 

nanostructures with a size smaller than the original precursor was observed. These primary 

particles can be freely observed in the sample or are aggregated, forming a representation of 

the original TiOF2 macroparticle, in a way similar to already observed for TiO2 hollow boxes 

obtained from TiOF2 (see in Fig. S3 in the Supporting Materials) [27–29]. It suggests that the 

initial nucleation of TiO2 was mostly observed as a surface process, and possible aggregation 

of the final particles can be controlled by the size reduction of the precursor particles. For 

fluorinated compounds, the original process is known to result from their hydrolysis, 

accompanied by HF formation [42], and is followed by a growth of nucleated seeds. The TiO2 

growing is usually described in terms of the rapid dissolution-recrystallization processes [43], 

in which Ti atoms are reversibly transferred between their solid oxide form and octahedral ions, 

giving rise to a gradual growth of the specified and most stable crystal structure.  

~1% 
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Figure 5. SEM images of TiO2 samples obtained with addition of a) HCl, b) a mixture of HF 

and HCl and c) only HF  
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For a TiOF2 system, without additional substrates, it could be described by a series of 

following equations (however formation of different octahedrally coordinated Ti species is 

generally possible [36-37]): 

TiOF2 +  H2O → TiO2 + 2HF     (1) 

      TiO2 +  4H+ + 6F− → [TiF6]2− + 2H2O    (2) 

     [TiF6]2− + 2H2O → TiO2 +  4H+ + 6F−    (3) 

For samples prepared in pure water or acidic environment of HCl or HF, this has led to 

a formation of anatase decahedrons, enclosed with {001} and {101} facets. These particles can 

be characterized by a truncation level, defined as a ratio between their top and a middle side 

(A/B), as highlighted in Figure 5. The final shape of the obtained particles results from 

competitive growth along both [001] and [101] directions, which depends on their relative 

surface energy [44]. It is well known that HF presence is crucial for stabilizing {001} surface 

of anatase [9,16,18], and that is the reason for the highest truncation observed for a sample 

obtained with the addition of HF during preparation. The observed particles became more 

enclosed with {101} surface as the environment was changed to HCl/HF and HCl only. For 

both of these samples, similar morphologies were observed, showing that both acidity and 

fluorine or chloride presence influenced on the growth behaviour of anatase. It probably results 

from a mixed effect of a surface protonation [17], increased amounts of molecular HF in the 

attendance of HCl [45], and their competitive adsorption on the surface of growing particles 

(HCl is a stronger acid than HF, although also promotes stabilization of {101} surface [6,16]). 

Moreover, it was observed that increased HF concentration promotes the growth of larger 

particles, regardless of their truncation. 

Comparing with samples obtained at acidic conditions, TiO2 prepared in pure water was only 

little truncated and its particles were much smaller. It would be changed when both N2H4∙H2O 

and NH3∙H2O are introduced to the reaction system, resulting in the formation of well-defined 
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anatase octahedrons and prisms enclosed with {101} pyramids, respectively (see in Fig. 6). 

Hydrazine was already proved to be an effecting agent for a {101} surface capping and 

promotes the formation of the octahedral particles when combined with other species stabilizing 

{001} surface [36]. In this study, the system composed of N2H4 and HF could be obtained 

through hydrazine introduction and initial TiOF2 hydrolysis resulting in the formation of almost 

completely enclosed octahedrons. These particles can be characterized by some truncation, in 

a way similar to the previously described HCl/HF samples; however, they are not uniformly 

enclosed by {001} surface at the top.  
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Figure 6. SEM images of TiO2 samples obtained with addition of a) N2H4, c) NH3 and f) in 

pure H2O; b), d), e), g) magnifications of selected areas of a), c), f) 
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In many cases, a curve, as well as facet, not parallel to a B side, was observed. These could 

be ascribed to {103} surfaces or a series of microfacets that result in a top curvature [45]. 

Therefore their nature could differ from these observed in acidic samples [46]. Nevertheless, 

their content in the total particle’s surface was negligible, and they were not analysed in detail. 

Instead, a simple fact of octahedrons truncation was minded. Finally, a unique morphology was 

obtained in the presence of NH3. The formation of elongated rods, with their sides enclosed 

with anatase {100} and {010} facets was observed, which were topped off with irregular 

pyramids, composed with a {101}, {001} and possibly other, higher-index facets. Comparing 

to N2H4, ammonium is a stronger base (pKb = 4.75 for NH3 versus 5.9 for hydrazine), therefore 

{100} formation could be explained as the increased basicity of the solution and more 

oxygenated surface of the growing particles [17]. From SEM images, it was confirmed that 

simple hydrothermal processing of TiOF2 particles has resulted in the formation of a series of 

anatase nanostructures, mostly with different ratios of {001} and {101} facets exposition. 

