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Synchrotron powder X-ray diffraction (PXRD) has been used
to study in-situ the hydrothermal intercalation of lithium ions
in titania powder following the reaction TiO, + 2 LiOH —
Li,TiO3 + H,0O. Syntheses were performed in a sapphire cap-
illary at temperatures between 133 and 230 °C. By sequential
Rietveld refinement of the PXRD data, the particle growth of
the metastable cubic 0-Li,TiO3; compound was determined
as a function of the reaction time, as well as the transforma-

tion of the cubic a-phase to its stable monoclinic f-modifica-
tions at a temperature above the critical point of water. The
reactions were presumed to be controlled by nucleation and
crystal growth, and therefore the Avrami-Erofe'ef equation
was applied to model the reaction mechanisms of this inter-
calation process and an activation energy of 66(7) kJ/mol was
determined.

Introduction

The compound Li,TiO; exists in two structural modifica-
tions,!"! a cubic form of space group Fm3m,!' 1" and a mo-
noclinic structure of space group C2/c.#11 At low tem-
peratures, the monoclinic form is stable, but it transforms
to the cubic modification above ca. 1155 °Cl-#-12 before
melting at ca. 1540 °C.B-111 However, a metastable cubic
modification can be produced at low temperatures by hy-
drothermal syntheses.!! > This metastable cubic modifica-
tion is also known as a-Li, TiO51%! and between 300 and
600 °C it transforms irreversibly to a monoclinic structure
(B-Li,TiO3) e.g. in airl® ! or in high vacuum.!! Especially
during the cubic-monoclinic transformation, B-Li,TiOj3 is
disordered due to stacking faults, which is indicated in the
X-ray powder pattern by excessively sharp reflections of
high intensity and missing, or very broad, reflections of low
intensity, as well as by a reduced monoclinic 8 angle.['l The
final transformation to the well known ordered monoclinic
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B-Li,TiO5 of space group C2/c occurs above 1000 °C.I1 The
ordered structure is maintained upon cooling to room tem-
perature.[!]

The crystal structure of the cubic Li,TiO; phase is of the
NaCl structure type, with a statistical distribution of lith-
ium and titanium on one site, and oxygen on the other
site.l'! The monoclinic structure in space group C2/c can be
derived from the parent cubic NaCl structure by the trans-
formation

172 1 1/2
3/2 0 =3/2
-3/2 1 -3/2

from which the ideal monoclinic lattice constants a,, =

312a., by = V924ae, ¢ = J11/2a., and cosfy, = ~1//33 —
P = 100.025° can be calculated. Ordering of the cations
leads to a layered structure comprising three layers. The
first layer only consists of lithium ions on 8f (Lil) and 4d
(Li2) positions. The second layer is occupied by oxygen and
the third layer has alternate titanium and lithium (Til, Ti2
and Li3) on 4e positions.

The compound a-Li,TiO3 can be produced by the hydro-
thermal reaction of anatase or rutile with lithium hydroxide
for LIOH/TiO, = 2, and synthesis has been reported from
a 2:1 ratiol" up to a 50:1 ratio.®! So far no other lithium
titanium compounds than Li,TiO; have been observed as
products from the hydrothermal reaction of anatase or ru-
tile in lithium hydroxide solution. Even when using a highly
over-stoichiometric amount of lithium,! the surplus of lith-
ium hydroxide remains unreacted and dissolved. Kinetic ex-
periments of the hydrothermal formation of a-Li,TiO; have

HWILEY i

ONLINE LIBRARY 221



FULL PAPER

B. B. Iversen et al.

not been reported so far, whereas kinetic studies with di-
valent cations instead of lithium were performed in the sys-
tem ATiO;, where A = Ba, Ca, and Pb.[13-18]

Here, we report a time-resolved in-situ synchrotron pow-
der X-ray diffraction (PXRD) study of the hydrothermal
reaction of lithium hydroxide with titania. The kinetics of
the formation of crystalline titania to a-Li,TiO3; were mod-
elled for temperatures between 154 and 230 °C to determine
the reaction mechanism.

