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Abstract 

Fluorination is an effective way of tuning the physicochemical property and activity of TiO2 

nanocrystallites, which usually requires a considerable amount of hydrofluoric acid (or NH4F) 

for a typical F/Ti molar ratio, RF, of 0.5-69.0 during synthesis. This has consequent 

environmental issues due to the high-toxicity and hazard of the reactants. In the present work, an 

environmentally benign fluorination approach is demonstrated that uses only a trace-amount of 

sodium fluoride with a RF of 10-6 during synthesis. While maintained the desirable high surface 

area (102.4 m2/g), the trace-level fluorination enabled significant enhancements on 

photocatalytic activities (e.g. a 56% increase on hydrogen evolution rate) and heavy metal Pb(II) 

removal (31%) of the mesoporous TiO2. This can be attributed to enriched Ti3+ and localized 

spatial charge separation due to fluorination as proved by X-ray photoelectron spectroscopy 

(XPS), electron paramagnetic resonance spectroscopy (EPR) and density functional theory 

(DFT) analyses. 

Introduction 

Being cost-effective, biologically benign, highly resistant to chemical and photochemical 

erosion are some of the many advantages that have made titanium dioxide a superior candidate 

for a broad range of environmental and sustainable applications.1-7 Since the pioneering work of 

Fujishima and Honda on using TiO2 for photoelectrochemical water splitting in 1972,8 
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considerable effort has been devoted to explore its scientific and technological potential through 

material design and engineering.9-14 

Following the breakthrough synthesis of micrometer-sized single-crystal anatase TiO2 with 

47% of the exposed facets being the highly reactive {001} facet by Yang et al.15, fluorination has 

attracted notable interest.16-19 The fluorination induced Ti3+ extends the optical absorption and 

retards the recombination of photogenerated carriers.19 Strategically guiding the growth of the 

specific crystal facets and defect distribution enables fine tuning of the physicochemical 

properties and thus the performance in photocatalysis and photoelectrochemistry.20-30 Such 

modifications usually involve a considerable amount of highly toxic and hazardous HF (or 

NH4F)31 in the material synthesis with a high F to Ti molar ratio, RF value, of approximately 0.5-

69.0, as summarized in Table 1. This poses a great challenge to real-life applications for such 

synthesis strategies. Although high surface energy makes the specific facets more reactive, it also 

makes them less stable to ensure durability during practical applications.32,33 Moreover, it is also 

accompanied by a large increase in particle size, reducing the favourable specific surface area.34 

Sodium fluoride is an alternative fluorination agent 35 with less environmental impact than HF. 

Here an environmentally benign fluorination approach that uses only a trace-level of NaF (RF 

value of 10-6) is demonstrated, which successfully increased the amount of Ti3+ in mesoporous 

titanium dioxide aggregates (F-TOAs) with slightly reduced crystal size and a substantial 

increase in specific surface area. The F-TOAs exhibited superior photocatalytic hydrogen 

generation rate with no co-catalyst (e.g. Pt) (240 µmol/g/h) compared to the non-fluorinated 

TOAs (154 µmol/g/h) and commercial Degussa P25 TiO2 nanoparticles (102 µmol/g/h). In 

addition, the adsorption capacity of the F-TOAs for heavy metal Pb(II) was 131% that of non-

fluorinated TOAs and 266% that of Degussa P25 TiO2 nanoparticles. 
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Table 1. RF of fluorinated TiO2 from literature. 

Fluorine source(s) RF(F/Ti) Reference 

HF and TiF4 17.0 and 30.0 [15] 

HF and TiF4 69.0 [16] 

HF 1.4 [17] 

HF 1.1 [18] 

HF 0.5, 1.0, 1.5 and 2.0 [19] 

HF 1, 1.25, 1.5, 1.75, 2 and 4 [20] 

HF 10, 20 and 30 [21] 

HF 4.0 [22] 

HF 1.1 [23] 

NH4F 1.0 [24] 

NH4F 0.5 and 3.0 [25] 

NH4F and HF 0.5 [26] 

NaBF4 30.0 [27] 

NaF 0.5, 1 and 2 [35] 

 

