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The structural behavior of both micro- and nanosized TiO, rutile upon Li-ion insertion was determined
from neutron diffraction measurements. In the solid solution regime in microsized rutile, which extends
up to x ~ 0.07 Li/Ti, the Li ions mainly reside at the tetrahedral position at low temperatures and at the
octahedral position at higher temperatures. A rationale of this effect was found in the influence of lattice
dynamics, illustrated by molecular dynamics simulations of the Li-ion diffusion in the rutile structure.
Maximum (chemically) lithiated microrutile (~0.43 Li/Ti at room temperature) reveals the formation of
a layered morphology, having a monoclinic symmetry (P2/m, space group 10) similar to the previously
suggested layered hexagonal structure. In addition, abundant lattice strains were induced. Consistent with
recent electrochemical studies, the nanosized rutile (needle-shaped ~11 nm x 11 nm x 43 nm) material
was able to host a significantly higher amount of lithium, leading to a maximum composition of ~0.85
Li/Ti. In the nanomaterial, the solid solution domain extended up to x = 0.15 Li/Ti (i.e., further than in
the micromaterial). This provides more evidence that reducing the crystallite size reduces the miscibility
gap of two-phase reactions upon lithiation, especially when lattice mismatches lead to strains between
the phases, such as recently was demonstrated for anatase TiO, (Wagemaker et al. J. Am. Chem. Soc.
2007, 129, 4323). Further lithiation of the nanomaterial up to Li/Ti = 0.53 resulted in a phase transition
toward an intermediate phase, very similar to the original rutile phase but slightly deformed, reducing
the symmetry to the monoclinic P2/m space group. Upon further Li-ion insertion, up to ~0.85 Li/Ti, this
phase transformed toward another structure, again indexed by the monoclinic P2/m space group but now
similar to the layered hexagonal R3m space group previously suggested to form in rutile TiO, upon
lithiation. The presented structural results provide a consistent picture of Li-ion insertion in micro- and

2949

nanosized rutile TiO,, relating structure, crystallite size, and electrochemical performance.

Introduction

In the past decade, the reduction of electrode crystallite
particle sizes from conventional micrometers down to
nanometers has emerged as a promising strategy to improve
the current density, as is required in high powered applica-
tions such as hybrid and electrical cars."* The crystallite
particle size reduction decreases the rate-limiting Li-ion
transport distances through the solid-state electrode material,
thereby increasing (dis-)charge rates. However, the properties
and performance of nanosized materials also are altered due
to intrinsic changes of the material properties and a larger
impact of surface phenomena,'>~® processes that are only
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recently beginning to be understood. Only very recently has
the impact of crystallite size on phase morphology and
stoichiometry been recognized, where the interface and
surface energetics appear to be the driving forces.”” Both
in anatase Li,TiO, and in Li,FePO,, the miscibility gap
related to the first-order phase transition is decreased, leading
to stable solid solution compositions for smaller crystallite
particles. In anatase Li,TiO, this is most likely the origin
of the reduced diffusion coefficient found for nanosized
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crystallite particles,'® although the overall effect of the

reduced crystallite particle size leads to a significant im-
provement of the power density in the range of 0-0.5
Li/Ti.'""'? Additionally, nanosizing also appears to increase
the insertion capacity, leading to a theoretical maximum
composition of ~1 Li/Ti in 7 nm anatase crystallite particles.®