Results

In all performed in-situ experiments, the hydrothermal
reaction of titania in a lithium hydroxide solution to
a-Li,TiO; was recorded. The reaction can be expressed as

TiOs(s) + 2 LiOH(aq) — Li,TiO4(s) + H,O )

At 133 °C, the lowest temperature of all performed ex-
periments (EXP1), partial formation of Li,TiO; was ob-
served, but the kinetics were too slow for the complete for-
mation of a-Li,TiO; in a suitable time due to the restricted
beam-time. The experiment was aborted after 26 min as the
a-Li,TiOj5 fraction was only ca. 20% and a high proportion
of anatase and a minor proportion of rutile were still pres-
ent. Higher temperatures lead to the complete formation of
a-Li,TiO5 in less than 30 min (Table 1 and Figure 1).

Table 1. Temperature for each experiment, the times for the half-
fraction, and the calculated values for the rate constant & (see kinet-
ics section).

Run rrea tiya [8] k [s 17l
EXP11 133 - -

EXP2 154 328.7 2.1x1073
EXP3I! 168 156.1 4.4x107
EXP4 169 121.5 5.7x1073
EXP5 195 389 1.8x 102
EXP6 215 227 3.1x1072
EXP7 230 21.1 3.3x1072

[a] Half-fraction was not reached within 30 min. [b] Experiment
was heated to 420 °C after 22.5 min. holding time at 168 °C. [c] See
kinetics section.
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Figure 1. Data points and sigmoidal fits for the fractional pro-
gressions of EXP2-EXP7 vs. time.
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The progress of all reactions could be fitted with a sig-
moidal model. The fractional progress of a-Li,TiO5 and ti-
tania vs. time of EXP6 is plotted in detail in Figure 2, which
shows an increasing fraction of the lithium titanate with a
corresponding simultaneous decrease in the titania fraction.
The temperature dependence of the half-fractions (a = 0.5)
of Li,TiO5 displays an exponential decay, Figure 3.
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Figure 2. Fractional progression of anatase (squares) and rutile
(circles) to a-Li, TiO; (triangles) vs. time at 215 °C (EXP6) and sig-
moidal fits of the formation of a-Li,TiOj3 (solid) with the decay of
anatase (dotted) and rutile (dashed).
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Figure 3. Half-fraction times, ¢;,, of the transformation to
a-Li,TiO;5 at different temperatures.

For EXP3, which was heated to 420 °C after 22.5 min,
the progression of the reaction is shown in Figure 4. First,
the formation of Li,TiO3 was observed with increasing in-
tensity of the lithium titanate reflections and the diminish-
ing reflections of titania, so that after about 18 min only
reflections of lithium titanate were detected. The broad
hump around 26 = 20° is caused by the aqueous lithium
hydroxide solution in the sapphire capillary. Then, after
22.5 min, the temperature was set to 420 °C and the critical
temperature of water (7 = 374 °C) was crossed within a
single detector exposure. The broad feature observed at a
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temperature of 168 °C flattens as the fluid turns supercriti-
cal (Figure 4). At 420 °C, the reflections of the a-Li,TiO3
shift slightly to smaller 2@ angles due to the thermal expan-
sion of 0-Li,TiO3. Moreover, new and broad reflections ap-
pear, whereof the reflection of the highest intensity at 2@
=~ 11.8° can clearly be ascribed to the (002) reflection of the
monoclinic B-Li,TiO3 phase. Especially in the beginning of
the cubic to monoclinic transformation, the monoclinic Li,_
TiO; is disordered due to stacking faults!!! and it was not
possible to refine the FWHM parameters (see discussion).
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Figure 4. Three dimensional plot of diffraction data showing the
transformation from anatase (a) and rutile (r) to the cubic a-Li,.
TiO3 (c) at 168 °C (EXP3). Heating to 420 °C after 23 min results
in the beginning of the transformation from a-Li,TiO3 to the mo-
noclinic B-Li,TiO3 (m). The broad hump around 26 = 20° is caused
by the lithium hydroxide solution.

