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Abstract

Titanium oxide-based materials are considered attractive and safe alternatives to
carbonaceous anodes in Li-ion batteries. In particular the ramsdellite form TiO2(R) is
known for its superior lithium storage ability as bulk material when compared to other
titanates. In this work we have prepared V-doped lithium titanate ramsdellites with
formula LiosTitxVxO2 (0 < x < 0.5) by a conventional solid state reaction. The lithium-
free TiixVxO2 compounds, in which the ramsdellite framework remains virtually
unaltered, are easily obtained by a simple aqueous oxidation-ion extraction process.
Powder neutron diffraction is used to locate the Li channel site in LiosTiixVxO2
compounds and to follow the lithium extraction by difference-Fourier maps. Previously
delithiated Ti1.xVxO2 ramsdellites are able to insert up to 0.8 Li" per transition metal.
Initial gravimetric capacities of 270 mAh g™! with good cycle stability under constant
current discharge conditions are among the highest reported for bulk TiO,-related

intercalation compounds for the threshold of 1 e~ / formula unit.
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1. Introduction

Titanates are being intensively investigated as anode materials for lithium-ion batteries
due to their superior safety and rate capability compared with current state-of-art
graphite.1® Good reversibility was demonstrated for the Ti**/Ti** redox couple acting at
a relative high operating voltage of typically 1.5V versus lithium in these cheap and
nontoxic Ti-containing materials, which are thought to provide safer applications.
LisTisO12 (LTO), the x = %5 end member of the Li1+xTi2-xOas spinel solid solution system
(0 < x <) 9, is now used in commercial lithium-ion batteries.° Spinel LiTi,O4 (the x=0
member in the Li1+xTi2-xO4 series) was observed to convert to LiTi2O4 with ramsdellite
structure at high temperature.** Akimoto et al. solved the crystal structure of LiTi2O4(R)
12 and the delithiated TiO2(R) polymorph 3 using single crystal diffraction data, and
Gover et al. studied the transformation of spinel to ramsdellite by means of neutron
diffraction data.’* LiTi,O4(R) (or LiosTiO2(R)) and the corresponding Li-deinserted form,
i.e. ramsdellite TiO2(R), have attracted growing attention due to its superior Li insertion
properties as the anode for Li rechargeable batteries.’>’ TiO2(R) with a theoretical
specific capacity of 335 mAhg™, involving complete Ti** — Ti®* reduction, practically

doubles that of commercialized spinel LisTisO12 (175 mAh g). TiOz(R), besides



TiO2(B), can accommodate more lithium than any other TiO2 polymorph as a bulk
material, although comparable high capacities can be achieved for those other forms by
increasing the electrochemically active surface, i.e. downsizing particles to the
nanoscale’®?, In addition, nanoparticulate forms of TiO(B) enhance rate capability
compared to the bulk material #2122 Taking the existence of the mixed spinel systems
LiTi2-«VxOs (0 < x < 1) and LiTiCrO4>2 as a basis, the formation of analogue mixed high
temperature ramsdellite phases is expected to ocurr. A computational study of the spinel
(Sp) to ramsdellite (R) transformation for several lithium titanates with composition
LiMTiO4 has been reported for M = V, Cr, Mn and Fe 2%, and the thermal Sp — R
transformation has been observed for LiCrTiO4 % and LiTiz-,Vy04 % at T > 1000°C.

In this work the synthesis of LiosTi1xVxO2(R) and the respective delithiated Ti1-xVxO2(R)
within the compositional range 0 < x < 0.5 is presented. We have determined the crystal
structure of LiosTi1xVxO2 ramsdellites and its delithiated analogues by means of Rietveld
analysis of powder X-ray and neutron diffraction data. These new materials are further
characterized by microanalysis, thermogravimetric analysis, and finally their good
electrochemical lithium insertion properties are examined in the light of their crystal

structure.

2. Experimental Section

Crystalline LiosTi1xVxO2(R) in the compositional range 0 < x < 0.5 was prepared by a
conventional solid-state reaction as previously described.?® Powder mixtures containing
appropriate amounts of high purity TiO; (anatase, Sigma Aldrich, 99%), Ti.Os (Sigma
Aldrich, 99.8%), V.03 (Sigma Aldrich, 99.8%) and Li>TiOs were loaded into silica
ampoules and sealed under dynamic vacuum (102 mbar). Li,TiOs itself was previously

prepared by reaction of Li>COz (Sigma Aldrich, 99.8%) and TiO> at 700°C. Reaction



mixtures were heated for two days to temperatures ranging from 950° C to 1050° C,
depending on the vanadium content (x). Products were finely quenched to room
temperature.