An even more spectacular improvement was observed in
rutile TiO, (P42/mnm, space group 136), which is the most
common and stable form of TiO,. Microsized rutile crystallite
particles generally are reported to host only a negligible
amount of Li ions,'? although rutile does appear to be ac-
tive at elevated temperatures.'*'> The poor performance of
rutile appears to be surprising in view of the high Li-ion
diffusion coefficient reported, on the order of 107¢ cm?
s~ 1117 Most likely, the one-dimensional character of the
diffusion'”"'® limits the Li-ion insertion over significant three-
dimensional volumes, leading to the poor performance of
microsized materials.'® Recently, it was found that nanosizing
strongly increases both the capacity (~0.85 Li/Ti) and the
rate capability.'®' Additionally, the electrochemical cycling
experiments on both micro- and nanosized rutile show a high
degree of irreversibility.'>'*?! After one cycle, the maxi-
mum obtainable load is decreased by a factor 2, to ~0.4
Li/Ti. A possible explanation is the large structural change
that the initial rutile P42/mnm crystal undergoes upon lithium
insertion. Electrochemical measurement of the potential in
the galvanostatic mode indicates the possible formation of a
new phase around x = 0.4 Li/Ti.'” Both experiments'*'?
and calculations®” suggest the formation of a hexagonal
structure (R3m, space group 166) in fully intercalated rutile,
although a cubic rock salt structure (Fm3m, space group 225)
also has been reported.?’ Additionally, a low symmetry
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intermediate phase has been suggested,'® but the existence
as well as the exact structure are uncertain.

In an attempt to clarify the structural evolution of both
micro- and nanosized rutile TiO, upon lithiation, this work
presents a dedicated structural investigation using neutron
diffraction. In this study, neutrons were preferred over X-rays
because of their relative sensitivity to Li ions, which allows
the detailed determination of Li-ion positions and fractions>>
necessary to obtain insight into the solid solution behavior.
First, microsized rutile was investigated to determine the
exact lithium position, maximum chemical intercalation
fraction, phase transitions, and strains that occur. Second,
phase transitions were studied that occurred during the
different intercalation stages in the nanostructured material.
In this work, we used crystallite particles or just crystallite
to indicate a particle having a single crystalline phase, hence
having no grain boundaries. When lithiation causes a second
phase within the initially single phase crystalline particle,
we refer to this as the domain size within the crystalline
particle.

Materials and Methods

Sample Preparation and Chemical Lithiation. Two crystalline
particle sizes were investigated: Needle-shaped nanocrystalline TiO,
(rutile) and microsized crystalline particles were obtained from
Sigma Aldrich. These materials were chemically lithiated with
n-butyllithium (1.6 M, Sigma Aldrich).>* This procedure is poten-
tiostatic, and the over potential or driving force using n-butyllithium
is 0.9 V versus Li*/Li°. To avoid lithium reacting with air and
moisture, when possibly Li,O, LiOH,*® lithium-carbonates, and
lithium-nitrates are formed, two precautions were taken. First, all
powders were dried in a vacuum oven at ~373 K for at least 36 h,
to ensure water-free pristine materials. Second, the intercalation
procedure was performed in a glovebox under argon atmosphere
having less than 2 ppm O, and moisture.

TEM, X-ray, and Neutron Diffraction. Structural characteriza-
tion of the pristine TiO, crystalline structure was performed by
means of X-Ray diffraction (Bruker D8 Avance using Cu Ko
radiation), from which the crystalline purity was determined to be
larger than 99%. Crystallite particle sizes were determined by the
line-width broadening of the diffraction pattern in terms of the y»
parameter in GSAS. The instrumental contribution in 7y, was
subtracted, and the result was used to determine the particle size
applying Scherrer’s formula, with Scherrer’s constant equal to unity.
For the pristine materials, accurate values for the needle-shaped
crystallites also were obtained with transmission electron micros-
copy (Philips CM30T operated at 300 kV), by statistically averaging
~100 observed crystallites. The results are presented in Table 1;
the error margin represents the standard deviation in the crystallite
particle size. Additionally, the atomic purity was verified with
energy dispersive spectroscopy (EDS). Finally, the Li/Ti mol
fraction of the lithium-inserted material was determined by wet
chemical inductively coupled plasma (ICP) spectroscopy. The
results from both ICP and TEM analyses are presented in Table 1.
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Table 1. Crystallite Particle Size and Used Compositions of
Materials”

crystallite particle size fraction of Li/Ti

(I1£+3)nm x (11 £3)nm x (43 &+ 5) nm 0
0.16 £ 0.02
0.25 + 0.03
0.53 £ 0.02
0.85 £+ 0.02

0.1 £0.02
0.43 £0.02

microsized

“ Starting materials were obtained from Aldrich, the sizes were deter-
mined by TEM, and the Li/Ti ratio was determined from ICP
spectroscopy.