Modelling of Anatase and a-Li,TiO; Particles

The refined nanocrystal size of P25 yielded a value of ca.
20 nm, which is in good agreement with the specification of
Evonik (21 nm). P25 comprises anatase and rutile in a ratio
of 4:1, thus a reasonable refinement of the particle size of
rutile was only possible at the very beginning of each ex-
periment. Therefore, sequential refinement of the size of the
anatase particles produced better results, especially for reac-
tions at lower temperatures, where anatase was detectable
over a longer period.

Anatase can be described in the tetragonal space group
T4 /amd with unit cell parameters a = 3.785(1) A and ¢ =
9.482(3) A."% The structure has various empty octahedral
sites, where lithium possibly can be accommodated.?%-23!
The unit cell parameters of anatase at the onset of all ex-
periments show some minor variations compared with the
theoretical values. These small changes are probably caused
by a small displacement of the capillary due to the heating.
With ongoing reaction time, the unit cell parameters
changed and the values of the unit cell parameter a in-
creased slightly and the values of the unit cell parameter ¢
decreased, stronger with longer reaction time and particu-
larly before the full cell formation of a-Li,TiO3; was ac-
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complished (Figure 5). The particle size of anatase re-
mained fairly constant until the lithium intercalation was
completed (Figure 6).
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Figure 5. Progression of unit cell @ axis (squares) and unit cell ¢
axis (stars) of anatase and the constant unit cell of a-Li,TiO;5 (tri-
angles) with time and ongoing formation of a-Li,TiO3; (EXP2,
154 °C).
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Figure 6. Particle growth of o-Li,TiO3 in EXP2 (circles) and in
EXP6 (triangles), and the size of the anatase particles in EXP2
(squares) vs. reaction time (error approx. 1 nm). Due to the low
fraction of a-Li,TiO3 in EXP2 before 250 s the FWHM parameters
could not be refined. The same problem occurred for anatase par-
ticles after 1000 s. Both are indicated by the wider scattering of the
data points of a-Li,TiOj; at the beginning of the formation and for
anatase, when only a low fraction is left.

The unit cell parameter of the a-Li,TiO; particles seem
to increase slightly at the very beginning of each experi-
ment, which also could be caused by errors in the refine-
ment due to low fraction of the titanate. Then, during the
formation to a-Li,TiO; and until the experiments were
aborted, the unit cell parameter stayed constant around
4.14 A (Figure 5). The first detectable a-Li,TiO5 particles
showed approximately the same size as the crystalline tita-
2223

WWW.eurjic.org



FULL PAPER

B. B. Iversen et al.

nia reactant P25 (Figure 6). With ongoing reaction time,
the lithium titanate particles grew, slightly faster at higher
temperatures. The two experiments with the highest synthe-
sis temperature showed a similar fast particle growth, and
in EXP6 the particle growth is ca. 8 nm within 1000 s (Fig-
ure 6).

Kinetics

As mentioned before, the increase of the fractions of the
lithium titanate, as well as the decrease of the fractions of
the titania powders, show a sigmoidal reaction progress,
suggesting that nucleation and crystal growth control the
reaction.l'”) In solid state chemistry, the Avrami-Erofe’ef
equation*2"1 is broadly applied to model phase transfor-
mations, nucleation and crystal growth. It relates the frac-
tion of a reaction, a, at each temperature by using the rela-
tionship

a=1-exp[-k(t - 10)"] (@)

