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ABSTRACT. The sol-gel chemistry of titanium-based oxide prepared in a fluorinated medium 

leads to oxy-hydroxyfluorinated framework owing to the occurrence of both hydrolysis and 

fluorolysis reactions. Here, a systematic study was carried out to investigate the impact of the 

sol-gel synthesis parameters on the reaction of titanium alkoxides and HF. This study provides 

comprehensive insights of the sol-gel process in a fluorinated medium. Depending on the extend 

of fluorination, two types of structures can be stabilized including an anatase Ti1-x-yx+yO2-

4(x+y)F4x(OH)4y and a fluoride-rich HTB Ti1-xxO1-4x(F,OH)2+4x phases, where  refers to 

titanium vacancies. The reactivity of titanium alkoxide in alcohol toward HF has been shown to 

mostly depend on the solvent characteristics highlighting an alcohol interchange reaction 
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between the titanium precursor and the solvent. Increasing the fluorine concentration leads to a 

structural change from the anatase to the fluoride-rich HTB phase which is rationalized by the 

preferential linking modes of Ti octahedral subunits in relation with its anionic environment, i.e. 

corner-sharing configuration is favored for Ti4+ in a fluorinated environment. Finally, 19F MAS 

NMR spectroscopy has allowed to identify the different species involved in the stabilized phases 

providing spectroscopic signatures to further investigate these complex compounds.  

Introduction 

The chemistry of the sol-gel process relies on the hydroxylation and condensation of molecular 

precursors.1 The reactivity of metal alkoxide toward solvents or additives can yielded new 

molecular precursors and thus to a large panel of composition and structures.2-4 The chemistry of 

titanium is a good example of the versatility of the sol-gel process to produce new materials with 

tailored architecture and properties.5,6 One of the approaches used to tailor crystal’s properties is 

to play on the complexing ability of anions. For instance, fluoride anions have been shown to 

play many roles such as driving the nucleation/crystallization toward a specific crystal’s 

structure.7,8 They can also adsorb onto surfaces thus orienting, in a particular direction, the 

growth of particles.9,10 More recently, the reaction of titanium alkoxide with aqueous HF has 

yielded to the precipitation under mild solvothermal conditions to an oxy-hydroxy-fluoride 

compound Ti1-x-yx+yO2-4(x+y)F4x(OH)4y featuring the anatase type structure with titanium 

vacancies ().11 This result has highlighted the occurrence of a fluorolysis12,13 reaction between 

titanium alkoxide and HF according to Ti(OR)n + xHF → Ti(OR)n−xFx + xROH.11,14 Hence, the 

functionalization of titanium alkoxide by fluoride can open new opportunities in the sol-gel 
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chemistry of titanium-based compounds providing that a good understanding of the impact of the 

synthesis parameters is achieved.  

Herein, we investigate the effects of synthesis parameters (nature of solvent, alkoxide 

precursor, HF concentration) on the structure and chemical composition of the precipitated phase 

obtained by mild solvothermal synthesis. It provides a better understanding on how the synthesis 

parameters impact on the chemical reactivity of titanium alkoxide toward HF. Two types of 

phases were synthetized including an anatase Ti1-x-yx+yO2-4(x+y)F4x(OH)4y and a fluoride-rich 

hexagonal-tungsten-bronze (HTB) Ti1-xxO1-4x(F,OH)2+4x phase. This work provides also 

guidelines to tune the chemical composition of these phases.  

Experimental Section 

Synthesis. Titanium ethoxide Ti(OCH2CH3)4 (Ti(OEt)4), titanium isopropoxide 

Ti(OCH(CH3)2)4, (Ti(OiPr)4), titanium butoxide Ti(OCH2CH2CH2CH3)4 (Ti(OBu)4), ethanol 

(EtOH), isopropanol (PriOH) and 2-butanol (2-BuOH) were purchased from Sigma-Aldrich and 

used as received. Aqueous HF (40%) was purchased from Rectapur. Caution: HF solution is 

highly hazardous and special protective equipments are required.  