Neutron diffraction measurements were performed at GEM, the
high intensity general-purpose time-of-flight diffractometer at the
ISIS pulsed neutron source (Rutherford Appleton Laboratory). GEM
is equipped with more than 6000 detectors in seven banks covering
angles between approximately 169° (backward scattering) and 7°
(forward scattering). All samples were measured at room temper-
ature, while the micromaterial was additionally measured at 10,
40, 70, and 110 K in airtight cylindrical vanadium sample cans
with the initial idea that this would reduce the Li temperature
factors. The resulting neutron diffraction spectra of several banks
(91.3, 154.4, and 63.9°) were refined simultaneously using the
Rietveld method as implemented in GSAS.?° The d-spacing under
consideration ranged from 0.3 to 4 A. Besides the atomic and lattice
parameters, the absorption and line-broadening parameters, the
crystal phase fractions, and the background were fitted.

First-Principle Calculations. The nuclear density distribution
with respect to time of the Li ions in the TiO, rutile structure, as
well as the ground-state energies, was modeled using density
functional theory (DFT) in the generalized gradient approximation
(GGA) as implemented in the VASP plane wave pseudopotential
code.?” For the molecular dynamics, a 1 fs time step for a duration
of 130 ps was used for a single Li atom in a 2 x 2 x 4 (16 unit
cells) primitive cell having 97 atoms, which was performed at
several temperatures.

Results and Discussion of Microrutile

In Figure 1a, the neutron diffraction results for microsized
TiO, rutile at intercalation fractions x = 0.07 and x = 0.43
mol are presented. To determine the exact position of lithium
in the pristine rutile TiO, structure, a material with a small
Li-ion intercalation fraction was prepared. The small Li-ion
occupancies in the solid solution domain of charge—discharge
curves indicate a solid solution regime of approximately O
< x < 0.05 Li/Ti at room temperature'® and 0 < x < 0.1
Li/Ti at T = 120 °C."® Such small Li-ion occupancies can
be expected to cause only subtle changes in the diffraction
pattern. Additionally, the expected large (anisotropic) dif-
fusion coefficient of Li ions in the c-direction,'®™'® experi-
mentally reported to be as large as ~10~° cm? s at room
temperature'® and consistently predicted by calculations,"’
may interfere with the exact determination of the Li-ion
position in the rutile lattice. For these reasons, a relatively
long measurement (large signal-to-noise ratio) at 10 K was
performed, which is presented in Figure 1la.
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Although the Li-ion position in the rutile host has not been
determined experimentally, it has been suggested to occupy
the octahedral positions.19 In contrast, calculations indicate
that the tetrahedral position is energetically more favorable.?**’
An experimental indication for the Li-ion position from
neutron data in Figure 1a can be obtained by Fourier analysis
of the difference between the observed structure factors and
those calculated for the pristine rutile structure. The positions
found, shown in Figure 1b, can subsequently be included in
the Rietveld refinement, leading to more accurate Li-ion
position(s) and occupation(s). In Lip ; TiO, at T = 10 K, this
leads to occupations 0.021 and 0.015 of the tetrahedral and
octahedral sites, respectively, resulting in an overall com-
position of Lig7TiO,. Since the tetrahedral occupation is
larger, it may be concluded that this position is energetically
favored, consistent with calculational studies.”®?° The fact
that both positions are occupied at 10 K indicates that the
energy difference between the two sites is rather small.
Assuming a Boltzmann law, the temperature dependence of
these occupations can be used to estimate the energy
difference between the tetrahedral and the octahedral sites.*
For that reason, neutron diffraction patterns were measured
at several temperatures, leading to the occupations shown
in Figure 2a.