where n is the Avrami exponent, ¢, the induction time, and
k the rate constant. The exponent n gives details about the
rate of nucleation and the mechanism of nuclei growth. The
expression is most valid in the fractional range from 0.15
< a < 0.5. Reactions of the present study were fast, so that
for EXP5, EXP6 and EXP7 only one or two data points
would be found in the 0.15 < a < 0.5 range, and therefore
these experiments are not included in the following consid-
erations. The value of n can be determined by applying
a Sharp-Hancock plot,”® which is a plot of
In[-In(1 — a)] vs. In(z). This gives a straight line with a slope
of n. Changes in the reaction mechanism can be identified
as a change in the slope. At low fractions, the experiments
EXP2, EXP3 and EXP4 show a slope of ca. 2. The reaction
mechanism seems to change at about a = 0.35, as is espe-
cially evident for EXP2. Thus, the range of 0.15 < a <
0.85 was applied for EXP2, EXP3 and EXP4 (Figure 7). At
fractions a = 0.45, the slope is less steep in all of the three
experiments and an average value of n = 1.2 is obtained.
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Figure 7. Sharp—Hancock plot for the transformation of P25 tita-
nia powder in lithium hydroxide solution to o-Li,TiO; at 154 °C
(squares), 168 °C (circles) and 169 °C (triangles).
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In order to calculate the activation energy for the
crystallization of a-Li,TiOs, In(k) against 1/7(K) X 1000 is
plotted, displaying the logarithmic form of the Arrhenius
equation

k = Aexp(—EA/RT) 3)

where 4 is the pre-exponential factor, E, the effective acti-
vation energy, R the gas constant, and 7 the absolute tem-
perature. The calculated values are listed in Table 1 and the
Arrhenius plot in Figure 8 displays In(k) vs. 1/7X 1000. E5
can be calculated from the slope of the plot, which gives a
value of 66(7) kJ/mol.
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Figure 8. Arrhenius plot used to determine the activation energy
of the intercalation of lithium in titania.

Discussion

Lithium Intercalation in Titania Powder

The unit cell parameters of anatase change during the
formation of a-Li,TiOs, as shown in Figure 5. This obser-
vation might be explained by lithium ions inserting the ana-
tase structure, without yet transforming to a-Li,TiO3. The
simultaneous decrease of the titania fraction and the
growth of the lithium titanate (Figure 2) proves that lithium
intercalates the titania particles, i.e. a direct reaction to a-
Li,TiO3 takes place without a prior formation of e.g. a
Ti(OH), phase, which has been proposed for the hydrother-
mal synthesis of BaTiO3.l'”1 The comparable particle sizes
of reactant and the first formed products (Figure 6) also
suggests that lithium ions are intercalated in the titania
structure without dissolving of the titania particles. Hy-
pothesizing that the reaction mechanism is controlled by
dissolution and recrystallization, one would expect a de-
crease in the average particle size of the titanium oxide pre-
cursors prior to and during the crystallization of the
Li,TiOs. The constant size of the anatase indicates that a
dissolution-recrystallization mechanism can be excluded
and suggests a topotactic transformation mechanism.

Most studies on the intercalation of lithium ions in tita-
nia were performed by electrochemical intercalation of lith-
ium e.g. in anatase.?°23! By electrochemical intercalation,
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Ti** is partially reduced to Ti**, and compositions of
Li(Ti**, Ti**,_,)O, are obtained. For x < 0.25 the tetrago-
nal anatase structure is maintained. The unit cell parameter
a increases with lithium insertion, while ¢ decreases,?!-?? as
also observed in the present study (Figure 5). However, the
reaction taking place here is hardly comparable with the
electrochemical intercalation of lithium in anatase, as tita-
nium is unlikely to be reduced under the present conditions.
Nevertheless, before the anatase phase finally transforms to
0-Li,TiO3, lithium ions might fill empty sites of the anatase
structure and cause the minor change of the unit cell pa-
rameters. This will occur at the end of each reaction, when
most of the anatase is already transformed to a-Li,TiO3
and in the remaining anatase some lithium ions will already
have intercalated.