In a typical synthesis, 13.5 mmol of titanium alkoxide precursor were poured inside a Teflon 

liner cup, then a solution containing aqueous hydrofluoric acid and alcohol was added under 

stirring. The volume of HF added depends on the fixed molar ratio of R = F/Ti. The volume of 

the alcohol was adjusted so that the total volume of the solution equals 30 mL. The Teflon liner 

cup was placed inside a stainless steel autoclave and then heated in an oven at 90 °C for 12 h. 

After the reaction, the autoclave was left to cool down to room temperature. The resulting white 

precipitate was washed twice with ethanol and subsequently recovered by centrifugation at 4400 

rpm for 15 min. Finally, the powder was dried at 80 °C for 2 h.  
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Characterization methods. X-ray powder diffraction analysis was carried out using a Rigaku 

Ultima IV X-ray diffractometer equipped with a Cu Kα radiation source (λ = 1.54059 Å).  

Transmission Electron Microscopy analysis was performed using a JEOL 2010 UHR microscope 

operating at 200 kV equipped with a TCD camera. 

19F solid-state magic angle spinning (MAS) NMR experiments were performed on a Bruker 

Avance III spectrometer operating at 7.0 T (19F Larmor frequency of 282.2 MHz), using a 2.5 

and/or a 1.3 mm CP-MAS probe head. The 19F MAS spectra were recorded using a Hahn echo 

sequence with an interpulse delay equal to one rotor period. The 90° pulse length was set to 1.55 

μs (2.5 s) and the recycle delay was set to 20 s (10 s) for the spectra recorded with 1.3 mm (2.5 

mm) probe head. 19F spectra are referenced to CFCl3 and were fitted by using the DMFit 

software.15 19F solid state NMR was also used to quantify the fluorine content on some of the 

studied samples by using the 1.3 mm probe head and reference samples.11,14 19F solid-state MAS 

NMR (Hahn echo) spectra were also recorded for YF3 and LaF3 and the masses of each sample 

in the rotor were measured. The fits of the spectra allow to determine the integrated intensities (I) 

for each sample. Since, for each sample, the recycle delays were chosen to ensure that the 

amount of signal detected is maximum (420 s for YF3 and 120 s for LaF3), we assume that the 

integrated intensities are proportional to the number of scans (256 for the studied samples and 16 

for YF3 and LaF3) and to the molar quantity of fluorine atoms (n) in the rotor. This assumption is 

verified since the calculated I/n ratio for YF3 and LaF3 are equal. The intensities per scan of the 

NMR signals of the studied samples, I1, and of YF3 (or LaF3), I2, allow to calculate the fluorine 

wt. % in the studied samples using the following formula where m and M are the mass and the 

molar mass, respectively: 
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Results and Discussion  

Effect of the nature of the solvent. In a previous study, we have demonstrated that the 

solvothermal reaction of titanium isopropoxide dissolved in its parent alcohol with aqueous HF 

(R= F/Ti =2) yields to an oxy-hydroxyfluoride Ti1-x-yx+yO2-4(x+y)F4x(OH)4y (the accurate 

chemical composition being Ti0.780.22O1.12F0.40(OH)0.48) featuring the anatase type structure 

with titanium vacancies ().11 Therein, the influence of the solvent was investigated by using 

other solvents featuring shorter and longer alkyl chains, i.e. ethanol and 2-butanol. The other 

operating conditions were fixed as defined previously. Figure 1 shows the XRD patterns of the 

samples obtained using different solvents.  

 

Figure 1. XRD patterns of the samples prepared using ethanol (black), isopropanol (red) and 2-

butanol (blue) as solvent. Titanium isopropoxide was used as precursor and a molar ratio R was 
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set to 2. ‘A’ and ‘HTB’ refer to anatase and hexagonal-tungsten-bronze type phases, respectively 

and asterisk refers to (200) planes of TiO2-B. 

