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The Influence of Size on Phase Morphology and Li-Ion Mobility in
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Abstract: Sustainable energy storage in
the form of Li-ion batteries requires
new and advanced materials in particu-
lar with a higher power density. Nano-
structuring appears to be a promising
strategy, in which the higher power
density in nanosized materials is relat-
ed to the dramatically shortened Li-ion
diffusion paths. However, nanosizing

phase behavior and morphology. Lithi-
ated 40-nm TiO, anatase crystallites
become single phase, either having the
Li-poor original anatase phase, or the
Li-rich Li-titanate phase, in contrast to
microsized crystallites where these two
phases coexist in equilibrium within
one crystal particle. In addition,
Li, TiO, compositions occur with stoi-

micron-sized crystallites, indicating en-
hanced solid solution behavior. Re-
duced conduction electron densities at
the sites of the Li ions are observed by
NMR spectroscopy. This is accompa-
nied by reduced spontaneous Li-ion
mobility, suggesting a correlation be-
tween the electron density at the Li-ion
site and the Li-ion mobility. The pres-

materials also changes intrinsic materi-
al properties, which influence both
ionic and electronic conductivity. In
this work neutron diffraction is used to
show that in addition to these two as-
pects, nanostructuring changes the

ionics -

Introduction

The interest in the anatase phase of TiO, is attributed to its
application as an electrode material in electrochromic devi-
ces!"? and in Li-ion batteries.*® The latter application is re-
lated to the large number of Li ions that reversibly can be
intercalated into the TiO, structure. Lithium insertion re-
sults in a phase transition from the original tetragonal
(space group I4;/amd) anatase structure towards the ortho-
rhombic Li,_,sTiO, phase, which we refer to as the Li-tita-
nate phase (space group Imma).”! During intercalation of
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ent results show that in the case of
lithiated anatase TiO,, significant ef-
fects on phase composition, morpholo-
gy, and electronic configurations are in-
duced, as well as slower intracrystallite
Li diffusion.

nano-

microsized crystal particles, the two-phase equilibrium be-
tween these two phases is maintained by a continuous Li-
ion exchange.’! The Li-ion storage capacity, and rate with
which they can be inserted and extracted, depend strongly
on the dimensions of the TiO, crystallites. In particular,
nanostructured TiO, anatase appears to be interesting as it
leads to strongly improved kinetic performance of the
charge—discharge process. The better performance is the
result of short, nanoscopic, through-particle diffusion paths,
and in addition fast capacitor-like kinetics of surface-adsor-
bed Li on the particles may play a role. These effects can be
observed for different anatase morphologies such as nano-
sheets,””! nanotubes'” and also for nanoporous anatase struc-
tures.*!1 Although nanosizing improves the overall kinetic
performance of the material due to the increased surface
area and shorter diffusion distances, the diffusion coefficient
becomes smaller for smaller crystallite sizes. In single-crystal
anatase, the chronoamperometric diffusion coefficient was
found to be D~10"" cm?s™!,">"¥ whereas nanocrystalline
anatase led to values between 1077 and 107 cm?s L1417
The decrease in diffusion coefficient with decreasing crystal-
lite size has also been found for various other insertion com-
pounds.'®2 The origin of the slower Li-ion transport to-
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wards or/and in nanocrystalline particles is not understood.
Aspects that most likely influence the ionic- (and electronic-)
conductivity in nanosized materials are defect concentra-
tions and space-charges.”?!

In this context, 40-nm TiO, anatase crystalline particles
were chemically lithiated and investigated with neutron dif-
fraction and NMR spectroscopy. Neutron diffraction (ND)
is a sensitive probe for Li in this type of materials, while Li
NMR spectroscopy provides a sensitive microscopic probe
for both Li-ion dynamics and the local Li-ion environment.
In previous investigations these methods were utilized to ex-
tract detailed structural and mobility information for Li in-
tercalated in bulk, that is, microcrystalline, anatase.’®>4
With this background it is possible to reveal fundamental
differences between Li intercalation in nano- and micro-
structured anatase TiO,. Such findings are likely to be more
general for nanostructured Li intercalation compounds.