The delithiated ramsdellite forms were prepared by a combined ion extraction/oxidation
process. In a typical treatment 1g LiosTi1xVxO2 was stirred in 50 mL of 1M HCI for 48
h. The powder was vacuum filtered, washed with small amounts of a 1:1 mixture of
deionized water and ethanol, and dried at 80°C under vacuum for 24 h to remove
remaining solvents.

The successful complete lithium ion extraction was calculated by determining the lithium
content in the filtered solution. Analysis of Li content was carried out by means of flame
atomic emission spectroscopy, using a Sherwood 410 flame photometer and a standard
lithium solution ([Li*] = 1000 ppm in HNOs, Fluka). Completeness of lithium extraction
was further confirmed by neutron diffraction (see below).

X-ray diffraction patterns of powder samples were recorded with CuKoa radiation (A =
1.54056 A) in transmission mode in a Siemens D5000 diffractometer, operated at 40 kV
and 30 mA, equipped with a hybrid monochromator and a scintillation detector. For X-
ray diffraction measurements finely ground and sieved ramsdellite powder (particle size
< 50 um) was spread onto a circular Mylar foil that was previously prepared with a thin
film of Lithilen® high vacuum grease, and finally sandwiched with a second circular
Mylar foil. All preparations were done in an Ar-filled glove box, owing to the air
sensitivity of lithiated ramsdellites containing lower valent transition metals, such as Ti%*
and V3*. Unit cell parameters of the LiosTiixVxO2 samples, with x = 0 - 0.5, were
determined with the Fullprof package.?’” Neutron powder diffraction (NPD) patterns of
two selected samples (x=0 and 0.3) were collected on the high resolution SPODI

diffractometer at the neutron reactor FRM Il (Heinz Maier Leibnitz Zentrum, Garching



near Munich, Germany).?® A Ge(551) monochromator was used to select a wavelength
of A = 1.5481 A. A cylindrical vanadium can of 8 mm diameter was filled with 4g of
ramsdellite powder sample. ND patterns were collected for 4h over the 26 = 5-160° range
with a step size of 0.05° at 298 K.

In structural analysis carried out with the Rietveld method ?° a pseudo-Voigt function was
chosen to reproduce the line-shape of diffraction peaks. The coherent neutron scattering
lengths used were: Li: —1.90 fm; Ti: —3.30 fm and O: +5.80 fm.*>° The negative length
factors of the Ti and Li atoms increase considerably the contrast of Ti and light O and Li
elements, enabling Fourier map investigations addressed to localize Li atoms.

Structural models were drawn using the Vesta software (version 3.0.2).3

Chemical microanalysis, especially regarding Ti and V, was done by means of X-ray
energy-dispersive spectroscopy (X-EDS) in a JEOL 2000FX electron microscope
equipped with an OXFORD INCA EDS detector.

Thermal analysis was performed to check stoichiometry using a TGA/DTA Netzsch STA
409 Instrument. The samples were heated at 10°C/min to 900°C and then held
isothermally for 1 h. All the TGA/DTA experiments were performed using alumina

crucibles under a flowing oxygen atmosphere with a 75 mL/min flow rate.

3. Results and Discussion

XRD patterns of the six LiosTiixVxO2 samples prepared (x =0, 0.1, 0.2, 0.3, 0.4 and 0.5)
are depicted in Fig. 1. All compositions display the orthorhombic ramsdellite-type
symmetry, Space Group Pbnm. It can be seen that in general X-ray patterns of all
compositions are very similar to each other and all compositions prepared were obtained

with high phase purity.



Preliminary chemical analysis carried out by EDS revealed the presence of both Ti and V
for V-doped compounds. Representative EDS spectra of two samples, LiosTio.gV0.202 and
LiosTio7V0.302, are given in Fig. 2. Quantification of Ti and V were seen to be close to
the nominal metals ratios for each composition.

Thermogravimetric analysis (TGA) was used to check stoichiometry and the mean Ti,V
oxidation state. Samples were heated from ambient temperature to 900°C under flowing
oxygen, and the observed weight increase was used to calculate initial stoichiometry. A
typical thermal analysis is shown in Fig. 3 and the main results are summarized in Table
1. LiosTiO2 (Fig. 3a) shows a maximum weight gain around 400 °C with an incipient
increase at temperatures clearly below 200°C. The noticeable air sensitivity of LiosTiO2
would account for the slightly lower weight gain observed (4.24%) when compared to
that expected for the full oxidation of Ti®* (to Ti*) (4.85%), because of the inevitable
handling of the sample in air before starting the TGA measurement. The weight gains
observed for V-substituted LiosTii-xVxO2(R) are similar to that of LiosTiO2 and in
agreement with the oxidation of both transition metals, Ti** and V**, to their tetravalent
state. The most remarkable difference observed for LiosTio7V0302 (Fig. 3b) is the
positive shift of the maximum weight gain from 350°C (corresponding to half height of
maximum weight gain) in LigsTiO2 to 650 °C in Lio5Tio.7V0.302, indicating that VV-doping
in TiO2 has a favorable effect on the thermal stability of the ramsdellite phase. That can
be connected to the higher stability of V3" to air/moisture. The determined mean transition
metal oxidation states for all samples were in good agreement with the expected value of
3.5+ derived from their nominal composition.