Samples prepared with ethanol and isopropanol display similar XRD patterns indexed with a 

tetragonal unit cell (space group I41/amd) characteristic of TiO2 anatase. As discussed later, 

detailed analyses performed on these anatase phases revealed a complex composition Ti1-x-

yx+yO2-4(x+y)F4x(OH)4y with a degree of fluorination, i.e. vacancies, that increases from ethanol 

to isopropanol. Moreover, the use of 2-butanol yields a completely different XRD pattern with 

peaks characteristic of a fluoride-rich phase crystallizing in the HTB type structure (space group 

P63/mmc).16 A peak located at 15.1° (2θ) indicates the presence of a minor phase identified as 

TiO2-B (space group C2/m). Figure 2 shows the structural representation of the three phases. 

Thus, it can be concluded that the chemical reactivity of HF toward titanium alkoxide is strongly 

influenced by the nature of the solvent, particularly the length of the alkyl chains. It is known 

that when titanium alkoxides are dissolved into alcohol solvent, an exchange of alkoxy groups 

takes place by substitution reaction, modifying the molecular structure of the Ti precursor and 

consequently its chemical reactivity.2,3,17 This reaction is known as an alcohol interchange 

reaction: 𝑇𝑖(𝑂𝑅)𝑛 + 𝑥𝑅′𝑂𝐻 ⇆ 𝑇𝑖(𝑂𝑅)𝑛−𝑥(𝑂𝑅′)𝑥 + 𝑥𝑅𝑂𝐻. While the high electrophilic 

character of titanium favors the reaction, the steric hindrance of the alkoxy group decreases 

ligand interchange.2  
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Figure 2. Structural representation of (a) TiO2 anatase, (b) TiO2-B and (c) hexagonal tungsten 

bronze (HTB) framework. 

The predominant effect between the alcohol interchange reactions and the initial molecular 

structure of the alkoxide precursor was also investigated by varying the nature of Ti precursors 

while fixing the other operating conditions. Figure 3 shows the XRD patterns of the samples 

obtained by using Ti(OBu)4 and Ti(OiPr)4 as precursor. The solvent was butanol and the molar 

ratio R was fixed to 2. In both cases, XRD patterns showed the main presence of the fluoride- 

rich phase having the HTB type structure. Thus, the nature of the precursor has little influence on 

the structure of the final products.  
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Figure 3. XRD patterns of the samples prepared using two different alkoxide precursors, 

Ti(OiPr)4 (black) and Ti(OBu)4 (red). The solvent and fluorine content are 2-butanol and R = 2, 

respectively. ‘HTB’ refers to hexagonal-tungsten-bronze type phase and asterisk refers to (200) 

planes of TiO2-B. 

The above results indicate that due to ligand interchange reactions between the solvent and the 

titanium precursor, it is the solvent characteristics and particularly the length of the alkyl chains 

that rules the composition/structure of the final stabilized phase. Thus, ethoxide, isopropoxide 

and butoxide ligands can be stabilized in the vicinity of Ti4+ when ethanol, isopropanol and 

butanol are used as solvents, respectively. Moreover, the stabilization of a higher fluorine 

concentration in the precipitated phase using solvent with longer alkyl chains indicates that the 

competition between hydrolysis and fluorolysis reaction is ruled by the structure of the molecular 

precursor. It has been reported that the reactivity of alkoxides towards water increases when the 

length of the alkyl chains decreases: OEt- > OiPr- > OBu-.1,18 Shorter alkyl chains lead to the 

increase of the positive partial charge of Ti, thus Ti atoms become more reactive towards 

nucleophilic attack. Moreover, long alkyl chains exert steric hindrance during the nucleophilic 

substitution. Since HF and H2O display similar nucleophilic characters, i.e., the partial charges 

are δ(F) = −0.42 in HF and δ(O) = −0.40 in H2O,1 the difference in reactivity can be related to 

higher steric hindrance of water molecule as compared to HF. For longer alkyl chains, the 

fluorination is thus favored over hydrolysis. The rate of hydrolysis reaction decreases while the 

size of alkoxy group increases.  

To further understand the reactivity of titanium alkoxide toward HF, 19F solid state MAS NMR 

spectra were recorded on two reference samples having the HTB and anatase type structure 

(Figure 4). A pure HTB phase was synthetized using the following conditions R = 3.7, solvent: 
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2-butanol, precursor: titanium butoxide (see later). The anatase phase Ti0.780.22O1.12F0.40(OH)0.48 

was synthetized using previously established conditions: R = 2.0, solvent: isopropanol, precursor 

: titanium isopropoxide.11 Fluorine quantification of these samples yielded 27.4 and 10.8 wt. % 

for the HTB and anatase type phase, respectively.  

