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Controlled Hydroxy-Fluorination Reaction of Anatase to Promote 
Mg2+ Mobility in Rechargeable Magnesium Batteries  
Jiwei Ma,a,b,† Toshinari Koketsu,c,† Benjamin. J. Morgan,d, e Christophe Legein,f Monique Body,f 
Peter Strasserc and Damien Dambournet*a,g

In anatase TiO2, substituting oxide anions with singly charged 
(F,OH) anions allows the controlled formation of cation vacancies, 
which act as reversible intercalation sites for Mg2+. We show that 
ion-transport (diffusion coefficients) and intercalation (reversible 
capacity) properties are controlled by two critical parameters: the 
vacancy concentration and the local anionic environnment. Our 
results emphasise the complexity of this behaviour, and highlight 
the potential benefits of chemically controlling cationic-defects in 
electrode materials for rechargeable multivalent-ion batteries.  

Fluorination of inorganic frameworks has been widely used as a 
strategy for tuning their material properties through the 
modulation of composition and structure.1–4 Solution-based 
methods, which rely on reactive molecular precursors, are 
effective in controlling the degree of fluorination of solids. Using 
a derived sol-gel chemistry, Kemnitz et al.5 first proposed the 
synthesis of a metal fluoride through reaction of metal alkoxide 
with anhydrous hydrofluoric acid (HF). This reaction M-OR + HF 
® M-F + R-OH, was named fluorolysis, by analogy to hydrolysis.6 
The similar nucleophilic characters of HF and H2O indicates 
similar reactivities, with partial charges d(F) = -0.42 and d(O) = -
0.40.7 This allows targeted combined use of H2O and HF to tune 
the compositional and structural features of solids prepared 

from metal alkoxide. We have recently investigated the reaction 
of titanium alkoxide with aqueous HF, and exploiting this 
chemistry to tune both composition and structure.8–11 The 
composition of anatase TiO2 can be modified according to the 
general chemical formula Ti1-x-y¨x+yO2-4(x+y)F4x(OH)4y, where ¨ 
represents a titanium vacancy. Concomitant hydrolysis and 
fluorolysis reactions cause F- and OH- anions to substitute O2-, 
accompanied by the formation of charge-compensating 
titanium vacancies. These cationic vacancies promote reversible 
electrochemical insertion of Mg2+ and Al3+ ions, making this 
synthetic approach a possible route to developing electrode 
materials for multivalent-ion batteries.12  
Rechargeable Mg batteries have been suggested as candidates 
for “beyond lithium-ion” electrochemical storage.13 Aurbach et 
al.14 first demonstrated reversible Mg2+ intercalation in host 
frameworks based on the Chevrel structure, Mo6Ch8 (Ch = S, Se). 
Subsequent research on multivalent electrodes has shown that 
Mg2+ intercalation chemistry often differs from that of Li+. 
Divalent Mg2+ cations experience strong electrostatic 
interactions with oxide lattices, which inhibits Mg2+ mobility.15–

19 Previous suggestions to address this issue include using hosts 
with “soft” polarisable anions,20,21 operating at elevated 
temperatures,22 and identifying host frameworks with low 
diffusion migration barriers.17,23–25 Within this context, oxides 
have been predicted to offer high volumetric energy densities, 
based on their higher typical crystal densities.26  
Our approach to enhancing Mg2+ diffusion in anatase TiO2 is to 
chemically introduce high concentrations of cation vacancies. 
This has three consequences: (i) cationic vacancies act as 
selective host sites for Mg2+; (ii) at high concentration, vacancies 
are randomly distributed at the particle level (as revealed by 
TEM data12) providing a continuous disordered network of 
vacant sites which supports facile diffusion of Mg2+; (iii) 
monovalent F- and OH- anions preferentially occupy sites 
adjacent to titanium vacancies, indicated by 19F NMR and DFT 
data8,12,27. This reduces the net electrostatic interactions 
between intercalated Mg2+ ions and the host, relative to the 
stoichiometric parent oxide.12  
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Here, we report how tuning the chemical composition of Ti1-x-