Moreover, the two-step synthesis starting from TiF4 enables the formation of fine anatase 

nanoparticles (mean size between 50-250 nm) rather than macro-sized ones, which are usually 

obtained from growing directly from titanium fluoride. Nevertheless, particles are mostly 

aggregated, probably due to the growth on the surface of the precursor (see also in Figure S4 

for a macro-sized sample), indicating the critical role of the precursor morphology on the final 

product. Additionally, the selected area electron diffraction measurements for selected samples 

were performed, and the results are presented in Figure S5 in the Supporting Materials. The 

obtained results indicate the presence of all (001), (100) and (101) lattice planes. The (001) and 

(100) are visible as (004) and (200) reflections due to the extinction rules. However, the 

observed from SAED analysis patterns were mostly polycrystalline, as shown in Figure S5 with 

1, 2 and 3 reflexes corresponding to (101), (004) and (200) respectively. 
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The performed two-step synthesis from TIF4 to TiOF2 and subsequently to TiO2 resulted in 

a significant size reduction than reported for direct TiF4 processing [16]. To show a critical 

effect of the size change on the activity of the obtained photocatalyst the comparison of 

nanosheets prepared directly from TiF4 to structures obtained from  TiOF2 was performed. The 

morphology of 2D nanosheets obtained from TiF4 is shown in Figure S4 in the Supplementary 

Materials. As expected, the synthesised TiO2 nanostructures resulted in the formation of a thin 

macro-sized sheets with highly exposed {001} facets. These particles were partially aggregated 

forming a flower-like structures. 

Measured surface areas of TiO2 nanostructures are presented in Table 2, together with 

a summation of the SEM observations. The surface area of the precursor was relatively small, 

and during the second step of the reaction, this parameter increased for each sample. When the 

transformation from TiOF2 to TiO2 occurred, crystal growth started on the surface, and 

nanocrystals became more textured, smaller, and partially disaggregated in comparison with 

a precursor, which resulted in the surface development. It is generally followed by an increase 

in the total pore volume, as shown in Table 2. The specific surface area of TiO2 nanosheets (see 

its characteristic in the Supplementary Materials) was 18.1 m2∙g-1, which is generally 

comparable or higher than TiO2 nanostructures obtained from TiOF2 to TiO2 transformation. 

Table 2. The representation of the specific surface area and morphology summation of 

obtained samples. Presented size corresponds to the crystal side highlighted in Figures 5 and 

7. 

Sample Surface area 
[m2∙g-1] 

Pore volume 
[cm3∙g-1] 

Mean size 
[nm] Crystal shape Identified facets Truncation 

level (A/B) 

TiOF2 5.2 0.003 260 ± 138 Spheres and cubes - - 

TiO2_HCl 13.8 0.007 132 ± 32 Decahedral {001}, {101} 0.54 ± 0.09 
TiO2_HCl/HF 9.4 0.006 209 ± 68 Decahedral {001}, {101} 0.52 ± 0.08 
TiO2_HF 6.1 0.004 250 ± 104 Decahedral {001}, {101} 0.65 ± 0.08 
TiO2_H2O 17.2 0.009 74 ± 34 Decahedral {001}, {101} 0.41 ± 0.07 
TiO2_N2H4 33.9 0.017 156 ± 69 Octahedral {101} 0.17 ± 0.07 

TiO2_NH3 12.6 0.006 88 ± 32 Rectangular prisms  
with pyramids on top 

{100}, {010}, 
{101} - 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


3.2. X-Ray Photoelectron Spectroscopy 

To study the surface composition of the obtained samples X-ray induced photoelectron 

spectroscopy (XPS) analyses were performed. The survey scans of all samples (Figure S8) 

confirmed low content of F- ions (less than 1%) in comparison with other elements, implying 

their successful removal during post-synthesis treatment and their limited effect on the observed 

photoactivity. For all samples, the O and Ti signals were dominant. The observed O1s spectra 

can be resolved into three peaks, which are ascribed to lattice oxygen, bridging oxygen and 

hydroxyl groups bound to titanium at ~529.2 eV, ~531 eV and ~532.9 eV, respectively [47-48]. 

Based on the Ti2p XPS spectra (Figure 7), all photocatalysts showed a right shift, which 

indicates the presence of nonstoichiometric TiO2−x next to TiO2 compound. The Ti3+ sites were 

not found directly in any sample, which resulted from the oxidizing conditions [49-50].  