Structural refinements were performed using X-ray data for all LiosTiixVxO2
compounds. The structural model used in Rietveld refinements was that described

previously for LiosTiO2(R) in space group Pbnm.*? For all LiosTi1xVxO2 samples the



initial site occupancies were set according to the ideal stoichiometry of each atom type:
0.5 for Li, 1.0 for O1 and O2 sites, (1-x) Ti and x V for the same metal site, according to
the respective chemical composition.

Single-crystal X-ray 1% and powder neutron diffraction studies 4 have shown that only
one 4c channel site is occupied by lithium in LiosTiO2(R). However additional channel
sites have been suggested to be occupied by lithium in ramsdellite Li>TizO7 according to
previous neutron diffraction studies 32-3* and entropy measurement of reaction combined
with Monte Carlo simulation.® In order to assess the lithium site distribution in LiosTi1-
xVxO2 two compositions, x=0 and 0.3, were investigated by means of neutron diffraction.
The corresponding difference Fourier synthesis maps were calculated starting from the
Ti1xVxO2 skeleton framework (Fig. 4a), in which the Li channel atoms were not included
(x=0.3, Fig. 4b and x=0, Fig. 4c). In both cases negative peaks for Li in the z = ¥4 section
were detected at a single 4c (x,y,% ) channel site, at coordinates x ~—0.06 and y ~ 0.47.
Lithium is readily removed from this channel site upon reaction with 1M hydrochloric

acid after equation:

2 LiosTiO2(R) + 2 H*(ag) — TiO2(R) + Li*(aq) + H2T

No noticeable residual density is detected in the difference Fourier synthesis map of the
TiO2(R) obtained after chemical lithium extraction (Fig. 4c), confirming the easiness of
lithium extraction in this material.

Next, the Li atom was introduced to the structure model in the following refinements of
X-ray and neutron diffraction data. After refining the profile function parameters all
structure parameters of LiosTi1xVxO2 were allowed to vary using isotropic atomic

displacement parameters. In Rietveld analysis of X-ray diffraction patterns Li parameters



from the refined neutron diffraction data of LiosTiO2 were used. No attempt was made to
refine the Li structure parameters (position, temperature factor) from the X-ray diffraction
data. The observed, calculated, and difference patterns for the Rietveld refinement of
LiosTiosV0402 and LiosTio7V0302 using powder X-ray and neutron diffraction are
shown in Fig. 5a and b, respectively. As can be seen from the patterns depicted in Fig. 5
and Fig. 1 of the supporting information (Fig. SI-1), good refinements were obtained for
all samples that were seen to be of high phase purity.

The basic structural motif of ramsdellite LiosTi1-xVxO2 are infinite double columns of
edge-sharing MOg octahedra (M=Ti/V) running along the short ¢ axis. Further corner and
edge cross-linking build up a three dimensional open framework leaving channel sites
that are partly occupied by lithium (Fig. 5). All samples refined satisfactorily to a simple
model with one (Ti/V) framework cation 4c site, with occupancies according to transition
metal stoichiometry for each composition, and one channel cation 4c site occupied by Li.
Unit cell parameters obtained from X-ray and powder neutron diffraction data and the
converged final R factors are presented in Table SI-1. The final atomic coordinates and
isotropic atomic displacement parameters determined by Rietveld refinement are listed in
Table 2. Selected bond lengths and angles are presented in Table SI-2.

The variation of normalized lattice parameters a/ao, b/bo and c/co with V content as
extracted from X-ray data (where O refers to the non-doped compound) are presented in
Fig. 6 together with the evolution of the unit cell volume. V-doping in TiO2(R) produces
a continuous moderate shrinking of both the large a and ¢ edges, whereas the short ¢ edge
remains almost invariant (Fig. 6). As a result the unit cell volume shows a slight decrease
(1.2%) with increasing V content, from 142.587(5) A% in LiosTiO2 to 140.895(4) A% in
LiosTiosVos502. This observation is in agreement with the different ionic sizes of trivalent