Results and Discussion
Neutron diffraction patterns for different overall composi-

tions Li, TiO, (x=0, 0.12, 0.25, 0.55) could be fitted in detail,
as shown for x=0.25 in Figure 1. Similar to microsized crys-
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Figure 1. Neutron diffraction (TOF at 26=91.38 degree) pattern for
Lij,sTiO, including fit residual. Above d spacings of 1.0 A, the positions
of Li-titanate reflections are marked by asterisk. For this overall compo-
sition, 70% of the material has the original anatase phase and 30 % the
Li-titanate phase.

tallites, lithium insertion results in a gradual phase transition
from the original tetragonal (space group [4,/amd) anatase
structure towards the orthorhombic Li-titanate phase (space
group Imma).”! However, detailed fitting of the diffraction
data reveals a number of essential differences. In Figure 2a,
the domain sizes, deduced from the diffraction line-width,
for both the anatase and Li-titanate phases are presented
for different overall compositions.

The average size from transmission electron microscopy
(TEM) for the initial TiO, anatase material (40+3 nm) is
consistent with the line-broadening observed from diffrac-
tion data. Remarkably, upon lithiation the line-width of
both phases, anatase and Li-titanate, does not increase. Such
broadening would be expected if both phases are present
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Figure 2. Neutron diffraction result for a) domain size from the diffrac-
tion line broadening for both phases (the error bars of the Li-titanate
phase have the same order of magnitude as for the anatase phase, but
have been left out for clarity of the figure) and b) result for the Li con-
tent in the anatase and the Li-titanate phase as a function of the overall
composition. The top and bottom horizontal lines represent the result for
the Li-titanate phase and the anatase phase in microsized powders, re-
spectively. ¢) and d) Show the fitted lattice parameters for both phases as
a function of the overall composition.

within one single crystal particle, since that would lead to
anatase and Li-titanate crystal domains smaller than the ini-
tial single crystal particle, such as is observed for microsized
lithiated TiO, anatase crystals.””! It can also be mentioned
that coexistence of both phases within one particle would
cause additional broadening of the Bragg reflections due to
strain as a result of the volume difference between the two
phases (~5%). The absence of any broadening implies that
upon lithiation the size of the anatase and Li-titanate do-
mains remain equal to the original single-crystal particle
size, which can only mean that the nanoparticle is either Li-
anatase or Li-titanate. The absence of reduced Bragg peak
intensity and increased background indicates that the parti-
cles do not lose crystallinity upon lithiation. TEM experi-
ments appeared unsuitable for the observation of the phase
composition inside individual particles. The main reasons
are: 1) while performing TEM we observed changes of the
lithiated nanostructured material, indicating that the mea-
surement itself was influencing the system, and 2) the lattice
parameters between both phases are only slightly different
(Li cannot be seen).

The absence of a two-phase equilibrium within nanosized
crystallites was also suggested for 15-nm crystallite-sized
mesoscopic material probed in situ with XRD.”! Apparent-
ly, the two-phase system is not stable within 40-nm single
crystals, whereas it is stable in ~2 um crystalline particles.”’!
In the micro-sized Li,TiO, phase, the spontaneously formed
domains, either with the anatase or with the Li-titanate
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phase, are 60-100 nm in size.” Such domain formation will
result in an energy penalty due to the phase boundaries. The
presence of the two-phase equilibrium in microsized crystal-
lites implies that the free energy of the combination of the
two phases, anatase Liy,sTi0, and Li-titanate Liys5sTiO,, is
lower than that of a solid solution, Li, TiO,, with the same
overall composition. In other words, the combination of the
two phases including the phase boundaries has a lower free
energy than a solid solution (which has no phase bounda-
ries). It seems that introduction of a phase boundary in 40-
nm-sized TiO, crystallites leads to an energetically unfavora-
ble situation, and the formation of either anatase or Li-tita-
nate is more favorable, at least for the overwhelming major-
ity of the particles as observed from the constant diffraction
line width. The thermodynamic destabilisation of the two-
phase equilibrium with decreasing crystallite sizes has also
been predicted for binary mixtures.