The content of individual elements was different for the TiO2 nanostructures. There was 

observed an overall tendency that the amount of stoichiometric TiO2 on the surface of the 

particles decreased at acidic conditions, especially for HF and HF/HCl samples. It followed by 

the changes in the oxygen species observed at the surface, especially in an increase of Ti-OH 

and lattice oxygen signals. Observed results correspond with H+ and HF presence and could be 

explained as the basis of the HF-induced surface etching. It is known that molecular HF can 

induce surface decomposition of anatase particles (especially (001) surface), initiated by the 

substitution of the bridging oxygen by F- [45]. As the surface bounding of fluorine to titanium 

is supposed to be occurring in the first place, this process is strongly dependent on the HF 

amount possible to react with the forming TiO2. Generally, F- amounts can be considered as a 

limiting factor for both particle growth (dissolution/recrystallization reactions 2 and 3) and 

possible etching. For samples prepared without the addition of HF, it was limited to the F- 

introduced through TiOF2 hydrolysis. Therefore, sample TiO2_H2O was obtained in the form 

of ultrafine particles, which growth was limited due to the small amounts of F- possible to react 
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with forming TiO2. However, the HF formed during the TiOF2 hydrolysis was still able to 

induce some surface decomposition observed for this sample. Comparing to TiO2_H2O, 

neutralization of HF with hydrazine or ammonia have led to more stoichiometric surface 

composition and less visible TiO2-x signal. It was changed when HCl was introduced to the 

system, as the particle growth can be enhanced through the involvement of additional H+ and 

Cl- ions to create [TiCl6]2-. Moreover, in the case of TiO2_HCl, the F- amount was still relatively 

low compared with the Ti presence, which would limit the surface decomposition. It is 

concluded that such increase in recrystallization efficiency, enabled by the introduction of HCl, 

together with low content of F- resulted in the enhancement of particles crystallinity and more 

stoichiometric surface composition for this sample. Later this is changed when HF was 

introduced during the synthesis and for samples TiO2_HF and TiO2_HCl/HF, enhanced surface 

etching began with the increase of the TiO2-x signal. Ultimately, the TiO2_HCl/HF sample was 

characterized by the highest TiO2-x presence as the hydrochloric acid, having lower pKa than 

hydrofluoric acid, enhanced the formation of molecular HF, which is consistent with the 

observations of Wang et al. [45]. Presented surface etching and the relative absence of F- 

resulted in the enhanced amount of the surface oxygen, which was introduced to compensate 

undercoordination of the titanium atoms (e.g., as the oxygen add atoms [51–53]). As shown in 

Figure 8, the overall ratio of the observed Ti/O changed between approx. 0.35 and 0.24 

throughout the samples. The highest values were observed for TiO2_N2H4 and TiO2_HCl 

samples and were very close to the expected value of 0.33 (that is, a typical TiO2 structure with 

one -OH group attached to every surface Ti atom, with a hypothetical surface formula of TiO3), 

while the lowest was observed for both TiO2_HF and TiO2_HF/HCl samples, suggesting 

bounding of the additional oxygens at the surface.   
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Figure 7. XPS spectra of samples showing a) Ti2p and b) O1s signals with Gaussian fits, 

respectively 
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Figure 8. The diagram of atomic ratio Ti/O on the surface for each sample 

3.3. Absorption and photoluminescence spectroscopy analysis 

 

Figure 9. UV-Vis diffuse reflectance spectra of a) TiOF2 and b) TiO2 nanostructures in 

comparison with TiOF2. The inset in 9a shows the transformation of Kubelka-Munk function 

versus photon energy 

Fig. 9-a presents the DR-UV-Vis spectra of titanium oxyfluoride. The sample exhibited 

a considerable absorption below 380 nm range. However, a small band in the range of visible 

light appears, which vanished for TiO2 (see Fig. 9-b). This spectrum explains the discrepancy 

in the literature. Titanium oxyfluoride is shown as a poor photocatalyst [34]. On the other side, 

Wang et al. [33] presented the small-sized TiOF2 nanocubes with mesoporous structure, which 

exhibited high activity in the visible light in the reaction of Rhodamine B and 4-chlorophenol 

degradation. Through the UV–vis spectra, the bandgap of TiOF2 value was (3.15 ± 0.06) eV 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


was calculated by Tauc method [54]. Energy band gaps for anatase nanostructures are presented 

in Figure S9 in Supporting Materials. 

The photoluminescence (PL) spectra of TiO2 nanostructures, which were synthesized from 

TiOF2 were measured at room temperature. The PL spectra of photocatalysts in comparison 

with the precursor with an excitation wavelength of 250 nm are shown in Figure 10. Four main 

visible emissions peaks at ~398 nm, ~486 nm, ~528 nm, and ~596 nm were observed. The 

emission in the UV range describes the band edge emission of the anatase and titanium 

oxyfluoride, which also explain the bandgap of these materials. The calculated band gaps from 

the Tauc method were ~3.15 eV for all samples, which correlate with DR-UV-Vis analysis. 

