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onsiderable research has been fo-

cused on the nanosizing of electrode

materials for Li-ion batteries. Nano-
materials offer several possibilities to im-
prove Li-ion battery performance. Shorter
Li-ion diffusion and electronic conduc-
tion pathways offer potentially higher (dis)-
chargerates, and the nanodimensions allow
reactions that appeared impossible at the
microscale."? The altered voltage profiles
indicate that nanosizing also has a large
impact on the thermodynamics of Li-ion
insertion reactions. The first-order phase
transition upon (dis)charge leads in many
insertion materials to a constant voltage
profile. Nanosizing these materials results
in a curved open cell voltage profile with a
much smaller plateau region in comparison
with micrometer sizes of the same material.
This may indicate a reduced miscibility gap,
which has been attributed to strain,® the
diffusion interface,*> and contributions from
the interface and surface energies that arise
during Li-ion insertion.® It has been shown
that the curved voltage profile may also
arise in part due to surface energies and
the particle size distribution” inherently pre-
sent in nanosized materials. More recently it
has been demonstrated that the entropy of
discrete filling of individual particles leads to
a curved voltage profile at low and high com-
positions.2 According to the theories of Bai
et al’ and Cogswell et al,'® currents that
amount to only a fraction of the exchange
current may already be enough to induce a
quasi-solid solution, suppressing phase se-
paration and leading to curved voltage
profiles. The large surface area in nanoma-
terials exposes the properties of electrode
surfaces, which can depend strongly on the
crystal surface plane orientation. A good
example is the (0 0 1) surface of anatase
TiO,, which is thermodynamically unfavor-
able and more likely to be eliminated at the
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particle size reduction, surface effects
increasingly dominate, which can drastically
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change the storage properties. Using density functional theory calculations we investigate the

impact of the surface environment on the Li-ion insertion properties in defective spinel

Lis,Tis04,, @ highly promising negative electrode material. The calculations reveal that the

storage properties strongly depend on the surface orientation. The lowest energy (1 1 0)

surface is predicted to be energetically favorable for Li-ion insertion into the vacant 76c sites.

The (1 1 1) surface allows capacities that significantly exceed the bulk capacity Li;Tis0;, at

voltages greater than 0 V by occupation of 8a sites in addition to the fully occupied 76c sites.

One of the key findings is that the surface environment extends nanometers into the storage

material, leading to a distribution of voltages responsible for the curved voltage profile

commonly observed in nanosized insertion electrode materials. Both the calculated surface-

specific voltage profiles and the calculated particle size dependent voltage profiles are in good

agreement with the experimental voltage profiles reported in literature. These results give a

unique insight into the impact of nanostructuring and further possibilities of tailoring the

Li-ion voltage profiles and capacities in lithium insertion materials.
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time of crystal growth."" By tuning the growth
and attaining a large fraction of the reactive
(0 0 1) facets the charge rate could be im-
proved in both microcrystalline’? and nano-
structured sheet-like'*~'® forms.

LiTi,O, in the pure spinel structure is of
interest as an electrode material for Li-ion
batteries due its ability to incorporate addi-
tional lithium at a voltage of 1.34 V,%° which is
relatively low for titanium oxides, attaining
the composition of Li,Ti,O4 with a relatively
small change in unit cell volume of ~1.1%.
From neutron diffraction it is known that in
LiTi,O4 Li occupies the tetrahedral 8a sites,
while lithiation leads to the occupation of the
octahedral 76c sites as well as the migration
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of Li ions from the 8a to 16c sites to attain the end
Li, Ti,O, composition.?’ This migration of Li from the 8a
to 16¢ is most likely due to the Coulomb repulsion
between Li atoms occupying adjacent 8a and 16c sites,
which are separated by 1.82 A.>> Another member of
the spinel family, Li,TisO,,, is of even greater interest as
an anode material, being already applied at large scale.
It is the end member of the solid-solution region of
composition Liz,Tig_, 045 (0 < y < 1), which possesses
a defective spinel structure. What makes it attractive as
a Li-ion insertion electrode is the “zero strain” property,
resulting in excellent cycle life: upon lithiation from the
initial state LisTisO4; to its fully lithiated state Li;TisO1,
there is almost no change in lattice parameters
(0.2%).2%237%7 Like in the pure spinel LiTi,O,, in defec-
tive spinel LisTisOq, all the energetically favorable
tetrahedral 8a sites are occupied by Li (see Figure 1).
Additionally one-sixth of the 76d sites are also occu-
pied by Li at random, while the remaining five-sixths of
the 16d sites are occupied by Ti atoms, which can be
represented as [Li3]®[Li; Tis]'*?[0;,]32¢. Lithiation leads
to occupation of all the octahedral 76c¢ sites and
emptying of the tetrahedral 8a sites to arrive at the
end Li;TisO,, composition, which can be represented
as [Lig]"®“[Li; Tis] "*9[0;,]%€ (see Figure 1).