 

Figure 4. 19F MAS (64 kHz and 60 kHz, respectively) solid state NMR spectra of the pure HTB 

phase synthesized using the following conditions R = 3.7, solvent: 2-butanol, precursor: titanium 

butoxide (blue) and of the anatase phase Ti0.780.22O1.12F0.40(OH)0.48 synthetized using the 

following conditions: R = 2.0, solvent: isopropanol, precursor : titanium isopropoxide (green). 

The blue dashed lines indicate the two main lines assigned to Ti2-F and Ti-F environments in 

the HTB phase and the green dashed lines indicate the three main lines assigned to Ti3-F, Ti2-F 

and Ti2-F environments in the anatase phase. 

The 19F solid state MAS NMR spectrum of Ti0.780.22O1.12F0.40(OH)0.48 features three main lines 

previously assigned to fluorine atoms in the vicinity of different numbers of titanium atoms 

and/or titanium vacancies, i.e. species Ti3-F at -88 ppm, Ti2-F at -4 ppm and Ti2-F at 98 

ppm.11 The spectrum of the HTB phase shows two main contributions emphasizing two types of 

local environments for F atoms. The most intense was reconstructed with three NMR resonances 
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located at ~ -7, 3 and 27 ppm and the less intense was reconstructed with one broad NMR 

resonance located at ~ 90 ppm (Figure S1 and Table S1). Within pure HTB TiOF2, an anion is 

surrounded by two titanium atoms and the isotropic chemical shifts of the most intense 

contribution are close to those measured for Ti2-F environments in anatase 

Ti0.780.22O1.12F0.40(OH)0.48 (-4 ppm11) and for Ti2-F environments in ReO3 type 

Ti0.900.10O0.60(OH)0.74F1.66 (12 and 20 ppm19). This line is then assigned to Ti2-F environments. 

The isotropic chemical shift of the less intense line is close to those measured for Ti2-F 

environments in anatase Ti0.780.22O1.12F0.40(OH)0.48 (98 ppm11) and for terminal F in K2TiF6 

(71.4 ppm20) and in hybrid hydroxyfluorotitanates (IV) (76 to 82 ppm21) showing the occurrence 

of a small amount of Ti-F environments (~2%) and consequently of a small amount of 

titanium vacancies (~1%, assuming random distribution of vacancies in the neighboring of OH 

groups and F atoms). The general chemical formula of the HTB phase can then be written as 

follows Ti1-xxO1-4x(F,OH)2+4x (x~0.01).  

 

Effect of the fluorine content.  

The aforementioned results have shown that the reactivity of titanium alkoxide toward hydrolysis 

and fluorolysis is dictated by the length of the alkyl chains. In this part, the reactivity of titanium 

alkoxide toward increasing concentration of HF, i.e. increasing the R=F/Ti molar ratio, was 

investigated in the above mentioned three solvents.  

Figure 5 displays the evolution of the XRD patterns of the samples obtained using ethanol as 

solvent while the molar ratio R = F/Ti was varied from 1.0 to 3.0. All the samples show similar 

diffraction patterns indexed with a tetragonal cell characteristic of anatase. Further increasing the 

molar ratio R to 3.5 did not result in any precipitate, which is due to the formation of soluble 
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titanium fluorides complexes.9 Accordingly, the yield of the reaction decreases upon increasing 

the HF concentration, i.e. from 50 % to 30 % for R=1 and 3, respectively.  

 

Figure 5. XRD patterns of the samples prepared using various molar ratio R = F/Ti. The 

precursor and solvent used were Ti(OEt)4 and ethanol, respectively. ‘A’ refers to anatase phase. 