This band overlaps with bands at ~418 nm and ~443 nm, which originated from the self-trapped 

excitons localized on the TiO6 octahedral. Due to the splitting of the conduction band, these 

types of trapped sites were found below the conduction band edge [55]. The bands at ~486 nm 

and 596 nm were variously attributed to oxygen vacancies [56]. The 2.55 eV vacancy level, 

which corresponds to 0.6 eV below the conduction band, has been attributed to Ti4+ ions 

adjacent to oxygen vacancies (intragap surface states). The presence of shallow electron 

trapping levels located about 0.6−1.6 eV below the conduction band edge is typical for anatase 

nanostructures [57]. The band at ~ 528 nm is related to non-stoichiometric TiO2 [55]. 

 
Figure 10. The PL spectra of TiO2 nanostructures in comparison with TiOF2 
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3.4. Photocatalytic activity measurements 

The photocatalytic activity of TiO2 nanostructures was studied in a model reaction of phenol 

degradation. Briefly, photocatalytic oxidation of phenol is known to go through catechol (CT) 

and hydroquinone (HQ) formation in the first step, followed by their subsequent breaking into 

series of organic acids (e.g., maleic, fumaric, and oxalic [58–60]), which are finally mineralized 

to CO2 and H2O (see in Fig. 11). Formation of benzoquinone (BQ), being in possible 

equilibrium with hydroquinone is also mentioned in some works [59–62]. 

 

Figure 11. Main mechanism of phenol oxidation during photocatalytic process 

 

Figure 12. Obtained results of a) phenol degradation for obtained samples and b) their 

transformation to determine rate constant (assuming first order) 
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The results of phenol degradation are presented in Figure 12. All samples possessed similar 

activity, achieving results between 86 and 100% of degradation, while synthesised precursor 

showed only 13% of phenol disappearance. No clear correlation between their morphology or 

synthesis conditions alone was found. However, a slight trend to decrease the efficiency for the 

sample obtained in the presence of HF can be noticed. It can result from a decrease of the 

surface area and surface defectivity which was observed for these samples. Significantly lower 

than for the samples prepared from TiOF2 at the same process conditions, phenol degradation 

efficiency (65% after 1 h of irradiation) was noticed in the presence of the TiO2 nanosheets 

obtained from TiF4, as shown in Figure S10 in the Supporting Materials. Despite rather similar 

results of phenol removal, obtained materials showed significant differences in mineralization 

efficiency and formation of oxidation products. Figure 13 show observed phenol removal 

together with the monitored formation of catechol and hydroquinone for the obtained samples. 
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Figure 13. Obtained results of phenol degradation for TiO2 nanostructures 

Within the results, a significant difference in the concentration of ortho-hydroxyphenol 

(catechol) can be observed, while the concentration of hydroquinone is rather similar for all 

samples. Notably, the lack of defined {001} facets observed for samples TiO2_NH3 and 

TiO2_N2H4 can be correlated to almost the complete disappearance of catechol during the 

process. After the exclusion of samples TiO_NH3 (rectangular prisms), the amount of observed 

CT and HQ was recalculated concerning the amount of decomposed phenol and the results are 

presented in Figure 14, showing a visible dependence on the {001}/{101} ratio. For 

photocatalysts with decahedral shape, constant change was observed, and a significant decrease 
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in catechol concentration was noticed only for octahedrons. It shows the importance of {001} 

facet presence on the formation of ortho-hydroxylated phenol.  

 

Figure 14. The observed ratio of hydroquinone (HQ) to catechol (CT) formation at the first 

part of the process with respect to a truncation level. 

Moreover, the formation of another aromatic derivative was observed, which was found to 

be a possible product from BQ ↔ HQ equilibrium. It was analysed by additional irradiation of 

hydroquinone and benzoquinone solutions in the presence of TiO2_N2H4 and TiO2_HF 

samples, both giving rise to a spectrum with characteristic 253 and 374 nm signals. Between 

them, the TiO2_HF sample showed a higher formation rate, especially when starting from BQ 

solution, which is in agreement with the results obtained during phenol runs (see Figure 15-a). 

Moreover, for BQ stock solution, small amounts of HQ and the described compound were 

observed already at the start of the process. It can give an idea of the structure of the observed 

compound. As reported by Kurien and Robins [63], the benzoquinone solutions can 

spontaneously degrade to 1,2,4-hydroxybenzene or a mixture of 2-hydroxybenzoquinone with 

HQ. Since, in this study, BQ irradiation gives almost immediate raise to HQ and 253 nm signal, 

it is concluded that the observed compound is 2-hydroxybenzoquinone (2-HBQ). Described 
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equilibrium is shown in Figure 15-b, and detailed results of the additional irradiations are shown 

in Figure S11 in the Supporting Materials. 