Diffraction and NMR studies have demonstrated that
above 100 K micrometer-size Lig 4 TisO15 in equilibrium
does not exist as a true two-phase separated system
but as a solid solution for diffraction with both Li;TisO4>
and Li;TisO4, intimately mixed at nanometer length
scales.’®% This is attributed to the zero-strain property
indicative of very low interfacial energy and strain
between the tetrahedral occupied and octahedral
occupied coexisting phases. Interface and surface
effects appear to play a key role in the nanosized
effects, such as the curved voltage profile and reduced
miscibility gap in other insertion materials. Interest-
ingly, despite the negligible interface and strain en-
ergy, nanosized spinel Liy,TisO;, also leads to the
typical “nano”-curved voltage profiles.® This raises the
question as to what causes the “nano”-curved voltage
in Lig,TisO;; and in insertion materials in general. Of
additional interest is the observation of stable lithium
compositions exceeding Li;Tis0;,°° 32 albeit for only
the first cycles. The possibility of larger capacities is
corroborated by bulk ab initio calculations performed
by Zhong and co-workers*® showing that it is possible
to obtain an 8a Li occupation in an all-16¢ framework
up to a theoretical composition of LigsTi;O;,; addi-
tional lithium incorporation however was predicted to
lead to a negative insertion potential and therefore is
impossible to achieve. Recent neutron diffraction mea-
surements have proved that the simultaneous occupa-
tion of both 8a and 76c¢ (leading to a composition
exceeding Li;TisO;,) is indeed possible by decreasing
the particle size on the order of nanometers, consistent
with the increased capacity with decreasing particle size,*°
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Figure 1. (a) LizTisOq and (b) Li;TisO,, structures where the
polyhedra indicate [Li;/6Tis/]O¢ units. Purple in (a) and blue
in (b) indicate the tetrahedral 8a sites and octahedral 16¢
sites, respectively.

indicating this to be a surface-related phenomenon.
This was more directly proven by epitaxial-grown thin
film electrodes showing anisotropic storage capacities
and voltages.>

In order to investigate the role of the surface on the
storage properties of nanosized spinel Liz,TisOq,, we
calculated the anisotropic surface-dependent voltage
profiles and the size-dependent voltage profiles. This
gives both fundamental insight into Li-ion storage in
nanosized spinel Lis,,TisOq> and future prospects for
insertion electrodes used in Li-ion batteries. Using
density functional theory (DFT) calculations, we stu-
died the impact of different surface orientations on
Li-ion storage, which will play a relatively large role in
smaller particle sizes. For this study we focused pri-
marily on the defective spinel LisTisOq, and Li;TisO1,
structures, looking at the variation in insertion voltages
on Liinsertion at the three low-index (100), (1 1 0), and
(11 1) surfaces.

RESULTS

Strain and Interface Energy. The role of strain energy
in the defective Lis,,TisOq, spinel system has been
estimated by considering the anisotropic stiffness
and lattice mismatch assuming a coherent interface
between the coexisting end members LisTisO;, and
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Figure 2. Dependence of the elastic energy on the normal
vector of the interface between the two end members
Li,TisO, and Li,TisO; assuming a coherent interface.

Li;TisOq,. Assuming the elastic moduli, calculated by
DFT GGA (generalized gradient approximation), are
the same in both phases, the elastic energy due to
the coherent phase coexistence between the end
members can be approximated,®* as recently shown
for LiFePO, by Cogswell et al.'® For cubic materials the
elastic energy can be calculated by applying biaxial
strain corresponding to the difference in lattice para-
meters between the end members, which has been
worked out analytically for any biaxial strain surface
(interface) orientation.® Figure 2 displays the resulting
dependence of the elastic energy on the interface
orientation using the experimentally observed differ-
ence in lattice parameters changing from 8.3595 in
LisTisO1, to 8.3538 A in Li;Tis0;,.2%%% %’

Comparing these results to those obtained for
FePO,/LiFePO,,'® we observe that the elastic energy
is almost three orders of magnitude smaller, indicating
very little elastic strain energy associated with coherent
interfaces in spinel LisTisO15. This is mainly the con-
sequence of the very small difference in lattice param-
eters between the two coexisting phases (0.07%). The
elastic strain energy never exceeds 2 meV per unit cell,
demonstrating that at room temperature it does not
play a significant role. Another energy associated with
the existence of a coherent interface between the two
coexisting phases is the interface energy as the result
of local atomic relaxation near the interface. The result-
ing values, calculated using DFT, are for all orientations
less than 0.02 eV/ A% which is an order of mag-
nitude smaller than the surface energies and the inter-
face energy calculated for LiFePO,.° On the basis of
this we assume that both the interface energy and
elastic strain energy do not play a significant role in the
insertion and phase transition mechanism of spinel
Liz,xTi50¢5. This is consistent with previous experi-
mental findings that have demonstrated Lis;,TisO1>
to be nearly a solid solution at room temperature
existing as nanoscale domains of the coexisting end
phases.?2°
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Figure 3. Wulff shape determined from the calculated sur-
face energies of pure LiTi,O, spinel.