19F solid-state NMR spectra were recorded using a 2.5 mm probe head for all the samples of this 

series (see SI, Figure S2) and using a 1.3 mm probe head for three samples (R = 1.0, R = 2.2 and 

R = 3, Figure 5). The fits of these three spectra are given as SI. These spectra are similar to those 

of anatase Ti0.780.22O1.12F0.40(OH)0.48 (R = 2.0, solvent: isopropanol, precursor : titanium 

isopropoxide, Figure 3).11 Fluorine quantification using 19F solid-state NMR spectroscopy was 

performed on these three samples yielding 7.1, 7.8 and 9.7 wt. % for R= 1.0, 2.2 and 3.0, 

respectively. This indicates that increasing the molar ratio R yields higher fluoride concentration 

and thus higher titanium vacancies concentration in Ti1-x-yx+yO2-4(x+y)F4x(OH)4y, considering the 

preferential location of F close to vacancies (the stabilization of vacancies close to fluorine).11 

Moreover, when the molar ratio R increases, the relative intensities of the NMR lines assigned to 

Ti2-F and Ti3-F decrease whereas the relative intensities of the NMR lines assigned to Ti2-F 
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increase (see Figures S3-S5 and Tables S2-S4). For R = 3.0, the fluorine wt. % and the relative 

intensities of the NMR lines are close to those of Ti0.780.22O1.12F0.40(OH)0.48 (i. e. 10.8 wt.% and 

4%, 64% and 32% for Ti3-F, Ti2-F and Ti2-F, respectively) indicating a rather close formula. 

 

Figure 6. 19F MAS (64 kHz) solid state NMR spectra of the samples prepared using various 

molar ratio R = F/Ti. The precursor and solvent used were Ti(OEt)4 and ethanol, respectively. 

The red dashed lines indicate the three main NMR lines corresponding to the three fluorine 

species occurring in Ti1-x-yx+yO2-4(x+y)F4x(OH)4y anatase.  

Figure 7 shows the evolution of the XRD patterns of the samples obtained by adjusting the 

fluorine content in the case of isopropanol. The molar ratio R = F/Ti was tuned from 1.0 to 3.7. 

Four domains can be distinguished: (i) R < 2.2, (ii) 2.2 ≤ R ≤ 2.4, (iii) 2.6 ≤ R ≤ 3.5, and (iv) R = 

3.7. For R < 2.2, XRD patterns are indexed with a tetragonal cell (space group: I41/amd) 

characteristic of TiO2 anatase. The increase of R to 2.2 leads to the appearance of a peak located 

at 2θ = 27.8°. This peak becomes more pronounced at R = 2.4 and can be indexed with the HTB-

type structure (space group: P63/mmc).16 The HTB phase continuously grew while R increased. 
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The anatase phase disappeared at R = 2.6. Concomitantly, a peak located at 2θ = 15.1°, assigned 

to (200) plans of TiO2-B, first appeared and tended to vanish while R increased. An almost pure 

HTB-type phase was obtained at R = 3.7. Further increasing R to 4.0 led to the formation of 

soluble complexes.9 The yield of the reaction decreases upon increasing the HF concentration, 

i.e., from 70 % to 20 % for R=1 and 3.7, respectively. It should be noted that the powder 

morphology strongly evolved upon increasing R (Figure S6).  

 

Figure 7. XRD patterns of the samples prepared using various molar ratio R = F/Ti. The 

precursor and solvent used were titanium isopropoxide and isopropanol, respectively. ‘A’ and 

‘HTB’ refer to anatase and hexagonal-tungsten-bronze type phases, respectively. Asterisks refer 

to (200) planes of TiO2-B.  

Increasing the fluorine concentration leads to a structural change from the anatase phase Ti1-x-

yx+yO2-4(x+y)F4x(OH)4y to the fluoride-rich HTB phase Ti1-xxO1-4x(F,OH)2+4x. Thus upon 

increasing fluoride concentration, fluorolysis is favored over hydrolysis reaction. Nevertheless, 

increasing the water content favors the hydrolysis over fluorolysis thus leading to the 

stabilization of anatase (See SI, Figure S7). 
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The evolution of the local structure of fluorine atoms during the structural change from the 

anatase phase Ti1-x-yx+yO2-4(x+y)F4x(OH)4y to the fluoride-rich HTB phase Ti1-xxO1-