Raising the temperature toward room temperature (RT)
reduces the tetrahedral occupation and increases the octa-
hedral site occupation. However, a regular Boltzmann
distribution should converge to equal occupation of both sites
with increasing temperature. The fact that this does not
happen, as is indicated in Figure 2a, indicates that another
process influences the site occupation. To study the role of
lattice dynamics, molecular dynamics simulations were
performed. The model used consists of a single Li ion in a
primitive cell built up of 2 x 2 x 4 unit cells (32 Ti and 64
O atoms). Relaxation of the Li ion on the tetrahedral and
octahedral position leads to a rather small difference in the
ground-state energy of about 1.8 meV (~20 K) per atom,
favoring tetrahedral over octahedral site occupation, consis-
tent with previous studies.'®** Molecular dynamics simula-
tions at 300 K up to 20 ps led to the Li-ion trajectory
displayed in Figure 2b. The trajectory indicates that the Li
ion mainly resides at the octahedral position (the squares in
Figure 2b) before it hops toward the next octahedral site.
Clearly, at 300 K, the simulation indicates predominantly
an octahedral site occupation. Although this may not be
expected based on the ground-state energies, it is consistent
with Li-ion occupancies in Figure 2a experimentally deter-
mined by neutron diffraction, also indicating a predominant
octahedral occupation at room temperature. Additionally,
molecular dynamics simulations were performed at various
temperatures where the Li ion was initially placed at the
tetrahedral position. Below 30 K, the Li ion remained at the
tetrahedral position; however, at higher temperatures, it
moved immediately toward the octahedral position, consistent

(28) Stashans, A.; Lunell, S.; Bergstrom, R.; Hagfeldt, A.; Lindquist, S. E.
Theoretical study of lithium intercalation in rutile and anatase. Phys.
Rev. B: Condens. Matter Mater. Phys. 1996, 53, 159-170.
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principles. Solid State Ionics 2002, 152, 189-194.
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Figure 1. (a) Neutron diffractiqn patterns of microsized rutile Li,TiO, for x = 0.1 Li/Ti (T = 10 K) and x = 0.43 Li/Ti (room temperature). The small
reflections between 2.3 and 2.5 A are due to traces of anatase in the rutile material, accounting for less than 2% of the material. (b) Fourier density difference
map of the rutile Lig¢7TiO, neutron diffraction pattern (a) including oxygen atoms (dark gray) and Ti atoms (light gray). The four rows of black spots

indicate the Li-ion occupation of the alternating octahedral —tetrahedral sites.
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Figure 2. (a) Temperature dependent octahedral and tetrahedral site
occupations from Rietveld refinement of rutile Lig¢;TiO,. (b) Li-ion
trajectory in a rutile TiO, supercell resulting from molecular dynamics
simulations at 7= 300 K for 130 ps. The amplitude of the diffusion in the
x-direction was increased for clarity. The white dotted squares indicate
tetrahedral sites, and the circles indicate octahedral sites.

with recent calculations.!” Apparently, the lattice dynamics
(phonons) above 20 K interact with the Li ions in such a
way that octahedral site occupation becomes more likely.
In general, one may say that the coupling of phonons with
the Li ions enables the Li ions to lose kinetic energy—and
thus stop—at the octahedral lattice position for some time.
For the tetrahedral sites, this mechanism is apparently less
effective. Therefore, we suggest that in rutile TiO,, the Li
ion effectively does not couple to the tetrahedral position at
high temperatures, whereas it is able to lose energy to the
lattice at the octahedral position, where it will reside shortly
before hopping toward the next site. A detailed consideration
of this mechanism falls outside the scope of this study;
however, we are currently investigating this interesting
mechanism in more detail. At this stage, we conclude that
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Figure 3. (a) Neutron diffraction patterns of nanosized Li, TiO; rutile (black),
including fit (gray) compositions of x = 0, 0.25, 0.53, and 0.85. (b) Changes
of the unit cell lattice parameters in the different space groups (see text) as
a function of lithium content.

the observed occupancies in Figure 3a appear to be explained
qualitatively by the molecular dynamics calculations.