Variation of the lattice parameters in both phases as a
function of the overall composition (Figure 2¢ and d) indi-
cates that the Li fraction in both phases is not constant. The
ND fit results in Figure 2b confirm this suggestion. This
finding is in sharp contrast to the microcrystalline material
in which the intra-phase Li contents in the two coexisting
phases are found to be constant for overall compositions up
to x=0.55; in that case the phase fractions vary so as to
keep the Li contents of the two different phases constant.
Note that we use “overall composition” to indicate the aver-
age Li content in the whole material (which is a combina-
tion of the two phases, anatase and Li-titanate), in contrast
to the local composition of an individual phase. For the
nanomaterial the latter varies with overall composition, as
illustrated by Figure 2b. In the Li-rich Li-titanate phase the
local Li content increases up to 0.7 in the nanosized materi-
al, compared to 0.55 in the microsized material. The nano-
structured anatase phase is able to host about 0.1 Li per Ti,
which is considerably more than in microsized crystals (max-
imum of 0.026).”*! The overall composition calculated from
the phase fractions and site occupations is consistent with
chemical analysis from wet chemical inductively coupled
plasma spectroscopy (ICP) as can be seen in Table 1. We

Table 1. Overall Li fraction, x, in the 40-nm Li,TiO, material, x is the
fraction if all butyllithium would react with the TiO, material, x ND-fit is
the overall Li fraction from neutron diffraction (resulting from the Li
fraction in each phase and the relative phase fractions), and xICP is the
overall Li fraction from ICP analysis.

xBuLi xND-fit xICP

0.12 0.09+0.02 0.11+0.01
0.25 0.25+0.03 0.25+0.01
0.55 0.54+0.03 0.55+0.02

conclude that in the nanomaterial apparently either anatase
or Li-titanate with a “within limits” adjustable Li fraction is
formed and there is no intra-crystal two-phase equilibrium
observed. This indicates a larger solid solution domain for
the nanomaterial, which was indeed observed.?”
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Interestingly, Sudant et al.”” did not observe the Li-tita-
nate phase in materials lithiated up to x=0.15, which im-
plies that the solid solution domain in anatase extended at
least up to x=0.15, whereas it only extends up to about 0.1
in the present results. This is most likely related to the crys-
tallite size, Sudant et al. used approximately 6-nm crystalli-
tes compared to the 40-nm crystallites used in the present
study. This suggests that the solid solution domain increases
with decreasing particle size.

In Figure 3 'Li MAS NMR spectra are shown (only the
center-band) for three nanostructured samples with different
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Figure 3. 'Li MAS NMR spectra of three nanostructured samples with in-
dicated overall compositions and one microscopic composition for com-
parison. For micro-Li,;,TiO,, the small narrow resonance represents Li in
the anatase phase (species C). For nano-LijTiO, and of nano-Li, ,TiO,,
the arrows indicate the weak shoulder representing Li in the anatase
phase, which is more visible for the microsized sample. The fit of nano-
Li,5sTiO, indicates the presence of species A (narrow) and B (broad) in
the Li-titanate phase.

overall Li content. A spectrum of microcrystalline material
is also added for comparison.* For overall compositions in
the range 0.026 <x < 0.55 two phases coexist in microcrystal-
line particles,” the Li-poor original anatase phase and the
Li-rich Li-titanate phase. In microcrystalline particles, reso-
nance C (see Figure 3) was assigned as Li in the original
anatase phase (composition Li,_q,TiO,).? For the overall
composition Li,,TiO,, see bottom spectrum in Figure 3,
species C is clearly recognizable as a narrow resonance on
top of the broader resonance A, which is attributed to the
Li in the Li-titanate structure.””

In contrast, the same overall composition of the nanoma-
terial leads to almost complete disappearance of the narrow
signal of species C associated with Li in the anatase phase.
At first, it was suspected that although in an inert atmos-
phere, the sample might nevertheless have degraded due to
air or moisture, but visual inspection after the measurements
revealed that the samples retained there initial characteristic
blue color indicating that it was not degraded. Additionally,
the experiments were fully reproducible for different sample
batches.