Surface Energies and Equilibrium Shape. Relaxation of
bulk spinel LiTi,O, yielded lattice parameters a =
8374 A, b=8373 A, and c = 8.374 A, which differs by
~0.4% from the experimental values.’’ The lowest
surface energies were determined to be 1.20 J/m? for
the (1 0 0) surface a planar arrangement of Li—O,—
Ti,—0,—..—0,—Li, 0.58 J/m? for the (1 1 0) surface
with a planar arrangement of O,—Li;Ti,04—0,—
Tiy—..—Li,Ti,04—0, and 0.63 J/m? for the (1 1 1) surface
with a planar arrangement of O3—0O—Tiz—0—03—
Li—Ti—...—O—0s. The lowest energy surfaces were
those with minimal loss of coordination to the sub-
surface TiOg octahedra. For symmetric (1 1 0) slabs
with surface terminations of Ti,—0O,—..—Ti, and
Li;Ti;04—0;,— ...—Li,Ti»O4 it was possible to make the
slab stochiometric by the introduction of Ti and Li
surface vacancies, respectively. The surface energy of
the surfaces with a Ti vacancy was 1.55 J/m?, and that
with the Li vacancy was 1.98 J/m?, which is about half
the value for similar nonstoichiometric surface termi-
nations, which was determined to be 2.85 and 3.64 J/m?,
respectively, though still much higher than the surface
energies for oxygen-terminated surfaces.

The equilibrium shape of spinel LiTi,O, was deter-
mined using the Wulff construction.>® The Wulff shape
determined on the basis of the surface energies calcu-
lated is depicted in Figure 3. The lowest energy (1 1 0)
facet made up the major part of the surface of the
equilibrium shape, while the higher energy (1 1 1)
surface appeared as a smaller facet. The (1 0 0) surface
did not appear in the Wulff shape due to its high
surface energy. In order to restrict computational time,
the higher index planes leading to smaller facets were
not considered.

One of the difficulties of modeling the defective
spinel Li,TisO4, is the disorder of Li on the 76d sub-
lattice. For the bulk structure, we selected the lowest
energy configuration of Li on the 76d sublattice, which
was determined by calculating all possible configura-
tions in a Li3,Tiz0O0g6 supercell. Due to the large size of
the initial bulk structure and difficulties in determining
accurate 16d positions in the slab with different surface
terminations, the equilibrium shape of the defective
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spinel Li4TisO, was not calculated. For the size-depen-
dent voltage curve, which requires the relative con-
tribution of each surface, the equilibrium shape of
spinel LiTi,O4 was assumed.

Strategy to Calculate a Voltage Curve. For the inser-
tion process we assume that lithium addition occurs
homogeneously over the surface, starting at the sur-
face. Although this enormously reduces the number of
possible configurations, several different schemes for
the addition of lithium in LisTisO4,(LiTi,O,4) may occur.
Of particular interest is the interface between the two
coexisting phases, Li on tetrahedral 8a sites and Li on
octahedral 76c¢ sites. For the calculation of the voltage
as a function of composition we consider two schemes.
(1) In the first scheme Li is added at the 76¢ positions
starting from the oxygen-terminated surface and con-
tinuing toward the bulk while removing the Li atoms
from all 8a positions next to occupied 76¢ sites, includ-
ing those at the interface between the domains of 76¢
and 8a occupancy, as in Figure 4a. Consequently, in this
scheme there are no nearest 8a—16¢ neighbors. (2) In
the second scheme again Li is added at the 76¢ posi-
tions starting from the surface and continuing toward
the bulk while removing the Li atoms from the 8a
positions next to occupied 76¢ sites except from the 8a
positions at the interface between domains of 76¢ and
8a occupancy, as in shown Figure 4b. Consequently, in
this scheme there are nearest 8a—16¢ neighbors. For
both schemes addition of lithium leads to increasing
16¢ occupancy starting at the surface and proceeding
into the bulk, the only difference being the presence of
8a—16¢ nearest neighbors at the interface in the
second scheme. On the basis of the Li* —Li™ repulsion
the second scheme is expected to result in higher
energies, hence lower potentials. The lithium composi-
tion of the slab was increased stepwise from Li;TisO1 -
(LiTi,O4) toward Li;TisO4,(Li>Ti>O4). Further lithiation
was achieved by 8a occupation in addition to the
occupied 76c sites in the Li;TisO4,(Li Ti,O4) slab, also
assuming that the additional occupancy starts at the
surface and continues toward the bulk as shown in
panel (c) of Figure 4. After each lithium addition, the
average insertion voltage was calculated.