4x(F,OH)2+4x
 was investigated using 19F solid-state NMR. Spectra were recorded for the samples 

of the series with R ranging from to 2 to 3.7 (Figure 7). The fits of these spectra are gathered in 

SI (Figures S8-S14, Tables S5-S11). In agreement with XRD patterns, when R increases from 

2.0 to 2.4, the spectra show the decrease of the proportion of the anatase phase as highlighted by 

the decrease of the relative intensity of the line assigned to Ti3F species. These species disappear 

for R = 2.6 confirming the disappearance of the anatase phase for this R value. When R increases 

from 2.0 to 2.2, whereas the anatase phase remains largely predominant, the 19F NMR spectrum 

evolves: the proportion of Ti3F species decreases (from 4.6% to 3.2%) and those of Ti2-F 

species increases (from 35% to 38%), i.e. the vacancy rate (x+y) increases, presumably in 

relation with an increase of the amount of fluorine (x), in the Ti1-x-yx+yO2-4(x+y)F4x(OH)4y 

anatase phase. Further increase of R destabilizes the anatase phase in favor of the HTB one 

which can accommodate larger amount of fluorine. At R = 2.4, the sample consists of a more 

balanced mixture of both the anatase and HTB phases, complicating the analysis, since on the 

one hand, Ti2-F species from anatase and Ti-F species from HTB, and on the other hand, 

Ti2-F species from anatase and Ti2-F species from Ti1-xxO1-4x(F,OH)2+4x HTB have similar 

chemical shift values. Nevertheless, when R increases from 2.2 to 2.4, the decrease of the 

proportion of Ti3F species (from 3.2% to 0.9%) is more pronounced than the decrease of the 

proportion of fluorine atoms bounded to one titanium atom (Ti2-F for R = 2.2 and both Ti2-F 

and Ti-F for R = 2.4, from 38% to 22%). Therefore, the vacancy rate and the amount of 

fluorine continue to increase in the anatase phase and/or the vacancy rate is especially high in the 

HTB phase, this second assumption being not supported by the moderate and quite stable 
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proportion of Ti-F species in the HTB phase for R ≥ 2.6 (in between 7% and 10%). The rates 

of titanium vacancy (x) in these HTB type Ti1-xxO1-4x(F,OH)2+4x phases, constituting mainly or 

exclusively the samples for R ≥ 2.6, can be estimated in between 0.04 and 0.05. 

 

Figure 8. 19F MAS (34 kHz) solid state NMR spectra of the samples prepared using various 

molar ratio R = F/Ti. The precursor and solvent used were titanium isopropoxide and 

isopropanol, respectively. Asterisks refer to the first spinning sidebands of the main isotropic 

line. The red dashed lines indicate the three main NMR lines corresponding to the three fluorine 

species occurring in Ti1-x-yx+yO2-4(x+y)F4x(OH)4y anatase and the green dashed lines indicate the 

two main NMR lines corresponding to the two fluorine species occurring in HTB 

oxyhydroxyfluoride Ti1-xxO1-4x(F,OH)2+4x.  

Figure 9 shows the evolution of the XRD patterns of the samples obtained in 2-butanol at 

different R. Similarly to isopropanol, increasing the fluoride concentration yields to a structural 

changes from anatase to the HTB phase along with the minor presence of TiO2-B. When R 
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increases to 2.0, the anatase phase vanishes and the XRD pattern of the newly formed phase can 

be indexed with the HTB-type structure (space group: P63/mmc). Concomitantly, a peak located 

at 2θ = 15.1° and assigned to TiO2-B appears. Its relative intensity decreases progressively while 

R increases. The intensity of the XRD reflections of the HTB phase increases with R, indicating 

that higher crystallinity of the HTB phase was obtained. For R = 3.7, sharp XRD reflections 

indicate the stabilization of well crystallized and pure HTB phase. No precipitate was obtained at 

R = 4.0, which is again due to the formation of soluble complexes at high fluorine content.9 

 

 

Figure 9. XRD patterns of the samples prepared using various molar ratio R = F/Ti. The 

precursor and solvent used were Ti(OBu)4 and 2-butanol, respectively. ‘A’ and ‘HTB’ refer to 

anatase and hexagonal-tungsten-bronze type phases, respectively. Asterisks refer to (200) planes 

of TiO2-B. 