Cubic-Monoclinic Transformation of Li,TiO5

The transformation of the metastable a-Li,TiO5 to the
monoclinic Li, TiO3 above 300 °C was so far only described
in air or vacuum!!-~>%-111 and it takes place over a wide tem-
perature range. The complete transformation to the B-phase
occurs above 500 °CI'l and at 420 °C a two-phase system
comprising the cubic and the monoclinic structure is ex-
pected. Lithium has a low X-ray scattering power and all
reflections of the cubic phase are superimposed on the re-
flections of the monoclinic phase. Thus, the FWHM pa-
rameters had to be fixed, and the refined fraction of 47(1) %
of the cubic phase at 420 °C must be considered as a first
estimate only, which however compares well with fractions
of the cubic phase [60(2)%] at 400 °C and at 500 °C
[11.5(7)%)] reported by Laumann et al.l'l This leads to the
assumption, that the cubic to monoclinic transformation
occurs at a similar temperature, irrespective of whether a
dry powder is heated in high vacuum or in aqueous lithium
hydroxide solution above the critical point of water.

Reaction Mechanism

The slope n which is obtained from Equation (3) can give
information about the mechanisms of the reactions. Ac-
cording to Sharp and Hancock,?® for n = 0.54-0.62 a dif-
fusion-limited rate is inferred, where the rate of diffusion
of the reactive species to the nucleation sites is the rate-
determining step. For n = 1.0-1.24, a zero-order, first-order,
or a phase boundary mechanism between the product and
the reagent mixture is rate determining, and for n = 2.0-
3.0, the formation of nucleation sites is the process that con-
trols the rate. In the present study, the slope n = 2 in the
beginning of the reactions (Figure 7) suggests that the nu-
cleation of Li,TiOj sites is the rate-determining step. As no
sign of dissolution of the titania particles was observed, the
formation of Li,TiO; does not occur from solution, but
rather formation of Li,TiO; domains occur from within the
titania particles. Then, the slope becomes less steep at
higher fractions and n = 1.2 suggests that once enough Li,_
TiO; nuclei are formed, the reaction mechanism changes,
and then the reaction at the phase boundary is the rate de-
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termining mechanism at higher fractions. The rather high
activation energy of 66(7) kJ/mol also suggests a phase
boundary or nucleation controlled mechanism. E, < 32 kJ/
mol would be an indicator for diffusion controlled pro-
cess.[?]

The present study focused on the reaction of the titania
powder P25 with a 0.5 m lithium hydroxide solution. It is
expected, that by using other titania reactants, or a higher
or less concentrated lithium hydroxide solution, the kinet-
ics, and even the reaction mechanisms might change. For
the formation e.g. of BaTiOj3, the activation energies were
found to depend mainly on the titania reactant,['®) thus for
BaTiO; various activation energies between 21 kJ/molB"
and 105.5 kJ/mol have been reported.*!! For the hydrother-
mal formation of the lithium titanate it was reported that
coarser particles (ca. 100 nm) cause problems to fulfil a
complete reaction at 160 °C,[! whereas by using a 5 nm an-
atase, lithium intercalation can be performed in a 2.5 M lith-
ium hydroxide solution at 60 °C.3?! Obviously, a faster reac-
tion at the same temperature can be expected for a higher
concentration of the lithium hydroxide solution. Here, espe-
cially at low temperatures, e.g. in EXP2 (154 °C) the reac-
tion is slowed down before getting to the end of the com-
plete formation of a-Li,TiOs, indicating that low concen-
trations of remaining lithium ions in the solution decelerate
the kinetics (see Figure 1).