Voltage Curve of Defective Spinel Li,,Tis0;,. To deter-
mine the calculated average plateau voltage, stochio-
metric slabs of Li,Ti;O;, and Li;TisO;, with Li oc-
cupying all the 8a and 16c¢ sites, respectively, were
relaxed for the (1 0 0), (1 1 0), and (1 1 1) surfaces.
Longer slabs of lengths 25.2,35.7,and 29.1 A at the (100),
(110),and (11 1) surface terminations were required in
order to maintain the correct stochiometry in which Li at
16d sites were positioned at regular intervals. A vacuum
layer of 15 A was found to be adequate to remove any
spurious interaction between the periodically repeated
slabs. The calculated average insertion voltage between
slabs having initial and end compositions of Li;TisO;, and
Li;TisO4, was determined to be 1.81, 1.58, and 1.77 V for
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Figure 4. Scheme used to calculate the voltage profiles for
Li insertion. The solid blue and black circles represent Li at
8a and 16c sites, while the hollow circles indicate vacant 8a
and 16c sites, respectively. The direction of the bulk is
indicated by red arrows. The first strategy depicted in panel
(a) represents the sequential addition of Li to layers contain-
ing vacant 716c¢ sites at increasing depths from the surface
without introducing nearest 8a— 16¢ neighbors at the inter-
face between domains having 8a and 76¢ occupancy. Panel
(b) represents the second strategy for sequential Li inser-
tion where nearest 8a—16¢ neighbors are present at the
interface between domains having 8a and 76¢ occupancy.
Panel (c) shows the sequential addition of Li to layers with
vacant 8a sites.

the (100), (1 10),and (1 1 1) surfaces, respectively. The
average insertion voltages of the (1 0 0) and (1 1 1)
surfaces are significantly larger than the calculated bulk
voltage of 1.57 V, which compares well with the experi-
mental value of 1.55 V.2*¥ Using the two strategies
schematically displayed in Figure 4a and b and described
in the previous section, voltage profiles were calculated
by adding lithium stepwise to the slabs with Li;TisO;, and
Li;TisO,, compositions terminating at the each of the
three surfaces, the results of which are shown in Figure 5.

The (1 0 0) surface was found to be the most
energetically favorable for initial Li insertion into Li,
TisO,,, as seen in Figure 5a. This is reflected in the high
voltage, >3V, on Li insertion into the first two subsur-
face layers, making it more favorable compared to
insertion into the bulk. Li insertion into the subsurface
layers of the (1 1 0) and (1 1 1) Li,TisO;, surfaces shown
in Figure 5b and c also allows Li addition at voltages
between 2.5 and 3V, larger than the average insertion
voltage and consistent with what is observed
experimentally.®® The voltage curves calculated for
the (1 0 0) surface shown in Figure 5a reveal negligible
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Figure 5. Calculated voltage profiles for the LiTisO;,—
Li;TisOq, system. Voltage curves in (a), (b), and (c) corre-
spond to particles whose facets all have (1 0 0), (1 1 0), and
(1 1 1) surfaces, respectively, wherein the black and red
curves correspond to the absence and presence of nearest
8a—16¢ neighbors at the interface during Li-ion insertion.
The curves have been used as a guide to the eye and are not an
average value. The green-shaded area in each graph repre-
sents the region under 0 V where no Li intercalation is feasible.

differences between the two insertion schemes, de-
spite the presence of nearest 8a—16¢ neighbors in the
second scheme (Figure 4b, represented by the red
curve in Figure 5a). This is due to the relaxation of the Li
atoms initially at adjoining 8a sites, toward vacant 16¢
sites in the layers below (8a—16c¢, Figures 6e—h). The
shortest Li* —Li* distances for Figures 6a—d (black curve,
Figure 5a) are 2.979, 2.756, 2.799, and 2.689 A, respec-
tively, while for Figures 6e—h (red curve, Figure 5a)
they are 2.481, 2.513, 2.345, and 2471 A, respectively.
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Apparently, the Li-ion separation at the near surface
environment for the (1 0 0) surface for both insertion
schemes is large enough to avoid a significant energy
penalty due to Coulombic repulsion. For the (1 1 0)
surface termination however, the second scheme leads
to lower voltages compared to the first scheme, com-
paring the red and black curves in Figure 5b, respec-
tively. In this case the presence of adjoining 8a—16¢
Li-ions at the interface between domains of 76c and 8a
occupancy (second scheme) results in higher energy
penalties and hence lower voltages as compared to
leaving empty sites at the interface separating the 76¢
and 8a occupancy domains (first scheme). This can be
attributed to the smaller lattice spacing of layers in the
(1 1 0)-terminated LisTisO,, slabs (Supporting Informa-
tion Figure S1). Despite the relaxation of the Li atoms
from the adjoining 8a sites, toward vacant 76¢ sites in
the layers below, the small lattice spacing still results in
relatively small 8a— 16¢ distances (Supporting Information
Figure S1e—h).