The observed structural changes from anatase to the HTB phase occurred at a lower fluorine 

concentration in the case of 2-butanol than with isopropanol indicating an enhanced reactivity of 

the formed molecular precursor towards fluorine. Moreover, the use of 2-butanol enabled the 
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stabilization of a well-crystallized HTB phase featuring a low content of titanium vacancies (cf. 

Figure 4).  

19F solid-state NMR spectra were recorded for the HTB phase obtained at R = 3.7 (Figure 3) and 

for the anatase phase obtained at R = 1.0 (Figure 10). This last spectrum is typical of Ti1-x-

yx+yO2-4(x+y)F4x(OH)4y anatase phase but compared to those of Ti0.780.22O1.12F0.40(OH)0.48 

(Figure 3), the proportion of Ti3F species is higher (11%) and those of Ti2-F species is lower 

(27%), i. e., the vacancy rate (x+y) is lower, in relation with a lower amount of fluorine (x), in 

this phase. This result shows that even at low fluoride concentration, titanium alkoxide readily 

reacts with HF to stabilized fluoride in the vicinity of Ti4+. Moreover, depending on the synthesis 

conditions, the proportions of the different Ti3F, Ti2-F and Ti2-F species can be tuned.  

 

Figure 10. Experimental (blue) and fitted (red) 19F MAS (34 kHz) solid state NMR spectra of 

the sample prepared using Ti(OBu)4 as precursor, a molar ratio R equal to 1.0 and 2-butanol as 

solvent. The individual resonances used for the fit (Table S12) are shown below. The rectangle 

indicates unidentified impurities. 



 18 

Upon increasing the fluoride concentration, the observed structural changes (for isopropanol 

and 2-butanol) from anatase to the HTB phase along with the minor presence of TiO2-B can be 

rationalized by the connection mode of TiX6 octahedral subunits (X= O2-, F-, OH-). At low 

fluoride concentration, the anatase phase having the general chemical formula Ti1-x-yx+yO2-

4(x+y)F4x(OH)4y is stabilized. Upon increasing fluoride concentration, fluorolysis increases 

yielding to the progressive destabilization of the anatase network. The higher content of fluoride 

anions in the vicinity of Ti4+ favors octahedral subunits shared by corners as found in other 

titanium oxy and hydroxyfluoride compounds.16,22,23 This is in good agreement with the observed 

phase appearance upon increasing fluorine content from edge-sharing (anatase) to both edge and 

corner-sharing in TiO2-B and to finally a corner-sharing configuration as found in the HTB type 

structure (Figure 2).  

 Conclusion  

In summary, a systematicstudy was carried out to investigate structural and compositional 

effects of the sol-gel synthesis parameters on the reaction of titanium alkoxides and HF. This 

study provides comprehensive insights of the sol-gel process in fluorinated medium. The impact 

of the solvent on the reactivity of titanium alkoxide toward increasing concentration of HF 

showed that alcohol with longer alkyl chains such isopropanol and butanol favor fluorolysis over 

hydrolysis as compared to ethanol. This confirms that the solvent characteristics drastically 

impact on the composition/structure of the stabilized phase. Using butanol, the phase evolution 

upon increasing fluoride concentration enabled to prepare a pure oxyhydroxyfluoride phase 

featuring the HTB-type structure by favoring fluorolysis over hydrolysis reaction. The observed 

structural change from the anatase phase Ti1-x-yx+yO2-4(x+y)F4x(OH)4y to the fluoride-rich HTB 

phase Ti1-xxO1-4x(F,OH)2+4x upon increasing fluoride concentration has been rationalized by the 
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geometry and linking mode of the Ti building blocks. Overall, the competition between 

hydrolysis and fluorolysis is a paramount parameter that dictate the stabilization of oxide or 

fluoride-rich compounds. Finally, this work provides novel insights to control the composition of 

the anatase Ti1-x-yx+yO2-4(x+y)F4x(OH)4y phase. 
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