Conclusions

For the first time, in-situ synchrotron radiation has been
used to study the interaction of titania powder in a lithium
hydroxide solution under hydrothermal conditions. Lithium
ions were found to intercalate in the titania structure with-
out a prior dissolution of the titania compounds and the
particle growth of the formed metastable cubic a-Li,TiO3
was recorded. Upon heating the suspension of a-Li,TiO3
particles in a lithium hydroxide solution above the critical
point of water, a-Li,TiO; was found to transform to the
monoclinic B-Li,TiO3 in a similar way as observed for dry
a-Li, TiO3 powder heated in air or in high vacuum. By ap-
plying the Avrami-Erofe’ef equation, the rate controlling
mechanism could be determined for the reactions at lower
temperatures. The process was found to be non-isokinetic
due to a change from a nucleation controlled to a phase
boundary controlled reaction, which may depend on the
used titania reactant and the concentration of the lithium
hydroxide solution. The calculated activation energy of
66(7) kJ/mol also will be sensitive to variations of the reac-
tion conditions.

Experimental Section

Synthesis: All experiments were performed using an aqueous sus-
pension of titania powder (Evonik, formerly Degussa, AEROXIDE
TiO, P25) and dissolved lithium hydroxide (SQM, Chile). P25 com-
prises anatase and rutile in a ratio of about 4:1. Before the synchro-
tron experiments were started, 0.4g of P25 and 0.58 g of
LiOH-H,O were stirred in 25 mL of de-ionized water for 1 h in air.
In total, kinetic data of 7 experiments, denoted EXP1 to EXP7
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with increasing number for higher syntheses temperatures, were
conducted. The adjusted temperatures were 133, 154, 168, 169, 195,
215 and 230 °C at a pressure of 230 bar. In addition EXP3 was
subsequently heated to the maximal possible temperature of 420 °C
after a holding time of 22.5 min at 168 °C.

Setup: The in-situ synchrotron data was recorded at beamline 1711
at MAX-lab in Lund, Sweden.?3 The syntheses were performed in
a custom build reactor® 3% using a sapphire capillary with an in-
ner diameter of 0.7 mm. For all experiments, the suspension was
injected into the capillary with a syringe. The capillary was aligned
in the X-ray beam, pressurized to 230 bar, and then heated to the
desired temperature in a hot air flow. The temperature in the capil-
lary was measured with a thermocouple right next to the beam.
The reactor design has been described in detail elsewhere.3*3¢

Data Analysis: The wavelength was adjusted to 0.997 A and the
detector had a time resolution of 10.5 s per frame. The 2D diffrac-
tion data were integrated in the program Fit2D,®”) and sub-
sequently, the time resolved PXRD data sets were analyzed by se-
quential Rietveld refinement using the program FullProf.?8! The
peaks were fitted with the Thompson—Cox—Hastings pseudo-Voigt
axial divergence asymmetry peak shape,*”! and the Gaussian and
Lorentzian full width at half maximum (FWHM) is calculated
from

FWHMg* = (U + e)tan?0 + Vtan® + W (3)
FWHM.? = (Y + JL)lcos® (4)

where U, V, W and Y are the instrumental resolution parameters
(obtained from a LaBg4 standard sample), 4 is the wavelength, and
e = Adld and L are the “apparent” strain and size parameters,
respectively. The atomic coordinates of anatase,['] rutile,[*! the cu-
bic Li, TiO5! and the monoclinic Li, TiO51 were fixed at the values
from the literature. The isotropic thermal parameters (Bj,) were
fixed to 1, a reasonable value higher than the room temperature
data of Kataoka et al.l'?l Test refinements with both lower and
higher Bj,, values showed negligible influence on the particle size
and no influence on the observed trends.

The background was linearly interpolated between a set of back-
ground points with refinable intensity. In the Supporting Infor-
mation specific examples of Rietveld refinements are shown to-
gether with relevant crystallographic details.

Supporting Information (see footnote on the first page of this arti-
cle): Two dimensional PXRD data for all experiments and selected
examples of Rietveld refinements of data sets from EXP6 and
EXP3 with corresponding crystallographic information.
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