The Li;TisO;, composition can be exceeded by
adding Li to vacant 8a sites in the (1 0 0), (1 1 0), and
(11 1) slabs having all 76¢ sites occupied (composition
Li;TisO,,). The calculated voltage profiles in Figure 5a—c
indicate that, before reaching negative voltages, this is
possible up to compositions of Li; 3TisO4, Li;5TisOq,, and
Lig5TisOq5 for the (1 0 0), (1 1 0), and (1 1 1) surfaces,
respectively. Therefore, the calculations predict that the
surface is able to host capacities that exceed the Li;TisO1»
bulk composition. This is consistent with the experimen-
tal finding that the capacity scales with the surface area
and that additional 8a occupation in an all-76¢ occupied
lattice is possible.3® The larger capacity appears mainly
the result of the (1 1 1) surface, consistent with the larger
capacity found with electrochemically charged epit-
axial-grown films3? In Figures 7a—d the nearest
Lit—Li* (8a—16¢) distance in the (1 1 1)-terminated
slab is 2.196 A at the surface and gradually approaches
the bulk value (1.82 A) away from the surface.

Size-dependent voltage profiles shown in Figure 8
were calculated by taking into account the relative
contributions of the Wulff shape surface sites with
respect to bulk sites (voltages) when the particle size
exceeds the extent of the slab thickness. Here it is
assumed that bulk sites result in a constant voltage,
which is true for intraparticle moving phase bound-
aries. Although this phase transformation mechanism
is questionable for nanomaterials,%'%*7 since the vol-
tage changes only in the range of 10 meV,2* the
assumption of a constant bulk voltage in Figure 8
appears reasonable. By increasing the particle size the
number of bulk sites increases, and hence the capacity of
the constant voltage plateau increases, thereby reducing
the relative amount of surface storage that is responsible
for the voltages above and below the voltage plateau. In
Figure 8 the voltage curves are plotted for particle sizes
up to 100 nm, based on the relative contributions of the
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Figure 6. Relaxed surface structures corresponding to the sequential addition of Li to the (1 0 0) surface of Li;TisO,, at vacant
16¢ sites. Panels (a) to (d) depict Li addition to the first four layers at increasing depths from the surface with the absence of
nearest 8a—16¢ neighbors at the interface. Panels (e) to (h) correspond to Li addition to the first four layers at increasing
depths from the surface with the presence of nearest 8a— 76¢ neighbors at the interface. The large red and gray spheres are O
and Ti atoms, respectively. The smaller blue, violet, and green spheres correspond to Li atoms at 76¢, 8a, and 16d sites,
respectively. The dotted circles refer to 8a Li atoms, whose presence determines the 8a—16c¢ interface.

Figure 7. Relaxed surface structures corresponding to the sequential addition of Li to the (1 1 1) surface of Li,TisO,, at vacant
8a sites. Panels (a) to (d) depict Li addition to 8a sites in the first four layers at increasing depths from the surface in the
presence of all occupied 716c sites. The large red and gray spheres are O and Ti atoms, respectively. The smaller blue, violet, and
green spheres correspond to Li atoms at 16¢, 8a, and 16d sites, respectively. The dotted circles refer to Li atoms whose
presence determines the 8a—16¢ nearest neighbors.

(110)and (11 1) surfaces in the Wulff shape (Figure 3) insertion into vacant 8a sites at the (1 1 1) surface,
and assuming the lowest energy insertion scheme resulting in compositions exceeding Li;TisO,,. Voltage
(scheme 1 shown in Figure 4a). The voltages above the curves were also calculated for Li insertion into the (10 0),
bulk voltage plateau at low compositions are mainly due (110),and (1 1 1) surfaces of pure spinel LiTi,O,4 and
to Li insertion of 76¢ sites at the (1 1 0) surface, and the Li,Ti,O4, which are included in the Supporting Informa-
voltages below the bulk voltage plateau are due to Li tion (Supporting Information text and Figure S2).
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Figure 8. The pink voltage curve corresponds to a compo-
site for particles combining Li insertion into vacant 76¢ sites
in a Li4TisO,, host without nearest 8a—716¢ neighbors at the
interface from (1 1 0) facets and Li insertion into a Li;TisO1,
host with vacant 8a sites from (1 1 1) facets corresponding
to the Wulff shape. The purple and black curves correspond
to particle sizes of 30 and 100 nm. The green-shaded area
represents the region under 0 V, where no Li intercalation is
feasible.