Close inspection of the Li MAS NMR spectra, see
arrows in Figure 3, reveals a weak shoulder indicating that
species C, representing Li in the anatase phase, is also pres-
ent in the 40-nm crystallites. Although the 'Li MAS NMR
spectra seem to indicate the absence of significant amounts
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of Li in the anatase phase, the results from neutron diffrac-
tion (Figure 2) show that there is in fact a significant frac-
tion of Li in the anatase phase. For the overall composition
x=0.55, the Li fraction in anatase is more than 0.1, which is
four times more than in the microsized material where it
was found to be about 0.026.% In addition, the 7, measure-
ments (below) indicate that there are two contributions to
the spectra with intensity ratios in agreement with the intra-
phase Li contents found in the neutron measurements. This
leads to the conclusion that the shape of the anatase signal
is less visible because of broadening, which is also suggested
by the lower T, value (for micron-sized anatase, 7, reaches
values of several ms,* while it stays below 0.5 ms for nano-
anatase). For Li,5sTiO, in both nano- and microcrystals next
to resonance A, a broad resonance occurs, B (see Figure 3),
which was assigned by Luca et al.® as Li in the Li-titanate
phase. The negative chemical shift of species B was ex-
plained by a weak coupling of Li to conduction electron
density.

The Li-ion spontaneous mobility was probed with static
Li NMR T, relaxation measurements. With the onset of Li-
ion motion there will be an increase of the 7, relaxation
time, an effect that is referred to as motional narrowing (it
causes the actual resonance in the frequency domain to
become narrower). In this way the T, relaxation time is a
probe of the Li-ion mobility, and knowledge of T, versus
temperature allows the determination of the (self) diffusion
coefficient and its activation energy, quantifying the barrier
and the time-scale for Li hopping through the TiO, host lat-
tice.”*?! For compositions with a significant amount of Li in
the original anatase phase (small x), the 7, relaxation time
of Li in the anatase phase and Li in the titanate phase differ
significantly, allowing straightforward discrimination of the
two. Figure 4 a,b indicate that for x=0.06 the mobility of Li
in the anatase and the titanate phase becomes detectable
just below 300 K. The resulting energy barriers (Table 2) are
comparable to those in the microcrystalline material, al-
though the diffusion coefficients are smaller. However, for
x=0.12 the situation has completely changed, the barrier in
anatase being significantly lower, whereas Li in titanate ap-
pears to be frozen, at least up to the maximum temperature
measured (413 K). Also for the overall composition x=0.55,
Li in titanate appears to be frozen (not shown), the only dif-
ference is that the low temperature 7, value is slightly
larger, 7,=52 ps. For the overall composition x=0.55, the
Li in anatase signal is too weak to be deconvoluted due to
the small amount of this phase.

The absence of a temperature dependence of 7, for Li in
the titanate phase at x=0.12 and x=0.55 prevents the deter-
mination of the diffusion coefficient and the barrier height
for interstitial Li-ion diffusion. However, by assuming that
the barrier height is at least the same as for x=0.06, and
that the temperature dependence (motional narrowing)
starts above the highest measured temperature, an approxi-
mate upper limit can be calculated for the diffusion coeffi-
cient at room temperature in Li-titanate. This value
(Table 2) is significantly smaller than that for x=0.06, and
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Figure 4. a, b) Variation of the 'Li 7, relaxation time with temperature
for different nanostructured overall compositions, and one microstruc-
tured overall composition, inside the two phases (a) anatase and b) Li-ti-
tanate). The order of magnitude difference in T, between Li in anatase
and titanate facilitates their accurate determination. c) 'Li MAS chemical
shift at room temperature in anatase and in Li-titanate for both nano-
and microsized TiO, anatase crystals as a function of Li fraction in either
the anatase or Li-titanate phase.

Table 2. Self diffusion coefficients and activation energies from 7, NMR
relaxation experiments in both phases present for three overall composi-
tions of nanosized crystals, and for one overall composition of the micro-
sized crystals as reported previously.!!

x Particle Phase E,[eV] Ds[107"%cm?s7]

0.12 micro  anatase 0.2 4.7 (T=293 K)

0.12 micro  Li-titanate 0.09 13 (T=293 K)

0.06 nano anatase 0.19 1.9 (T=293 K)

0.06 nano Li-titanate 0.16 5.7 (T=293K)

0.12 nano anatase 0.16 1.1 (T=293 K)