It may be considered remarkable that molecular dynamics
simulations are covering time scales long enough to observe
the hopping of the Li ions in a crystalline phase in the first
place. In general, this is limited to fast moving protons in
metals because the Li-ion mobility in the Li-ion electrode
compounds is too small to be simulated by DFT methods,
and other approaches are required such as Monte Carlo
methods.?*3° However, in rutile TiO,, the relatively large
(anisotropic) diffusion coefficient, ~107¢ cm? s~ ','®!7
enables picosecond calculations to be long enough to
simulate a significant number of hops between the lattice
voids of the rutile TiO, host structure.

The neutron diffraction fit results indicate a maximum Li/
Ti composition of the micrometer-sized rutile material

(30) Van der Ven, A.; Ceder, G.; Asta, M.; Tepesch, P. D. First-principles
theory of ionic diffusion with nondilute carriers. Phys. Rev. B:
Condens. Matter Mater. Phys. 2001, 64 (18), 184307(1)-184307(17).
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Figure 4. Molecular dynamics spectrum for LiggsTiO as compared to three
crystalline structures. (a) Results of all structures in their best fit result. (b)
Residual of the best fits of each phase is plotted.

(chemically lithiated at RT with n-butyllithium) of x = 0.43
Li/Ti, which has been verified by ICP spectroscopy. The
diffraction patterns in Figure la reveal a marked difference
between the two compositions (x = 0.1 and x = 0.43). The
appearance of the distinct peak around d = ~2.4 A
corresponds to the formation of a layered phase that can be
indexed by the monoclinic space group 10, Laue symbol P2/
m. Rietveld refinement indicates that approximately 44% of
the material is transformed toward this layered phase.
Because the atomic arrangement of this new phase closely
resembles the hexagonal space group R3m, which was
suggested by X-ray diffraction’>'® and predicted by
calculations,'®?! this new phase will be denoted with P2/
maugex, for the remainder of this article. The structure is
schematically shown in Figure 5, and the lattice parameters
and atomic positions are listed in Table 2. The Li ions reside
on the octahedral positions that form a two-dimensional layer,
as illustrated in Figure 5. The lithium composition of this
phase found by neutron diffraction, x = ~0.8 Li/Ti, is
surprisingly large, in particular given the poor electrochemi-
cal activity of the micromaterial. Possibly, this is due to the
long (in the order of days) exposure to an overload of
n-butyllithium. The significant broadening in the diffraction
pattern of this distorted hexagonal phase, clearly observed
in Figure la, indicates that the newly formed phase hosts a
significant amount of strain and/or has a reduced crystallite
particle size as compared to the original rutile crystal phase.
Assuming that all the broadening is due to crystallite size
broadening, lithiation of the microsized TiO; rutile leads to
~20 nm crystallite particles having the original rutile

(31) Benco, L.; Barras, J.-L.; Daul, C. A.; Deiss, E. Theoretical study of
the intercalation of Li in TiO; structures. Inorg. Chem. 1999, 38, 20—
28.
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Table 2. Unit Cell Parameters and Atomic Positions of Rutile
Lip.¢7TiO; (10 K), Lig53TiO2 P2/murt) (RT), and LiyssTiO>
P2/m(HEx) (RT)

alb = 4.619 A, ¢ = 2.954 A,

Rutile Pristine Crystal and o/fily = 90°

P42/mnm
T=293K Ti 0 0 0
wRp = 0.028 (0] 0.3019 0.3019 0
Rp =0.030 Liy 0.5 0 0.5
Lig 0.5 0 0.25

a=4839 A, b=12922 A, c=4754 A,

Rutile Deformation o =90° B =28891° and y = 90°

P2/m(RUT), x = 0.53 Li/Ti

T=293K Tip 0 0 0
wRp = 0.0098 Tin 0.5 0.5 0.5
Rp = 0.0098 O 0.310 0 0.275
On 0.807 0.5 0.185
Liy 0.5 0.5 0
Liy 0 0.5 0.5

a=5078 A, b =2951 A, c =5.022 A,
Hexagonal Deformation o =90° B =71.7° and y = 90°