Results and Discussion 

Fluorinated mesoporous titanium oxide aggregates (F-TOAs) were synthesized through a 

modified template-free approach combining an initial sol-gel process36 and a subsequent 

solvothermal treatment with a trace amount of sodium fluoride. Detailed experimental procedure 

are shown in the ESI.† To decrease surface free-energy, aggregation and polymerization of the 

initial hydrolysed species lead to formation of spherical colloids.37,38 Subsequent solvothermal 

treatment was carried out in an ethanol/water solution containing sodium fluoride at a fluorine to 

titanium molar ratio, RF, of 1×10-6. Samples were also prepared using a RF value of 1×10-4, 1×10-

2 and 1 for comparison. This provides a suitable reaction environment for crystallization and 

fluorination of the colloids. The final calcination removed potential impurities and organic 

compounds adsorbed on the surface from the initial precursors.  

In Figure 1 a), the SEM image reveals the spherical morphology of the F-TOAs that have a 

diameter distribution of approximately 600 ± 200 nm. Figure 1 b), an individual aggregate in the 

SEM image shows the surface roughness and particulate structure that makes up the assembly. 

At higher magnification, Figure 1 c), the detailed surface features of the aggregate shows 
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nanoparticles of approximately 10 nm in diameter and a porous network. Figure 1 d), the contrast 

variation at the outer of the aggregate in the TEM confirm the porous structure and nanometer 

size of the particles. In the inset high-resolution TEM image, Figure 1 d), lattice spacing of 0.35 

nm can be assigned to the anatase (101) planes of TiO2. From TEM observation, see images in 

Figure S1 (ESI†), compared to the non-fluorinated titanium dioxide aggregates (TOAs), the F-

TOAs seem to have a slightly smaller nanoparticle size. In Figure S2, the SEM images of 

samples reveal that nanorods appeared on the surface of the sphere at RF of 1, while no clear 

morphological changes at RF of 10-4 and 10-2. 

 

Figure 1. a), b) and c) SEM images and d) TEM image of fluorinated titanium oxide aggregates 

(F-TOAs). 

In Figure 2 a), the XRD peaks of both the TOAs and the F-TOAs correspond to anatase-phase 

TiO2 (tetragonal, JCPD card No. 21-1272). Fluorination clearly reduced the intensity and 

broadened the full-width-at-half-maximum (FWHM) of the peaks, indicating a smaller crystal 

size of the F-TOAs than that of the TOAs. Based on estimation from the Debye-Scherrer 

equation with the FWHM of the (101) peaks, the average grain diameter is 11.9 nm for the TOAs 

and 9.8 nm for the F-TOAs. At 2θ values of 25.3o, 37.8o and 48.1o the peaks can be attributed to 

(101), (004) and (200) planes of anatase TiO2, respectively. The TOAs and F-TOAs have similar 

ratio of the peak intensity for diffraction peaks (101) and (004), which suggests a negligible 
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variation of the main facet ratio of {001} and {101}, by the trace-level fluorination. In 

previously reported fluorination approaches, much larger concentrations of the fluorine sources 

(e.g. HF,17-23 NH4F24, 25, 29 and NaBF4
27) were used to produce materials with dominant high 

energy {001} facets to boost reaction activities. Figure S3 shows X-ray patterns of the 

fluorinated TiO2 prepared at different RF values. At a RF of 1, clear characteristic peaks of 

brookite TiO2 can be observed with a significant decrease on the peak intensity of the anatase 

TiO2.  

 

 

 

 

 

 

 

 

Figure 2. a) XRD patterns (with TOA offset up the Intensity axis), b) Raman spectra (F-TOAs 

offset up the Intensity axis), c)nitrogen sorption isotherms (with TOAs offset up the Volume 

adsorbed axis), inset shows pore-size distribution curves, d) UV-Vis absorbance spectra, inset 

shows the absorbance onset at larger scale, e) EPR spectra of TOAs and F-TOAs, and f) 

illustration of Ti3+ defect depicting the changes due to trace-level fluorination. 

Table 2. Physical properties of TOAs and F-TOAs. 