 

Figure 15. The observed peak area for signal with 253 nm maximum (a) and mechanism  

of 2hydroxybenzoquinone formation, as reported by Kurien and Robins [63] (b). 

A significant difference follows the observed differences in by-products formation and 

phenol removal in mineralization efficiency. As presented in Figure 16-a, the particles with 

octahedral shape achieved the highest TOC removal of 78%, while the lowest was observed for 

the TiO2_HF sample, characterized by the highest truncation ratio. A visible difference between 

samples TiO2_N2H4 and TiO2_HCl can be observed, in favour of N2H4, suggesting that sample 

morphology is a more important factor contributing to TOC removal than the simple 

degradation rate of phenol. 

 

 

 

 

b)a)
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The overall trend of mineralization decreased together with more platelet morphology is 

well-observed, as shown in Figure 16-b. Analogically to catechol’s formation, obtained results 

create a visible dependence concerning a measured truncation, clearly indicating that 

nanostructures with less exposed {101} facets are less suitable for phenol mineralization. This 

change seems to be linear for the obtained samples when grouped in connection with the HF 

introduction during synthesis and corresponds well with a surface defectivity revealed by the 

XPS analyses. It is well known that defect type and location can influence TiO2 activity [64-

65], mostly through promoting charge carriers separation or recombination, and generally, one 

can expect that defects concentration should have some optimal level that supports 

photocatalyst performance [66–68]. Therefore, it was concluded that increased TiO2-x 

concentration for HF and HCl/HF samples was mostly responsible for the observed decrease in 

mineralization efficiency, comparing to other samples. For TiO2_HCl/HF sample, the 

morphology is almost the same as for TiO2_HCl, so the effect of particles shape can be 

excluded. Moreover, since the sample TiO2_H2O also showed considerable amounts of TiO2-x, 

it could be concluded that the defect formation results in different effect, depending on the 

surface structure of the sample. 
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Figure 16. The efficiency of TOC removal for the obtained samples a) and its dependence 

on the observed truncation level b) 

3.5. Degradation mechanism discussion 

During the phenol oxidation, the initial reaction provides to form three possible hydroxyl 

derivatives, distinguished by a type of substitution (meta, ortho, and para). Only compounds in 

ortho (catechol), and para (hydroquinone) substitution were observed during degradation 

experiments. As the first possible factor affecting their formation, generation of different 

reactive oxygen species (ROS) was considered. In the photocatalytic reactions, ∙OH and ∙O2
- 

radicals are most commonly reported to be primary ROS generated at the photocatalyst surface 

[69–73], so their reactivity with phenol was computationally investigated, as presented in 

Figure S12 in the Supporting Materials. Figure 16 shows the calculated minimum energy paths 

of their initial addition to the phenol molecule. The ∙OH attack preferentially occurs at the 

ortho position with an energy barrier difference of 10.9 kJ∙mol1 between both isomers. These 

results correspond well with the electrophilic nature of ∙OH and the charge distribution inside 

phenol molecule, which shows alpha carbons to be more electronegative than para-substitution 

(partial charge of 0.25 versus 0.19, according to Mulliken charge distribution). On the other 

hand, the ∙O2
- attack was also found to occur preferentially at ortho-substitution, with a 

formation of the energetically favourable intermediate state. Moreover, its addition is 

characterized by a high energy barrier, which could explain existing reports, showing ∙O2
- to 

react slower than ∙OH [74]. 
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Figure 16. Results of performed NEB calculations of initial ∙OH and ∙O2

- attack on 

different patterns in phenol molecule 

The obtained computational results can support the experimental observations of increased 

catechol formation for samples more exposed with {001} facets. As shown by Ma et al., the 

photogenerated holes tend to localize at the bridging oxygens of (001) surface, while electrons 

remain in bulk-localized Ti atoms [75]. Moreover, the (001) surface in comparison with (101) 

and (100) is the only one with a high density of low energy O 2s states above the valence band 

edge of the TiO2 [76]. Therefore, it is suitable for the oxidation of H2O to ∙OH. The preference 

of {001} facets to create ∙OH though hole trapping on the surface bridging O would also explain 

the significant effect of TiO2-x formation on the activity of more truncated samples (HF and 