P2/mmEx), x = 0.85 Li/Ti

T=293K Tit 0 0.5 0.5
wRp = 0.0092 Tiy 0.5 0 0.5
Rp = 0.0088 Oy 0.242 0 0.259
On 0.270 0.5 0.747
Li 0 0 0
Liy 0.5 0.5 0

structure and 8 nm crystallite particles having the P2/mugx,
structure. Most likely, the large change in unit cell volume,
~13%, causes mechanical failure of the original micrometer-
sized crystallites due to abundant strains, leading to the
smaller crystallites. This breaking up of crystallites may
explain the large irreversible capacity loss of microsized rutile
observed in the cycling experiments.'®

Results and Discussion of Nanorutile

In Figure 3a, neutron diffraction patterns of nanosized
rutile materials are presented that have different Li composi-
tions. Fitting the composition of 0.16 Li/Ti (not shown in
Figure 3a) revealed only the presence of the initial rutile
phase (P42/mnm), having a Li occupancy of 0.15 Li/Ti. This
suggests that the solubility of Li ions in the initial rutile
crystallites is significantly larger in the nanomaterial (11 nm
x 11 nm x 43 nm needles; see Materials and Methods for
details) than in the microsized rutile material (where the
solubility was found to be 0.07 Li/Ti). Figure 3b indicates
that the Li insertion up to 0.15 Li/Ti is accompanied by a
very small change in lattice parameters. Hu et al. suggested
that up to x = 0.15 lithium is stored at the surface.'® Our fit
results indicate that a fraction of ~0.15 actually enters the
rutile host structure, supported by the slight change in the
lattice parameters. The current results therefore indicate that
electrochemical charging should lead to solid solution
behavior up to x = 0.15. Such solid solution behavior should
result in a smoothly decreasing potential up to x = 0.15,
consistent with what was observed.'® Charging above x =
0.15 leads to a potential plateau in the charging curve
reported,'? indicative of two-phase behavior. This suggests
that the surface storage capacity, if present, is small as
compared to the capacity of the solid solution domain.
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Figure 5. Structural evolution of nanoneedle rutile TiO, upon lithiation, where x indicates the composition (Li, TiO7).

Clearly, much more research is required to gain insight
concerning these interesting phenomena related to the
nanosizing of electrode materials. However, the present
results are a direct indication that the solid solution domain
is larger in the nanosized TiO, crystallite particles.

In the case of nanoscale anatase TiO,’ and also nanoscale
LiFeP0,,>%% strains occurring between the different inter-
calated phases were indicated as a driving force for the
alteration of the phase behavior in nanocrystallite particles.
The crystallite particle size-induced enhancement of the solid
solution domain appears to be the result of the relatively
large energy penalty that is induced upon the formation of
an interface within a small crystallite particle.* Instead
of accommodating the interface, it becomes energetically
favorable to extend the solid solution domain. The apparent
absence of strains in the nanoneedles and the observed
extended solid solution domain suggest that this mechanism
is a more general phenomenon.

At insertion fraction x = ~0.25 of ~59% of the nano-
structured rutile TiO; crystallite particles is converted from
the initial tetragonal symmetry (P42/mnm) toward a new
phase that could be indexed with the monoclinic space group
10 (P2/m). It is noteworthy that the absence of additional
line broadening in the diffraction upon lithiation indicates
that there is no phase coexistence (domains having a different
crystal phase) within each crystallite particle; instead, 59%
of all crystallite particles is converted completely to the
monoclinic phase. At x = 0.53, the initial rutile symmetry
is converted completely to this phase. In addition, roughly
5% of the material appears to be converted to the P2/mugx)
phase found in the microsized rutile and later for nanosized
rutile. The P2/m phase found at compositions of x = 0.25
and x = 0.53 should not be confused with that found in
microsized rutile, which has the same symmetry but a
different atomic arrangement (layered). In the case of
nanorutile, the atomic positions and lattice parameters (see

(32) Yamada, A.; Koizumi, H.; Nishimura, S. I.; Sonoyama, N.; Kanno,
R.; Yonemura, M.; Nakamura, T.; Kobayashi, Y. Room-temperature
miscibility gap in Li,FePOy4. Nat. Mater. 2006, 5, 357-360.