Sample SBET (m2/g) PD (nm) Vsp (cm3/g) 

TOAs 100.6 11.4 0.35 

F-TOAs 102.4 11.3 0.35 
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The effect of this trace-level fluorination on the physical properties of the aggregates, 

including specific surface area, distribution of pore size and pore volume was investigated by 

nitrogen gas sorption40, as shown in Figures 2 b) and Table 2. Both TOAs and F-TOAs exhibit 

Type IV isotherms and loops of H1 type hysteresis corresponding to mesoporous textures. A 

similar pore volume for 0.35 cm3/g and peak in pore size centred at 11.3 and 11.4 nm is observed 

for F-TOAs and the non-fluorinated TOAs, and the specific surface area of the F-TOAs (102.4 

m2/g) is slightly higher than the TOAs (100.6 m2/g). The gas sorption analyses also indicate that 

the fluorination process has little effect on the overall mesoscopic texture of the aggregates.  

Raman, UV-vis and EPR spectroscopy were also employed to explore the impact of 

fluorination on the physicochemical properties, as shown in Figures 2 c-e). The peaks in the 

Raman spectra in Figure 2 c) of both TOAs and F-TOAs can be ascribed to anatase TiO2 with the 

four dominant peaks located at 145, 399, 516 and 640 cm-1.40 The UV-Vis absorbance spectra of 

TOAs and F-TOAs are shown in Figure 2 d). F-TOAs shows slightly enhanced absorbance in the 

region of visible-light, which agrees with slightly light-yellow colour of the F-TOAs. A 

comparison of the slopes of the absorption onset for F-TOAs and TOAs would indicate a mild 

decrease in the bandgap of F-TOA. In Figure 2 e), EPR analyses show a single line with a g 

value of 1.99, which can be assigned to Ti3+. The enhanced intensity of the signal for F-TOAs 

suggests the trace-level fluorination facilitates the conversion of Ti4+ to Ti3+.41 The enriched Ti3+ 

presence is beneficial for preventing the recombination of photogenerated electrons and holes, 

and thus enhances the photocatalytic efficiency.42-44 Figure 2 f) schematically illustrates the Ti3+ 

defect depicting the changes induced by trace-level fluorination on the mesoporous TiO2. 
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Figure 3. High-resolution XPS scans of a) Ti 2p (inset shows the cycled area at larger scale) and 

d) F 1s. c) Schematic illustration of the photoexcited electron transfer in TOA and F-TOA 

depicting the influence from trace-level fluorination on the mesoporous TiO2. 

The XPS survey spectrum of F-TOAs in Figure S4 a) shows Ti, F, O and C signals. As F-

TOAs has been calcined at 500 oC, the C signal is likely due to adventitious carbon from the 

XPS facility.45 In Figure S4 b), the peak at 530.4 eV of the spectrum of O 1s can be ascribed to 

Ti-O bond in the TiO2. The high resolution XPS spectrum for Ti 2p matches with bulk titanium 

dioxide for the oxidation state of the, Figure 3 a). Two binding energy peaks of 459.2 and 465.3 

eV can be respectively assigned to Ti4+ 2p3/2 and Ti4+ 2p1/2.46 Small Ti3+ peaks were also detected 

at 497.9 and 463.9 eV.47 Figure 3 b) shows high-resolution XPS spectra of the F 1s region 

revealing two peaks. The strong peak at 684.5 eV is located at the typical region for a fluorinated 

titania. The small fraction at 688.5 eV can be assigned to the F in solid solution TiO2-xFx that 

formed during the solvothermal through nucleophilic substitution of F- and species of titanium 

alkoxide.48 The results suggest that most fluorine is on the surface of the TiO2 crystal with minor 
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amounts of fluorine doping with a molar ratio of surface/doped of approximately 9.7 that can be 

estimated from the XPS spectrum. Figure 3 c) schematically illustrates the photoexcited electron 

transfer in the TOAs and F-TOAs where the fluorination induced development of the Ti3+ defect 

level would promote the charge transfer and thus retard the recombination during photocatalysis. 

 

 

 

 

 

 

 

 

Figure 4. Decolouration of MB under a) ultraviolet and b) visible light in the presence of no 

photocatalyst, TOAs and F-TOAs. c) Degradation of formic acid and d) hydrogen evolution 

using different titanium dioxides: P25, TOAs and F-TOAs. All measurements were carried out in 

the absence of a co-catalyst. 