HF/HCl). On the other hand, the (101) surface is adequate for electrons accumulation and 

should promote oxygen reduction to ∙O2
-. It is in accordance with our study, as the superoxide 

radicals were reported to be very effective ring-opening agents [77]. Therefore, their enhanced 

generation could explain high TOC removal by the {101} exposing particles, while observed 

phenol removal rate is similar, because of the high energy barrier of their initial addition. 
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Nevertheless, the obtained results cannot fully explain experimental observations, mostly 

regarding the disappearance of catechol for the particles exposed only with {101} facets. It 

suggests that surface effects must also influence on the degradation mechanism. In this case, 

some geometric consideration can be taken into account. As shown in Figure 17, the phenol 

adsorption at the TiO2 surface should occur between -OH moiety and the Ti sites, acting as the 

Lewis acid, which for (001) leaves four twofold-coordinated oxygens in the direct 

neighbourhood of the adsorbed phenol. Such increase of the density of surface oxygens, close 

to Ti (1.98 Å away) should promote ∙OH attack at ortho substitution and can also explain the 

increased formation of the 2hydroxybenzoquinone, resulting from further hydroxylation of BQ 

or HQ.  

On the other hand, the oxygen reduction at the TiO2 surface, preferentially (101), should 

also occur at the Ti site, which results in a higher distance between both reactants. Starting from 

the phenol-adsorbed Ti atom, the closest Ti site is 3.79 Å away, while the bond length between 

ipso and ortho carbons is 1.39 Å. Therefore, it is suggested that the increased Ti-Ti distance at 

the surface could prevent ortho substitution of ∙O2−, which could be especially valid for (101) 

surface due to its preference to accumulate electrons on the surface Ti atoms. These results 

suggest that photocatalyst structure can promote a specific pathway of the degradation of the 

pollutants and could be an important factor considering the oxidation of more complex 

compounds, such as pharmaceuticals, pesticides or dyes. 

 

 

 D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

Figure 17. Simplified view on the top of anatase surface, showing undercoordinated Ti and O 

atoms around hypothetical site of phenol -OH adsorption: a) (101) and b) (001) surface. In the 

squares, there are highlighted sites which are expected to be especially active for this surface 

4. Conclusions 

To summarize, a simple synthetic method for the synthesis of TiO2 nanostructures by a 

solvothermal route from the TiOF2 precursor was developed. Different environments of 

reactions (acidic/basic) and capping agents were studied, showing that the application of 

titanium oxyfluoride allows obtaining TiO2 nanostructures with various morphologies 

(decahedral, octahedral, rectangular prisms). Shapes of nanostructures were related to exposed 

facets, which were crucial concerning the mineralization efficiency and the pathway of phenol 

degradation. The TiO2 octahedral particles exposing {101} facets exhibited the highest TOC 

removal efficiency under UV light irradiation, which decreased as the other facets appeared and 

became more exposed to the surface of the particles. Experimental results were confronted with 

simulated ∙OH and ∙O2
- attack on a phenol molecule, showing that the ∙OH addition at the ortho 

substitution is energetically favoured. It explains the importance of {001} facet for the 

enhanced formation of catechol as the photogenerated holes, as opposed to electrons, are 

expected to preferential localize on this plane. On the other hand, the increased formation of 

∙O2− on the {101} facet was expected because of the significant effect of {101} exposition on 

TOC reduction and favoured electron localization on the surface. However, the direct attack of 

Phenol -OH 
adsorption site

Prefered O2
reduction site

Prefered ∙OH 
formation site

a) b)
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∙O2
- on the phenol molecule cannot provide a mechanism for occurring reaction and cannot 

explain the formation of para-substituted products. Based on the increased distance between 

neighbouring sites that could promote superoxide radical attack at the para position, it was 

suggested that surface structure might be another factor contributing to the creation of the 

products. 
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1. Results

1.1. X-Ray diffraction of the obtained samples

Fig. S1 shows the XRD patterns of obtained products after the Rietveld refinement. The

fitting experimental data with the calculated model was successful. The results of Rietveld 

refinement are presented in Table S1. The estimation of the size of anatase crystallites along 

(101) plane was performed based on the Scherrer formula.

Figure S1. Rietveld refinement of the XRD pattern of the TiO2 nanostructures 

Table S1. Microstructural parameters of TiO2 nanostructures and precursor obtained by XRD 

analysis. 

Sample name Crystallite size 
[nm] 

Lattice parameters [Å] Rietveld parameters 
a,b c Rexp Rwp χ2 

TiOF2 63.61 3.794 - 9.068 15.274 2.837 
TiO2_NH3 32.84 3.786 9.506 9.397 11.985 1.627 
TiO2_N2H4 20.25 3.788 9.505 9.157 11.821 1.666 
TiO2_H2O 28.46 3.788 9.509 9.297 12.045 1.696 
TiO2_HF 55.17 3.788 9.509 6.372 10.067 2.496 
TiO2_HF/HCl 51.44 3.787 9.511 6.691 9.952 2.213 
TiO2_HCl 30.18 3.789 9.515 7.178 9.148 1.625 
TiO2_onestep 32.81 3.788 9.507 6.568 11.827 3.242 
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Figure S2. XRD pattern of the TiO2 sheets, obtained from TiF4 in the presence of HF. 