DISCUSSION

Curved Voltage Profile. The origin of the sloping vol-
tage profile and corresponding changes in solubility
limits encountered for very small nanostructured Li-
insertion materials has recently garnered significant
scientific interest. The reduced miscibility gap has been
attributed to the presence of the interface between
coexisting phases®~° that is present through the first-
order phase transition. This is also suggested to be the
origin of the curved voltage profile because of the
shorter compositional domain where the voltage is
constant, reflecting the reduced miscibility gap. An
additional explanation for the curved voltage profile is
the contribution of the surface energy to the voltage of
nanosized particles. Surface free energies become
increasingly important in affecting voltage profiles as
electrode particles approach nanometer dimensions.
The plateau voltage of a first-order phase transforma-
tion depends on crystallite dimensions,”*® and a dis-
tribution of crystallite sizes consequently leads to a spec-
trum of transformation voltages that produces a sloping
voltage profile similar to that of a solid solution.” In
addition, the experimentally observed curved voltage
profile may be the result of entropy effects. These arise
due to particle by particle charging/discharging mecha-
nisms that are predicted for nanoparticles® and also
because of rate effects that are predicted to already play
a role at current densities that are only a few percent of
the exchange current density.>'® In the calculations
shown in Figures 5 and 8 none of these phenomena
are incorporated. Therefore, the curved voltage profiles
resulting from the present surface calculations indicate
that another mechanism is at least contributing signifi-
cantly to the curved voltage profile of nanospinel lithium
titanium oxides. Depending on the orientation of the
surface, the voltage gradually changes toward the bulk
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voltage over a distance on the order of a few nanometers,
as illustrated by Figure 5. This is the consequence of the
difference of the near surface environment from the bulk
environment which extends approximately a nanometer
into the particle. Depending on the specific surface
orientation, the atomic arrangement at the lithiated sur-
face is able to relax in such a way that it increases the
nearest Li* —Li" distances, thereby lowering the energy,
leading to higher insertion voltages. Naturally, this ability
gradually decreases toward the bulk, explaining the
continuous decrease of the voltage from the high initial
voltages toward the bulk voltage as observed in Figures 5
and 8. The resulting particle size dependent voltage
profiles in Figure 8 are in qualitative agreement with
those observed experimentally, exhibiting the increasing
curved voltage profile with decreasing particle size.*° Our
prediction that the surface storage properties depend on
the specific surface orientation leading to different vol-
tage profiles is corroborated experimentally by a recent
study performed by Hirayama and co-workers? in which
epitaxial-grown spinel Li4TisO;, thin films were prepared.
The electrochemistry revealed sloping voltage curves,
depending on the surface orientation, with a reduced
plateau reminiscent of those observed for nanocrystalline
spinel Li,TisO15.3 In particular the voltage curve mea-
sured for the (1 1 0) surface bears a marked resemblance
to the one calculated for the (1 1 0) -terminated slab in
this study, Figure 5b, showing a sloped voltage region at
lower capacities and a constant voltage region at higher
capacities. Also the higher capacity of the (1 1 1) surface
observed experimentally is reproduced by the calcula-
tions shown in Figure 5c.

The finding that surface-dependent insertion sto-
rage properties deviate from the bulk properties is
expected to be a general phenomenon for insertion
electrode materials. A computational study on olivine
LiFePO, also indicates that the redox potentials de-
pend on the orientation of the surface plane.®® There-
fore, we suggest that the commonly observed curved
voltage shape in nanostructured insertion materials
that exhibit a first-order phase transition is at least
partly the consequence of the gradual transition from
the surface to bulk environment. This explains why the
capacity of the curved voltage profile (deviating from
the voltage plateau) scales with the particle surface
area®® and why the voltages deviate from the bulk
value. On the basis of our findings we suggest the
following insertion mechanism in spinel lithium tita-
nium oxides: Upon lithium insertion first the low
chemical potential (high voltage) surfaces are inserted,
followed by the bulk, which leads to the voltage
plateau, and finally the high chemical potential (low
voltage) surfaces are inserted. The requirement for the
insertion mechanism is facile diffusion of the Li-ions
through the solid-state matrix of the spinel structure. In
particular this appears to be the case for compositions
between x = 0 and x = 3 in Liz,,Tis0;5, where the
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migration barrier was experimentally determined to
have values close to 0.3 eV.?® Additional lithium sto-
rage at the near surface region of specific surfaces ex-
plains the higher capacities on reducing the particle
size. These surfaces are responsible for capacities ex-
ceeding the maximum bulk composition of Li;TisO,,,
up to a composition of LigsTisO1,. This leads to capa-
cities close to the theoretical composition based on
the Ti*™/Ti*" redox couple. The explanation is that
the surface relaxation at these specific surfaces al-
lows lithium storage at a lower energy and, hence, at
a higher voltage compared to the same compositions in
the bulk. By particle size reduction, the surfaces repre-
sent a relatively larger part of the total capacity, explain-
ing the larger capacities of smaller particles. Note that
the shape determines the observed properties be-
cause of the anisotropic surface storage. Hence, the
calculations predict that shape and nanosizing can be
used to tailor the storage properties of capacity and
voltage.