(33) Meethong, N.; Huang, H. Y. S.; Carter, W. C.; Chiang, Y. M. Size-
dependent lithium miscibility gap in nanoscale Li;-FePOy. Electro-
chem. Solid State Lett. 2007, 10, 134—138.

(34) Wagemaker, M.; Borghols, W. J. H.; Mulder, F. M. Large impact of
size on insertion reactions: A case for Li, TiO, anatase. J. Am. Chem.
Soc. 2007, 129, 4323-4327.

Table 2) lead to a structure that is very similar to the initial
rutile structure. To emphasize the similarity with the pristine
rutile structure, it will be referred to as P2/mgyr). This
similarity may not be immediately clear from Table 2
comparing lattice parameters and atomic positions but is
evident from Figure 5, where only very subtle differences
between the two structures are visible. The standard axis
assignment is such that the rutile P42/mnm b-axis corre-
sponds to the P2/m@rur) c-axis. While the g-axis in both
structures is directly comparable, the b- and c-axes are
interchanged. For comparison, the P2/mxyr) b-axis will be
denoted as ¢', to emphasize the correlation with the rutile
c-axis. Likewise, the P2/mgur) c-axis will be written as b’
(see Figure 3b). The phase transition of the rutile phase
toward the P2/mgur) phase involves a significant unit cell
volume increase of ~6.3%. These two phases are most likely
the origin of the plateau-like region observed from x = 0.15
up to x = 0.4."° Possibly, this newly observed phase also
has an extended solid solution domain around the composi-
tion of x = 0.5, similar to the initial rutile structure,
rationalizing the slope between x = 0.4 and x = 0.5 reported
by Hu et al."®

Upon further lithiation, a smooth gradual step in the
voltage profile was observed around x = 0.5 toward a second
plateau-like region,'® which may imply a second phase
transition. The microrutile results suggest the formation of
the P2/muex) phase, which is very similar to the hexagonal
R3m phase, the latter proposed by other authors both based
on X-ray diffraction'>'* and based on calculations.'®*! In
contrast, recent research reported the formation of the cubic
rock salt structure in nanoscale rutile TiO,.>' Figure 4a,b
presents the neutron diffraction data in addition to the best
fits representing the three different proposed end structures
of maximum lithiated nanostructured rutile. Fitting led to
residuals of about 2.2% for both the rock salt (Fm3m) and
hexagonal (R3m) structures, which can be considered to be
quite accurate. However, an even more satisfying residual
of less than 0.9% was found for the P2/muex) phase,
demonstrated in Figure 4a,b. A closer inspection of one of
the main reflections in Figure 4a illustrates the better
agreement of the P2/mmuex) symmetry with the diffraction
data, where the splitting of the single rock salt/R3m reflection
is due to the lower symmetry of the monoclinic P2/muex)
space group.