Crystallinity of the obtained samples was analyzed using NiO as the internal standard and 

the content of amorphous phase was calculated from the difference between NiO content and 

the value indicated from XRD. The obtained results are presented in Table S2. 

Table S2. Calculated contents of amorphous phase. 

Sample name TiO2_NH3 TiO2_N2H4 TiO2_H2O TiO2_HF TiO2_HF/HCl TiO2_HCl 

Amorphous phase 
[weight %] 32 44 31 16 7 18 

 

1.2. Morphology 

Figure S3 shows the morphology of macro-sized aggregate spotted during TiO2_NH3 

sample observations. The cubic macroparticle preserved the shape of the initial precursor with 

visible TiO2 particles formed on the surface and a partial disaggregation observed between 

neighbouring sides of the cube. These observations are similar to the reported transformation 

of TiOF2 into TiO2 hollow nanoboxes, which could be further decomposed to nanosheets [25-

26]. It proves that TiOF2 hydrolysis, and subsequent TiO2 nucleation occur on the precursor’s 

surface, and the reaction environment controls only further TiO2 growth. The surface-controlled 

character of the ongoing process can explain why only an extremely big cube aggregate is 

observed, as the smaller TiOF2 particles would be converted to TiO2 and subsequently 

dissociated faster than the big ones. Therefore, it shows an important role of the TiOF2 
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morphology on the described transformation. The higher magnification of the TiO2 particles is 

shown in the main text. 

Figure S3. SEM images of TiO2 aggregate spotted during TiO2_NH3 observations 

The performed two-step synthesis from TIF4 to TiOF2 and subsequently to TiO2 resulted in 

a significant size reduction than reported for direct TiF4 processing, see in Figure S4. 
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Figure S4. SEM images of the TiO2 sheets obtained directly from TiF4 
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1.3. Selected area electron diffraction 

The results of performed selected area electron diffraction measurements for selected samples 

are presented in Figure S5, with a reflections for (101), (004) and (200) highlighted. Due to the 

particles aggregation obtained patterns exhibit polycrystalline character. The obtained results 

for SAED are consistent with XRD analysis. 

Figure S5. SAED patterns obtained for selected samples. Reflexes marked with 1, 2 and 3 

correspond to the (101), (004) and (200) lattices respectively 

The summary of the obtained results is presented in Table S3. The measurements were 

made using the transmission electron microscope (TEM) Tecnai 20F X-Twin, an electron 

source, cathode with field emission gun (FEG), EHT=200keV, camera for TEM Orius, Gatan 

Inc. 

Table S3. Parameters of crystallographic structure determined from SAED diffraction patterns 
images.  

Sample distance,  
[1/nm] 

d101, 
[nm] 

distance,  
[1/nm] 

d004, 
[nm] 

distance,  
[1/nm] 

d200, 
[nm] 

TiOF2 + HCl 5.77 0.3466 8.41 0.2378 10.52 0.1901 
TiOF2 + HCl/HF 5.79 0.3454 8.46 0.2364 10.60 0.1887 

TiOF2 + NH3 5.80 0.3448 8.45 0.2367 10.60 0.1887 
TiOF2 + N2H4 5.78 0.3460 8.46 0.2364 10.60 0.1887 
TiOF2 + H2O 5.78 0.3460 8.54 0.2342 10.60 0.1887 
Mean value 5.78 

± 0.02 
0.3458 

± 0.0012 
8.46 

± 0.08 
0.2363 

± 0.0023 
10.58 
± 0.06 

0.1890 
± 0.0011 
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1.4. Facet identification 

Assuming the possible surface-presence of {001}, {101} and {100} facets, their 

identification has been based on the Wulff construct of the anatase crystal. By limiting only to 

the 3D structures, the combination of these 3 facets give a finite number of possible, unique 

crystal shapes, from which exposition of the specific facet can be deduced (as presented in 

Figure S6). 

 
Figure S6. Possible 3D crystal shapes of anatase with exposition of {001} (green), {101} 

(orange) and {100} (blue) facets 

Moreover, based on the Gibbs-Curie-Wulf theorem, the exposition of the specific facet 

should be proportional to its surface energy [44]. Therefore, the observed length of the facets 

of the same family should be approximately the same. Also, the symmetry of the crystal and 

surface (edge orientation) indicates which facets are observed. In this regard, the presence of 

the mentioned facets for each sample can be concluded, as presented in Figure S7. 