Investigation of the photocatalytic activity through dye decoloration, degradation of formic 

acid and hydrogen generation demonstrated that even at a trace-level, the fluorination had quite 

an effect. In Figure 4 a and b), comparative studies of the photocatalytic decoloration of 

methylene blue (MB) using no photocatalyst, TOAs and F-TOAs under ultraviolet light (UV) 

and visible light (VL) are presented, respectively. The results exhibit enhancements of ~18% and 

~16% for the MB decolouration under UV and VL illumination. This demonstrates a clear 
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improvement in the photocatalytic performance with sufficiently small quantities of fluorination 

that have not led to a noticeable effect on the crystal facet properties.  

Photocatalytic degradation of formic acid under UV and photocatalytic hydrogen generation 

using a Xenon lamp are shown in Figure 4 c and d), where the widely used Degussa P25 titanium 

dioxide nanoparticles was also introduced as a reference photocatalyst. The slightly improved 

photocatalytic efficiency of TOAs in comparison to the P25 reflects the credit on the superior 

specific surface area for TOAs of over 100 m2/g vs 56 m2/g for P25 TiO2 nanoparticles (Figure 

S5).34 When the F-TOAs was used, the degradation rate of formic acid was considerably 

improved by ~18% in comparison to the TOAs. Figure S6, the formic acid degradation using the 

fluorinated TiO2 of different RF values also shows the excellent performance in the case of trace 

fluorine doping (RF of 10-6). As shown in Figure 4 d), in a typical photocatalytic hydrogen 

production process without any co-catalyst, the F-TOAs showed superior photocatalytic activity 

of a hydrogen evolution rate of 240 mol/g/h. This is well beyond that of the commercial P25 

TiO2 nanoparticles (102 mol/g/h) and the non-fluorinated TOAs (154 mol/g/h) with dramatic 

increases of 135% and 55% in comparison, respectively. The results suggest that the trace level 

fluorination facilitates the charge separation during the photocatalytic process and thus enables 

the observed superior activity of the F-TiO2. The photocatalytic hydrogen evolution using 0.3 

wt% Pt as co-catalyst further proved the excellent photocatalytic activity of the F-TiO2, as shown 

in Figure S7. 

The strong electronegativity of fluorine may also change the surface properties of the 

mesoporous structure, and hence alter the adsorption behaviour. Figure 5 demonstrates the 

feasibility of the trace-level fluorinated mesoporous TiO2 as an adsorbent for Pb(II) removal, 

using P25 TiO2 nanoparticles as reference material. Time programmed adsorption kinetics of 
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Pb(II) in Figure 5 a) show that all the samples have a quick adsorption in the first 10 min 

accompanied by an equilibrium of adsorption for both of the P25 TiO2 nanoparticles and the 

non-fluorinated TOAs. F-TOAs exhibited nearly double the adsorption rates of P25 in the initial 

prompt adsorption stage, and the adsorption continues more slowly afterwards with no 

adsorption equilibrium being reached in 2 h. The initial Pb(II) concentration (16.1 mg/L) is 

shown in Figure 5 b) with the residual Pb(II) concentrations in the presence of P25, TOAs and F-

TOAs after 16 h adsorption are 10.1, 3.9 and 0.1 mg/L, respectively. This demonstrates the 

marked adsorption of the F-TOAs against the P25 nanoparticles and TOAs, indicating the 

potential application for these materials in water purification application. 

 

 

 

 

 

Figure 5. a) Kinetics of adsorption of Pb2+ and b) overnight adsorption property using different 

titanium dioxide samples. 

To gain further understanding of the underlying mechanisms of the enhanced activity of the F-

TOAs, the electronic structures of the TiO2 surface, were carefully studied by first-principle 

calculations within density functional theory (DFT).49,50 The corresponding computational details 

are summarized in the Supporting Information (ESI†). According to the aforementioned XPS 

analyses, both doping and adsorption of the fluorine are considered in the following calculations. 

As depicted in Figure 6 a), in the case of the F-doping, there are three types of surface oxygen 

sites for substitutional doping of F: one type of bridging oxygen atom of two-fold coordination 
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(O2C) and two types of oxygen atom of three-fold coordinated (O3C1 and O3C2). The calculated 

doping energy (Ed) for F at the O2C, O3C1 and O3C2 sites are -0.17, 0.55 and 0.68 eV, respectively. 