0.12 nano Li-titanate — <49 (T=413K),~1.8 (T=293K)
0.55 nano Li-titanate — <4.6 (T=413K), ~1.7 (T=293K)

almost a factor of 10 smaller than the diffusion coefficient
for Li in Li-titanate in microsized crystalline particles. In ad-
dition to the structural differences of both phases, anatase
and Li-titanate, for different overall compositions (see
Figure 2), also the Li-ion mobility significantly changes. Al-
though care should be taken by comparing self-diffusion co-
efficients with chemical diffusion coefficients, the observed
decrease in the (self-) diffusion coefficient for nanomaterials
compared to microsized materials is consistent with what
has been observed with macroscopic electrochemical meas-
urements.'>' These results actually show that the observed
decrease in chemical diffusion coefficient is most likely due
to decreased Li-ion bulk mobility, as opposed to a surface
effect. The present results reveal that the reduced mobility
appears to be an indirect consequence of the crystallite size.
The small particle size causes the formation of either ana-
tase or Li-titanate with a “within limits” adjustable Li frac-
tion, which can be expected to influence the Li-ion mobility.

Chem. Eur. J. 2007, 13,2023 -2028
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An interesting observation is that the static (low tempera-
ture) 7, value for Li in titanate increases with x, from 7,=
30 ps for x=0.06 up to 7,=52 ps for x=0.55. This increase
corroborates the observation that the local Li environment
in the Li-titanate nanocrystallites changes with changing
overall composition (see Figure 2 b and d). In contrast, the
Li environment and 7, in the two well-defined coexisting
phases in microsized lithiated TiO, do not vary with overall
composition.

The change in local Li environment in the nanomaterial is
also observed in the chemical shift dependence on the intra-
phase composition shown in Figure 4c, while for the micro-
sized material such a dependence on the composition is
absent. A number of publications have illustrated that the
Li-ion chemical shift in anatase Li, TiO,, and also in spinel
Li, ., Ti, ,O,, appears to be a probe of the conduction elec-
tron density at the ’Li nuclear site, which induces a small
Knight shift.?*?%3% In principle, the applied static field indu-
ces a polarization that enhances the field locally at the Li-
ion nucleus. In these materials the polarization lowers the
chemical shift, which is explained by polarization of the Li-
2s electrons by the Ti-3d and O-2p electron density.***!
Summarizing, one could say that the coupling with the con-
duction electrons appears to lead to a lower chemical shift.

Figure 4c shows the chemical shift versus the intra-phase
composition in either the anatase or the Li-titanate phase
for both the nano- and the micromaterial. As mentioned
before, micromaterials with different overall compositions
lead to the same intra-phase composition in the anatase and
the Li-titanate phase. Consistently, the chemical shift of Li
in both phases in micomaterials does not vary with the over-
all composition, which is confirmed by the overlapping
points in Figure 4c. In contrast to that, neutron diffraction
of the nanomaterial shows that the Li composition inside
the two phases is not constant as a function of the overall
composition (see Figure 2b). Compared to the micromateri-
al, the Li fraction is significantly increased in both phases of
the nanomaterial which (see Figure 4c) results in an increase
of the chemical shift in each of the two phases. Hence, we
conclude that a higher Li fraction leads to a higher chemical
shift.

Combining previous paragraphs, the higher chemical shift
of Li for the nanosized compositions, which occurs for over-
all compositions x>0.06, indicates less coupling with con-
duction electrons, or a decrease of the conduction electron
density at the Fermi level when compared to the microsized
material. The exact nature of the reduced coupling and/or
reduced conduction electron density at the Fermi level is un-
known to the best of our knowledge and is part of our
future research. This weaker interaction of Li ions with con-
duction electrons in the nanomaterial is an interesting obser-
vation, because a weaker interaction with the conduction
electrons in the micromaterial was previously correlated
with reduced Li-ion mobility.*!! The conduction electron
density at the Li-ion site was suggested to enhance the Li-
ion mobility. A possible explanation for this is that a higher
electron density partially screens the Li-ion, thereby reduc-
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ing the barriers for diffusion (such an effect was also ob-
served in LiMn,O, above the charge ordering tempera-
ture®). In this context the reduced Li-ion mobility in the
Li-titanate phase in the nanosized material is consistent with
its chemical shift being more positive, indicating a lower
local electron density. In other words, the coupling between
the conduction electrons and the Li ions might influence the
Li-ion mobility (as in reference [24]), and could explain the
reduced Li-ion mobility in nanomaterials. However, also the
change in Li composition in each phase could cause a
change in mobility.