Surface Reconstruction. For Lis ,TisOq, (x = 3) redu-
cing the particle size below 20 nm leads to a decrease
in the reversible capacity.3**° Neutron diffraction data
revealed for 12 nm particles a partial 8a occupation in
addition to full 76¢ occupation, leading to an average
composition as high as Lig ;TisO1,.3° Assuming that the
additional 8a occupancy predominantly occurs near
the surface, consistent with our calculations, this would
lead to local surface compositions exceeding the
average Lig;TisO;, composition. Because both bulk
ab initio calculations® and the present surface calcula-
tions predict negative insertion voltages at composi-
tions larger than Lig sTisO15, this should be considered
the upper limit for the local composition near the surface.
Loss of reversible capacity for nanoparticles appeared
irrespective of the window of battery cycling;*® that is, for
potential windows of 2.5—0.9 and 2.5—0.05 V the loss of
capacity was the same, indicating that the formation of a
solid electrolyte interface was not responsible for the
capacity loss. Because the capacity loss appears to scale
with the particle surface area, it was suggested that the
irreversible capacity loss was due to structural reconstruc-
tion at the surface3%*' This was confirmed by recent
cyclic voltammetry performed on epitaxial (1 1 0) and
(1 1 1) oriented films of Li,TisO;,.3% During the first
cathodic scan additional reduction peaks were ob-
served, which disappeared on further cycling and were
ascribed to a reconstruction of the surface on the first
discharge. The peak position differed depending on
the surface orientation, indicating that the surface
reconstruction is anisotropic.3? In our study we have
determined that the maximum amount of Li that can
be incorporated is Li;3TisO;5 for the (1 0 0), Li; sTisOq»
for the (1 1 0), and LigsTisO,, for the (1 1 1) facet
assuming an insertion voltage limit just above 0 V.
Therefore, it is possible that the additional incorporation
of Li in specific surface facets and their subsequent
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reconstruction may lead to (partially) irreversibly
trapped lithium, explaining the irreversible capacity
loss. An energetically feasible reaction may be the
formation of rocksalt LiTiO,*? and lithium oxide:

LigTi5012 - 5L|T|02 (rocksalt) + 2L|20

We determined the enthalpy of formation of rock
salt LiTiO, and Li,O to be —0.26 eV per Li atom.
Possibly, initial lithium insertion causes this phase
transformation at the surface. It is unclear if the rock
salt formation is partially reversible. The reversible
formation of Li,O is well-known for several nanosized
transition metal oxides.”> However, that involves the
decomposition of metal oxides and the formation of
Li,O during Li insertion and the re-formation of the
metal oxides on extraction. Although such conversion
reactions do not appear to exist for titanium oxides at
present, it would be interesting to investigate the
possibility of improvement of the reversible capacity
of LisTisOq,. This would entail the search for surfaces
that are less prone to surface reconstruction using first-
principles calculations and subsequent surface-specific
synthesis of such materials. Eliminating blocked facets
and using surfaces more favorable to reversible lithium
insertion would offer interesting possibilities, creating
cheap, high-capacity, and high-power anode materials
for Li-ion batteries; however, more research is required
to make this a reality.

CONCLUSIONS

We have investigated Li-ion insertion into the sur-
faces of spinel lithium titanium oxides. The calculated
voltage profile of the defective spinel LisTisO;, reveals
that it is energetically more favorable to insert lithium
into the (1 0 0) surfaces, leading to initially high
voltages due to surface storage. The maximum ob-
served bulk composition Li; TisO4, can be surpassed by
Li storage at the (1 1 1) surface facilitated by surface
relaxation effects. This explains the higher capacities of
nanosized spinel titanium oxides at voltages below the
bulk voltage plateau. On the basis of this we predict
that increasing the relative amount of (1 1 1) facets by
reducing the size and tailoring the shape will signifi-
cantly increase the storage capacity. Whether this
capacity can be achieved reversibly depends on irre-
versible surface reactions at these high compositions.
The calculations show that the surface properties,
differing from the bulk properties, extend up to a few
nanometers into the particles. This rationalizes that
many of the nanosize properties are in fact the con-
sequence of the relatively large contribution of the
surfaces in nanomaterials. The calculated anisotropic
and size-dependent voltage profiles are in good agree-
ment with recent experiments. The calculations further
predict that the voltage may be tailored if the relative
amount of specific surface orientations can be con-
trolled by the shape of the nanoparticles. By increasing
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the low-voltage and high-capacity surfaces in nanos-
tructured spinel Li TisO;, used as a negative electrode,
the voltage window versus a positive electrode materi-
al can potentially be increased, leading to a higher
energy and power density of the battery. Thereby, the
calculations give insight into the possibilities to tailor
voltage and capacity of lithium insertion electrodes by
means of the nanosize and shape.