Nanosizing on Lithiated Rutile TiO,

Although the material was subjected to an overload of
n-butyllithium, the composition did not exceed LigssTiO,,
consistent with electrochemical lithiation.'® Most likely, the
theoretical capacity (1.0 Li/Ti) was not reached due to kinetic
restrictions as a result of the high Li-ion occupancy. Similar
results for nanostructured anatase TiO, suggest that reducing
the crystallite particle size even further will lead to the
theoretical capacity.7 The similarity of P2/mugx, with the
hexagonal R3m phase suggests that the Li; TiO, composition
will have the latter space group, as already was predicted
by ab initio calculations.'® The complete structural evolution
of nanoneedles of rutile TiO, is schematically displayed in
Figure 5. What remains is the question as to how the P2/
mut) phase (at composition x = ~(.5) transforms toward
the P2/mex) phase (at composition x = 0.85). The voltage
profile during the first charge may indicate the presence of
a plateau-like region, usually due to a two-phase transition.'”
The sloped character of this plateau-like region may indicate
poor ionic diffusion, which may be expected for the
LiogsTiO, (P2/muex)) phase. In contrast to the first phase
transition in Figure 5, the second phase transition displays a
radical rearrangement of the atoms in addition to a compa-
rable 6% unit cell volume increase. Most likely, this
structural transition explains the observed irreversible capac-
ity loss during the first cycle, which does not take place if
the material is cycled below compositions x = 0.5."” The
first phase transition only leads to a ~6% volume increase,
but the atomic arrangement does not change significantly
(see Figure 5). This explains the good ability to cycle if the
material is cycled below x = 0.5.'” Above composition x =
0.5, Hu et al.'® observed smaller crystalline particles together
with amorphous regions with HRTEM, although the needle
shape of the particles was preserved. Consistently, the
diffraction indicates significant particle size broadening,
which, if all is assumed to be due to crystallite particle size
broadening, leads to an effective crystallite particle size of
about 9 nm, whereas the pristine needles lead to an effective
size of 12 nm.

Comparing the microrutile material with the nanomaterial,
it may be considered a surprise that the microrutile material
at composition Lig43TiO; can be indexed by P2/mex) and
not by P2/mgur), which is required to fit the nanomaterial
with the similar composition of Lips3TiO,. To understand
this, we propose the following mechanism. Until the solid
solution limit is reached, the one-dimensional diffusion takes
care of rather homogeneous charging of the crystal, mostly
starting from surfaces crossing the entrances of the one-
dimensional channels. Upon further loading, however, the
Li-rich P2/mugx, phase begins to be formed at the surface,
which is most likely the reason for the poor electrochemical
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activity of the micromaterial.'*> The volume change of this

transition is more than 12%, most likely leading to mechan-
ical failure of the material, consistent with the observed
broadening in the diffraction pattern of the micromaterial
(Figure 1la).

Conclusion

Neutron diffraction of lithium intercalation in microsized
TiO, rutile was compared to needle-shaped nanosized TiO,
rutile powder. At low temperatures, Li ions mainly occupy
the energetically favorable tetrahedral positions, whereas at
room temperature, the octahedral positions appear to be
favored. Molecular dynamics simulations indicate that lattice
dynamics is responsible for this change in occupancy with
temperature. Maximum lithiation of bulk rutile results in the
formation of a layered structure, closely resembling the
hexagonal phase R3m, as suggested by previous studies. Li-
ion insertion of nanosized needle-shaped rutile TiO, in the
domain 0 < x < 0.5 revealed an intermediate phase indexed
by the monoclinic P2/m space group, which is very similar
to the initial tetragonal rutile P42/mnm structure, hence
referred to as P2/myr). Further lithiation leads to a maxi-
mum composition of x = 0.85 Li/Ti, consistent with
electrochemical charging, where the monoclinic P2/mguyr)
structure is transformed to a layered monoclinic structure
also having the P2/m space group. This layered structure
closely resembles the hexagonal R3m structure and is
therefore referred to as P2/mex), which may be expected
to form at the maximum theoretical composition Li;TiO,.
The phase transition from P2/myyr) toward P2/mugx) may
explain the large irreversible capacity loss found electro-
chemically, whereas the smaller structural changes between
pristine rutile and P2/mryr) may explain the good revers-
ibility at lower Li contents. Interestingly, the present results
indicate that reducing the crystallite particle size promotes
the solid solution behavior, similar to what was recently
found in lithiated nanosized anatase TiO,,” in nanosized
Li,FePO,,** and also in H insertion in MgH,,” suggesting
this to be a more general phenomenon.
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