Conclusion

Neutron diffraction and solid-state NMR reveal significant
differences between micron- and nanostructured anatase
TiO, upon intercalation. The ND data shows that in lithiat-
ed nanosized anatase TiO,, crystal particles have either the
original anatase phase, or the Li-titanate phase, where a rel-
atively high Li occupancy is present in both phases. This is
in contrast with microsized anatase TiO,, where the two
phases coexist within one crystallite maintaining an equilib-
rium and consequently constant Li fractions in both phases.
The larger Li fractions are a likely source for the change in
the local conduction electron density at the Fermi level, as
is deduced by NMR spectroscopy. Direct measurement by
NMR spectroscopy of the self-diffusion in both phases in
the nanomaterial shows that the Li-mobility is strongly
modified compared with that found for the micromaterial.
The most striking difference is that Li appears to be frozen
in the nanosized Li-titanate phase at high overall Li frac-
tions. The altered electronic density at the Li site is correlat-
ed with the observed changes in the Li-ion mobility. These
results show that in addition to defects and space charges,
nanostructuring ionic materials has a surprising significant
impact on Li intercalation behavior, capacity, Li-ion mobili-
ty, and phase morphology.

Experimental Section

Nanostructured TiO, anatase obtained from Altair (40 nm) was chemical-
ly lithiated with n-butyllithium™! and investigated with neutron diffrac-
tion (GEM, ISISP*) and "Li (I=3/2, 92.6% abundance) NMR spectros-
copy. The TiO, powder was mixed with hexane (anhydrous 95+ %, Al-
drich), and the n-butyllithium was added slowly while the mixture was
stirred to guarantee homogeneous lithiation of the material. The advant-
age of using chemical intercalation, compared to electrochemical interca-
lation, is the amount of material that can be produced (in particular for
neutron diffraction) in a clean way without electrolyte contamination of
the powders. Because this work focuses on the behavior of Li ions within
the TiO, anatase crystal matrix, the method by which Li was inserted
(chemical or electrochemical) is not expected to influence the intrinsic
properties of Li in TiO, anatase. The resulting overall chemical composi-
tion was checked independently using inductively coupled plasma (ICP)
spectroscopy. Analysis of the neutron diffraction line broadening gives in-
formation on the crystallite size and strain. Since strain and crystal size
have a different effect on the line shape, the two contributions to the line
broadening can be distinguished. By fitting with a TOF peak shape in-
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cluding both terms, quantitative data was obtained indicating that mainly
crystallite broadening plays a role in these materials. Magic angle spin-
ning (MAS) and static NMR spectra were recorded on a Chemagnetics
600 Infinity spectrometer (B,=14.1T) operating at 233.2 MHz. The
MAS probe head with 3.2-mm airtight zirconia rotors achieved spinning
speeds up to 19.2kHz in a dry nitrogen atmosphere. Chemical shifts
were referenced to a 0.1m LiCl aqueous solution. The spectra were re-
corded after a 30° (at 2v,, with v; =89 kHz) radio frequency pulse applied
with a recycle delay of 20 s to ensure quantitative measurement condi-
tions. The T, relaxation time was determined to be well below 5 s for all
temperatures using a saturation recovery experiment. Neutron diffraction
(ND) is a sensitive probe for Li in this type of materials, while 'Li NMR
spectroscopy provides a sensitive microscopic probe for both Li-ion dy-
namics and the local Li-ion environment. Although °Li NMR spectrosco-
py provides better resolution, 'Li NMR spectroscopy is preferred in this
case as it allows the Li-ion dynamics to be probed via the larger nuclear
spin of "Li which leads to larger dipolar broadening. Additionally, it pro-
vides better comparison to previously published results on microsized
crystal particles where "Li NMR spectroscopy was successfully applied to
elucidate detailed properties of lithiated TiO, anatase.®
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