y¨x+yO2-4(x+y)F4x(OH)4y modifies Mg2+ intercalation and transport 
properties. We find that the presence of titanium vacancies 
enabled reversible Mg2+ intercalation, and that the local anionic 
environment modifies the intercalation behaviour. Our work 
provides a new strategy to promote Mg2+ intercalation that can 
serve as a platform in understanding critical local structural 
features favouring Mg2+ mobility.  
We consider the reaction of titanium alkoxide and aqueous HF 
solution treated at mild temperature to control the composition 
of Ti1-x-y¨x+yO2-4(x+y)F4x(OH)4y electrode materials.  Two 
temperatures were selected: 90 °C and 130 °C (see the ESI† for 
details). 19F NMR was used to determine the fluorine content, 
the vacancy concentration was quantified by structural analysis 
of the PDF data and the OH content was deduced from charge 
neutrality. Increasing the synthesis temperature causes the 
vacancy concentration to decrease, mostly due to a 
deshydroxylation of the framework. The determined chemical 
compositions were Ti0.78o0.22O1.12F0.40(OH)0.48 (90 °C) and 
Ti0.87o0.13O1.48F0.36(OH)0.16 (130 °C).28  
The electrochemical activity of Ti1-x-y¨x+yO2-4(x+y)F4x(OH)4y 
samples vs. Mg2+/Mg was assessed using a three-electrode 
Swagelok cell with Mg metal as counter and reference 
electrodes and phenyl-magnesium-chloride (PhMgCl) and AlCl3 
(molar ratio 2:1) complex in tetrahydrofuran solution as the 
electrolyte (see ESI†). Figure 1a shows galvanostatic 
discharge/charge curves obtained for the first three cycles at 
20 mA g-1.  
We observe that the reversible capacity for Mg intercalation 
increases with the concentration of vacancies. Both 
compositions exhibit capacities greater than 110 mAh g-1 after 
the third cycles, which is significantly higher than that of the 
defect-free TiO2, which has a reversible capacity of around 30 
mAh g-1, underlining the beneficial impact of vacancies. The 
theoretical capacities assuming Mg2+ intercalation only in 
vacancies are 166 mAh g-1 for Ti0.78o0.22O1.12F0.40(OH)0.48 and 95 
mAh g-1 for Ti0.87o0.13O1.48F0.36(OH)0.16. For the latter compound, 
the observation of a capacity larger than the theoretical value 
suggests an additional contribution from insertion at native 
interstitial sites. Long term cycling (Figure 1b) at a high rate of 
200 mA g-1 shows that the samples can sustain capacities above 
70 mAh g-1 after 100 cycles, specifically 85 mAh g-1 (0.112 Mg2+) 
for Ti0.78o0.22O1.12F0.40(OH)0.48 and 72 mAh g-1 (0.098 Mg2+) for 

Ti0.87o0.13O1.48F0.36(OH)0.16. The material with the highest 
vacancy concentration displays the highest capacity under low 
current densities (Figure 1c). At higher cycling rates, however, 
this trend is less pronounced, with the reversible capacity less 
strongly correlated with Ti vacancy concentration, which might 
indicate an increased pseudo-capacitance effect.  
To gain insight into the Mg2+ intercalation kinetics, we 
performed galvanostatic intermittent titration (GITT) 
experiments (see ESI† for details). In both samples, the 
relaxation period to equilibrium, characterized by a voltage 
increase, sensitively depends on the inserted Mg2+ 
concentration. Moreover, in near-equilibrium condition, the 
number of intercalated Mg2+ exceeds the concentration of 
vacancies, again suggesting the contribution of interstitial sites 

to the intercalation capacity. To better probe the vacancy 
concentration dependence of the Mg2+ transport properties, we 
plotted the variation in Mg2+ diffusion coefficients (see ESI† for 
details) during the first discharge (Figure 2). In both samples, 
the diffusion coefficient decreases with progressive Mg2+ 
intercalation, which can be attributed to mutual blocking by 
Mg2+ ions, and increased correlation effects that decrease the 
macroscopic diffusion coefficient.12,29,30 This “blocking” effect is 
less pronounced for the sample containing the highest 
concentration of vacancies, indicating a reduced interaction 
between intercalated Mg2+ ions. 

 
Fig 2. Variation of the diffusion coefficient of Mg2+ (determined 
using the GITT experiments) as a function of its concentration. 
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Fig 1. a) Galvanostatic first three discharge–charge curves for 
Ti0.78o0.22O1.12F0.40(OH)0.48 (90 °C) and 
Ti0.87o0.13O1.48F0.36(OH)0.16 (130 °C) electrodes vs. Mg2+/Mg. 
Cells were cycled under 20 mA g−1 in the potential range 0.05–
2.3 V. b) Long term cycling under 200 mA g-1. c) Rate 
capability. For comparison purpose, the data obtained for 
pure anatase TiO2 were included.  
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Moreover, we previously emphasized the occurrence of two 
domains observed during the variation of the Mg2+ diffusion 
coefficient in Ti0.78o0.22O1.12F0.40(OH)0.48.12 This feature is more 
pronounced in Ti0.87o0.13O1.48F0.36(OH)0.16. In anatase Ti1-x-