 

Figure S7. Example of identifying the crystal facets in SEM images, based on Wulff 
construction  
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To avoid the error during the observations (e.g. wrong identification of the {001} and {101} 

facets for decahedral particles, resulting from their similar edges lengths and some parts of the 

particle covered) the final results are presented as the statistical mean. The observations were 

made for a broader set of particles to achieve statistically consistent results (n ≥ 50). It could 

also be noted that these shapes for anatase are well-established, and formation of {103} or 

{110} facets would result in different crystal shapes.

1.5. XPS studies 

The survey scans of all samples (Figure S8) confirmed a low content of F- ions and no 

additional elements except titanium, oxygen and carbon. Therefore, the influence of fluorine 

ions on shapes of TiO2 nanostructures is negligible.  

Figure S8. XPS survey scan of the TiO2 nanostructures D
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1.6. Diffuse reflectance UV-Vis spectroscopy 

The transformations of Kubelka-Munk function versus photon energy were presented in 

Figure S9. The calculated band gap energies for all of the obtained samples are close to a known 

value of anatase structure ~3.2 eV. The uncertainties of measurements come from the least 

squares approximation of linear jump of (FKM . Eph)½ data and are included on the graphs. 
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Figure S9. Tranformations of Kubelka-Munka functions versus photon energy for      

TiO2 nanostructures 
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1.7. Photocatalytic activity comparison between direct and two-step processing of TiF4 

The photocatalytic activity of the obtained TiO2 sheets (one step synthesis from TiF4) was 

measured in the phenol degradation reaction, as described in the experimental section of the 

main text. Obtained results show phenol degradation of approximately 65% after 1 h of 

irradiation in the presence of prepared particles (see in Figure S10). This is significantly lower, 

than observed for samples prepared from TiOF2 at the same process conditions. On the other 

hand, the phenol degradation was accompanied by the high rate of catechol formation, instead 

of hydroquinone, which fits well our observations of the (001) significance on its formation 

(see main text for other results and discussion). Since the (001) surface is known to be efficient 

at ∙OH generation observed decrease in photocatalytic activity could be connected with the 

change of particles size and morphology, together with possible surface etching by introduced 

HF. 

Figure S10. Phenol degradation in the presence of obtained TiO2 sheets. The 2-HBQ 

signal (grey line) is given as observed peak area for 253 nm 
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1.8. Additional irradiations of benzoquinone and hydroquinone solutions 

The additional irradiations of BQ and HQ solutions were performed for samples TiO2_HF 

and TiO2_N2H4 to identify the parent compound of additional derivative observed during the 

HPLC scan. These processes were performed an analogous way as for phenol, however, without 

any adsorption studies and only for 20 minutes. The BQ solution of approx. 35 mg∙dm-3 and 

HQ of approx. 30 mg∙dm-3 were used. The obtained results are shown in Figure S11. In both 

cases (that is, starting from HQ or BQ solution), sample TiO2_HF has shown an increased 

intensity of 253 nm signal, which is in agreement with the results from phenol degradation. 

Moreover, an exceptionally high signal is observed when starting from the BQ solution, and 

some lower amount of considered derivative was observed already in the starting solution. 

Based on the observed absorption maxima and reported findings on BQ photolysis [69] 

observed compound is suggested to be 2-hydroxybenzoquinone (2-HBQ). 

Figure S11. Hydroquinone and benzoquinone degradation in the presence of samples 

TiO2_N2H4 (a,b) and TiO2_HF (c, d). The 2-hydroxybenzoquinone signal is given as the peak 

are for 253 nm maximum 
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1.9. Minimum energy path calculations 

The maximum energy images found during minimum energy path (MEP) calculations of 

∙OH and ∙O2
- addition are shown in Figure S12. These images should be a close representation

of a possible transition state (TS) complex formed during modelled reactions, however direct 

TS geometry was not optimized during this study. In a case of ∙O2
- attack at ortho substitution 

the minimum energy image was also found, with a creation of hydrogen bond between the 

radical and -OH moiety, and this structure was also shown in detail (first structure in Figure 

S11-c). For all reactions, a final optimized structure is also shown. The energy results of MEP 

calculations are shown in the main text. Highlighted lengths are in Ångströms. 

Figure S12. Specific structures found during MEP calculations of ∙OH and ∙O2
- substitution at 

specific position in phenolic ring: ∙OH addition at ortho substitution (a); ∙OH at para 

substitution (b); ∙O2
- at ortho substitution (c) and ∙O2

- at para substitution (d).  

a)

b)

c)

d)
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