This reveals the most energetically favoured replaceable site for the incoming F atom is the O2C 

site. With an adsorption energy (Ead) of 1.16 eV corresponding to typical chemical adsorption, 

the Ti5C sites present the preferred adsorption site for the F atoms. Figure 6 b) presents the partial 

density of states (PDOS) for the perfect TiO2 (101) surface with F-adsorbing and F-doping. For a 

perfect TiO2 (101) surface, the estimated band gap is approximately 3.0 eV, slightly smaller than 

that of the bulk TiO2 of 3.2 eV. The valence band (VB) includes O 2p and Ti 3d orbitals with a 

width of approximately 4.7 eV, while the conduction band (CB) mainly involves of Ti 3d states. 

When F is doped at the O2C site, the F 2p states move to lower energy and contribute to the lower 

energy levels of the VB. An energy state that crosses the Fermi level is observed between the VB 

and CB, with the peak at 0.2 eV (close, but distinct from, the lowest energy of the CB). The 

PDOS suggests this gap state has the predominant characteristic of Ti 3d. The calculation also 

shows that the charge density related to the gap state is mainly localized at the Ti5C atom with the 

adjacent F atom (Figure S8, ESI†), which enables a steady transformation from Ti4+ to Ti3+ 

states. The existence of the Ti3+ states retards the electron and hole recombination and therefore 

positively impacts on the photocatalytic activity.51  

For the F-adsorbed surface, no significant expansion of VB nor band gap narrowing 

phenomena were observed. The down shifted Fermi level stretches into the top of the VB. The 

fully occupied F 2p states are involved in the middle of the VB indicating electron transfer from 

TiO2 to the F atom. The charge variation of the TiO2 with a F atom adsorbed on the top of Ti 

atoms was analysed as shown in Figure 6 c). The charges mainly deplete from Ti atoms and 

accumulate around the F atom, leading to a localized spatial charge separation. This would 
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greatly contribute to highly efficient polarization of the photoexcited electrons and holes once 

they are generated during photocatalysis. Own to the robust electronegativity of F atoms, the 

photogenerated electrons would be trapped at the F atoms, which would retard the recombination 

of pohtogenerated electrons and holes, leading to the improved photoactivity performance.52 In 

addition, the localized spatial charge separation would also significantly benefit the surface up-

take capacity of the F-TOAs leading to the improved heavy metal adsorption.  

 

 

 

 

 

Figure 6 a) Schematic TiO2 (101) surface with F atom doping at the O2C site. F, O and Ti atoms 

are represented by small (blue), middle (red) and big (green) spheres, respectively. Relevant 

surface O and Ti species are also indicated. b) The partial density of states for a perfect TiO2 

(101) surface, F-adsorbed surface (TiO2-Fad) and F-doped surface (TiO2-Fd), respectively. The 

Fermi level is taken as zero on the energy scale. c) The charge difference density of the F atom 

adsorbed on the TiO2 surface. The yellow color and cyan color indicate the charge increasing and 

charge decreasing, respectively, and the isosurface value is set to 0.02 e/Å3. 

Conclusion 

A fluorination approach has been demonstrated by using a solvothermal treatment in the 

presence of an extremely low fluorine concentration, F/Ti molar ratio, RF, of 1×10-6. This 

fluorination increases the presence of Ti3+ and its surface bonded F groups, which facilitates 

localized spatial charge carrier separation, while maintaining a desirable large specific surface 
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area for the mesoporous TiO2. This led to the significant enhancement of photocatalytic 

performances and Pb(II) adsorption compared with a non-fluorinated TOAs or the commercial 

P25 nanoparticles. This study offers a relatively simple and environmentally benign fluorination 

solution for practical applications. 
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An environmental benign fluorination using only a trace-amount of sodium fluoride with a F/Ti 

molar ratio, RF, of 10-6 during synthesis successfully enriched Ti3+ and surface bonded F groups 

of the mesoporous TiO2. While maintaining a desirable large specific surface area of 102.4 m2/g, 

the relatively simple fluorination approach facilitates localized spatial charge separation and 

leads to significant enhancements on photocatalytic activities and heavy metal Pb(II) removal. 

 

 