In addition higher lithium concentrations in spe-
cific surface facets may result in their subsequent

METHODS

Computational Details. All ground-state energies were calcu-
lated using the generalized gradient approximation to the
density functional theory* as implemented in the Vienna ab
initio simulation package (VASP).** The projector augmented
method (PAW)*® is used to describe the electronic-ion—core
interactions. The cutoff energy was set at 400 eV for accurate
calculations. Since the material is nonmagnetic, spin polariza-
tions were not included in the calculations. The convergence of
total energy with respect to the k-point sampling was taking into
consideration, thereby ensuring the total energy was converged to
within 107* eV per formula unit. Because VASP calculations are
performed, periodic slabs were constructed in which a set of
infinite layers separated by vacuum layers is repeated periodically
along the surface normal. Slabs of pure spinel LiTi,O4 with Li
occupying all the 8a tetrahedral sites were modeled for low-index
(100),(110),and (11 1) surface terminations. According to the
definition of Tasker,”” only type 2 symmetrically arranged surfaces
were considered, so that there was no dipole moment perpendi-
cular to the surface. As a consequence of the symmetric arrange-
ment of the planes in the slab, their composition was nonstochio-
metric, i.e., was not an integral multiple of the LiTi,O, formula unit.
The(100),(110),and (11 1) slabs were 16—18,11—14,and 15—20
A long for various surface terminations. Four central layers of each
slab were frozen while the rest of the atoms at the surface layers at
both ends of the slab were allowed to relax. A vacuum layer of 13 A
forthe (100) and (1 1 1) surfaces and 10 A for the (1 1 0) surface was
found to be adequate to remove any spurious interaction between
the periodically repeated slabs. The surface energies were calcu-
lated by dividing the difference of the energy of the slab and an
equal number of formula units of LiTi,O4 with the surface area of
the slab taking both sides of the slab into consideration.

Wulff Shape. Determination of the Wulff shape entails the
construction of a polar plot of the surface energies by drawing
along each crystallographic direction a vector whose length is
proportional to the surface energy in that direction. At the end
of each vector a plane perpendicular to the vector direction is
drawn. The shape enclosed by the planes gives the equilibrium
shape of the crystal, as shown for LiTi,O, spinel in Figure 3.

Insertion Voltage. The average insertion voltage can be de-
scribed in terms of the difference in Gibbs free energy (AG) for
the insertion reaction as*®

V= —AG
(2 —x1)F

where F is Faraday's constant and x; and x; are the two limit Li com-
positions between which insertion occurs, where x, > x;. Further
simplification can be achieved by the assumption that the changes
in volume and entropy are small during this reaction, wherein AG =
AE + PAV — TAS. PAV is on the order of 107> eV, and the internal
energy AE is on the order of a few eV per molecule. TAS is on the
order of the thermal energy, which is also much smaller than AE. As
a result, the average insertion voltage can be approximated as

—AE

vo_—AF
(x2 —x1)F
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reconstruction into the rock salt LiTiO, phase, leading to
irreversibly trapped lithium, which would explain the
irreversible capacity loss observed. The calculations
reveal that the curved voltage shape of nanosized spinel
Lis»TisO55 is at least largely the result of a distribution in
lithium environments near the surface depending on the
proximity and the orientation of the surface. The general-
ity of this phenomenon suggests that the surface may be
at least partly responsible for the curved voltage shape in
nanostructured insertion materials.

where AE is the calculated total energy difference of the two
insertion limits taking metallic Li as a reference. To support the
assumption that entropy plays a relatively insignificant role com-
pared to the differences in configurational energy, the entropy of
the available sites in all models was approximated by the lattice gas
model. This resulted in values less than 14 meV for all surfaces con-
sidered, which is two orders of magnitude smaller when compared
to the surface storage effects found at present. In addition, the vibra-
tional entropy in bulk and surface sites was determined using DFT.
This contribution is also relatively small, never exceeding 8 meV.

Strain Energy. For the cubic symmetry of these spinel struc-
tures the number of independent elastic constants reduces to
three (c11, 12, and c44 using the Voigt notation). Using DFT
GGA these constants were determined by applying uniform
hydrostatic pressure, uniaxial strain, and pure shear strain.*’
Assuming the elastic moduli are the same in both phases, the
elastic energy due to the coherent phase coexistence between
the end members was approximated.'%343°

Interfacial Energy. Ab initio DFT GGA calculations were used to
calculate the excess energy associated with a coherent interface
perpendicular to the [100] direction using cells containing
periodic regions of LisTisO;, separated by regions of Li;TisO5.
In two directions the lattice parameters were fixed, and in the
third direction the lattice parameter was allowed to relax. By
subtracting similarly relaxed bulk energies with the same
volume, elastic energy contributions cancel out and interface
energy follows by dividing the resulting energy by the interface
area.® Further details on these calculations can be found in the
Supporting Information.
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