y¨x+yO2-4(x+y)F4x(OH)4y, vacancies can either be isolated (single 
vacancies) or adjacent (paired vacancies). As shown by previous 
DFT calculations12 and 19F solid state NMR (see ESI†), upon 
discharge, Mg2+ is inserted preferentially at paired vacancies 
(effectively converting these to single-vacancies) and is 
subsequently inserted at single-vacancies. Considering the 
relative proportions of single vacancy and di-vacancies that are 
39% and 13% for Ti0.78o0.22O1.12F0.40(OH)0.48 and 29% and 5% for 
Ti0.87o0.13O1.48F0.36(OH)0.16, the number of Mg2+ that can be 
accommodate by one of the vacant site in the di-vacancy is 
0.045 for Ti0.78o0.22O1.12F0.40(OH)0.48 and 0.016 for 
Ti0.87o0.13O1.48F0.36(OH)0.16. These numbers are consistent with a 
stronger blocking effect occurring at lower vacancy numbers. 
The local anionic environment around the vacancy is also an 
important parameter that affects intercalation properties.28,31 
To illustrate this, we have considered the ratios of local anionic 
environments for a vacancy, oX6, with X = F, O(OH), for 
Ti0.78o0.22O1.12F0.40(OH)0.48 and Ti0.87o0.13O1.48F0.36(OH)0.16, 

assuming a random distribution of anions around each vacancy 
(Figure 3a; see the ESI†	 for details). This statistical model 
predicts that the local anionic environment of Mg2+ is, on 
average, more fluorinated in Ti0.87o0.13O1.48F0.36(OH)0.16. 
Individual vacancies, however, can have varied local anion 
environments, from fully fluorinated, to hydroxyfluorinated to 
fully hydroxylated.  
To quantify the effect of this variation in anionic environment, 
we have performed DFT calculations of Mg intercalation 
energies (relative to metallic Mg) in the single vacancy system 
Ti127¨1O252X4, where the vacancy is surrounded by 2O and 4X 
with X = F and/or OH. We have considered 5 configurations, 
varying from fully fluorinated (4F; Figure 3c) to 
hydroxyfluorinated (3F + 1OH, 2F + 2OH, 1F + 3OH) to 
hydroxylated (4OH; Figure 3d) (details given in the ESI†) (Figure 
3b; blue points). For all five anion environments, Mg2+ 
intercalation is significantly more energetically favourable than 
intercalation into stoichiometric anatase TiO2. We find that 
Mg2+ intercalation is most favourable at fully fluorinated cation 
vacancies, and that replacing F with OH groups makes 
intercalation less energetically favourable. We observe no clear 
energetic trend as OH progressively replaces F, which we 
attribute to the geometric complexity for OH-containing 
systems in accommodating Mg2+ while also optimising internal 
hydrogen bonding between OH groups and lattice oxide ions. In 
general, however, we obtain the consistent result that partially- 
or fully-hydroxylated anatase TiO2 is predicted to readily 
intercalate Mg2+ ions, in agreement with our experimental 
results discussed above. 
Our discharge/charge data and diffusion data (above) both 
indicate an Mg2+ intercalation capacity that exceeds the number 
of cation vacancies, suggesting a contribution from interstitial 
sites. To better understand how the presence of VTi+4XO 
complexes affects the intercalation properties of neighbouring 
interstitial sites, we performed additional DFT calculations of 

Mg intercalation at sets of eight adjacent interstitial sites, for 
each anion combination. (Figure 3b, orange points; also Figure 
3e). For all anion configurations, we find a spread of 
intercalation energies that depend on the specific arrangement 
of anions and the Mg interstitial position relative to the cation 
vacancy. In all cases we predict intercalation energies that are 
more favourable than intercalation at interstitial sites in 
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stoichiometric anatase TiO2. We hypothesise that this effect is 
partially due to the adjacent cation vacancy allowing the lattice 
strain produced by Mg insertion to be more readily 
accommodated than in pristine TiO2, and provides an 
explanation for the surplus intercalation capacity relative to the 
formal cation vacancy number we observe in experiment. 
Summary. We have investigated the effect of anion chemistry 
and vacancy concentration on electrochemical Mg2+ insertion in 
(F,OH)-substituted anatase TiO2. We have found that the 
concentration of vacancies strongly influences the transport 
properties of Mg2+, and the combination of substituting (F,OH) 
anions affects the local intercalation environment experienced 
by the Mg2+ ions. This neighbouring anion effect causes 
variations in intercalation voltage of up to 0.5 eV, with fully 
fluorinated environments giving higher intercalation potentials. 
The formation of VTi+4(F,OH)O defects not only provides VTi sites 
that accommodate Mg insertion, but also makes Mg insertion 
more favourable at neighbouring interstitial sites,  giving a net 
Mg intercalation capacity greater than the number from pure Ti 
vacancy occupation. Our findings provide new evidence and 
understanding about the critical role of the local chemical 
environment at intercalation sites on Mg2+ insertion. 
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