V (0.64 A) and Ti (0.67 A) in octahedral coordination 3637, which is in line with a general



trend observed in LixMO> ramsdellites; both a and b-axis are especially sensitive probes
to 1) the size of the octahedrally surrounded skeleton transition metal, M, and 2) the
occupancy of the Li channel ion.!2 Both factors essentially reflect the structural flexibility
of the ramsdellite structure type to accommodate different transition metals and a variant
amount of Li channel ions, which are key factors with regard to lithium intercalation
materials. The trend of unit cell volume for several LiIMTiO4 ramsdellites and analogue
spinels with the size of the M3* ion is illustrated in Fig. 7. For spinel (formulae per unit
cell Z=8) Vol/4 has been used for a better comparison with the ramsdellite form (Z=2).
Similar trends became known for Li1+xTi2-2<O4 ramsdellites ® and have been quantified
for the lithium insertion reaction in LiTi>O4(R) using in situ synchrotron diffraction.®®

It is remarkable that V-substitution has practically no effect on the coordination
environment (bond lengths and bond angles) of both (Ti/V)Os octahedra and LiO4
tetrahedra which remain practically unaltered. No significant shift of the octahedrally
centred transition metal and tetrahedrally centred lithium atom is observed and the
average Ti/V-O distances are comprised between 1.992 and 1.998 A. From neutron
diffraction analysis mean Li-O distances are seen to vary between 2.038 and 2.049 A. A
perspective view of the LiosTi1xVxO2 ramsdellite structure is given in Fig. 8a (x=0.3) and
b (x=0). The subtle tilting of edge-sharing MOs blocks upon lithium de-insertion is
accompanied by a shrinking of the short O-O atomic distance (from 2.970 A in LiosTiO2
to 2.852 A in TiO) and a simultaneous increase of the large O-O atomic distance (from
4.835 A in LiosTiO2 t0 4.863 A in TiOy) of the channel window formed by oxygen atoms
(Fig. 8c). The remarkable adaptability of the ramsdellite structure for lithium uptake with
negligible structural changes is in the line with the excellent lithium intercalation
properties such as excellent cycling stability, justified by a quasi-zero variation of the

lattice constants during the lithium insertion/de-insertion reaction.

10



Electrochemical Li insertion properties of Tii1-xVxO> ramsdellites

The electrochemical properties of TiixVxO2 ramsdellites have been evaluated as the
cathode in lithium half-cells. For simplicity, all materials were first completely charged
yielding the fully delithiated Ti1.xVxO2 ramsdellites previous to the evaluation of their
electrochemical properties. Fig. 9 shows the voltage profiles of TiixVxO2 versus lithium
studied at 25°C and a C/30 rate in the 4.2-1V range. The discharge-charge curves show
sloping profiles, roughly distributed over two voltage ranges, with a negligible voltage
hysteresis during individual discharge and charge. All studied TiixVxO2 compositions
exhibit high first discharge capacities of 270-320 mAh/g, although no one reaches the
theoretical capacity (335 mAh/g) under the galvanostatic conditions used. The initial
irreversible capacity decay has been attributed to the poor conductivity of TiO> and other

0

titanium oxide-related materials as active materials *° or the presence of blocking

contaminants molecules impeding easy lithium diffusion into the host.'®

After the first few cycles Ti1xVxO:2 delivers constant capacities of 200-250 mAh/g. The
variation of theoretical together with observed capacities during cycling is depicted in
Fig. 10. In T11xVxO2 compounds both transition metals are in their tetravalent oxidation
states. Initially lithium is inserted in the 3.0-1.7V range delivering a capacity of ca. 120
mAh/g. Afterwards insertion continues at relative lower constant voltage in the 1.7-1.0 V
range where the maximum capacity is reached. The capacity displayed in the higher

voltage region can be assigned to the V#/V** redox couple, whereas reduction involving

the Ti*"/Ti*" redox couple occurs in the lower voltage region. The amount of vanadium

11



(x) is found to be directly related with the length of the higher voltage process (increases
with x). A more detailed analysis of the discharge-charge curves during cycle no. 5 (Fig.
10) shows that theoretical capacities corresponding to the V#*/V** couple are roughly
reached only for low V-doped materials (x < 0.2), whereas capacities corresponding to
the Ti*"/Ti** redox couple deviate from their theoretical values (Fig. 10). On the other
hand a decreasing mismatch to theoretical capacities is observed in high V-doped
materials.

Neutron diffraction studies are now under progress to determine the exact crystal structure
of highly lithiated V doped titanate ramsdellites, especially concerning the lithium
channel site occupancy. On the other hand, kinetic limitations and low electrical
conductivity may be an important issue in these materials, in which only ramsdellites with
low V-content exhibit metallic-like behavior.?® Good electrical conductivity is one
important characteristics of a good electrode material. In this work optimization of
electrode morphology (for instance using ball-milling with conductive carbon or carbon
coating) has not been attempted, but may be required to achieve maximum
electrochemical performances of the ramsdellite materials studied in the present work.
Tailoring of the carbonaceous additives “° used in ramsdellite titanates or synthesis using
reducing atmosphere 3*4! may lead to improved capacity performances. Proper
processing may be further beneficial to address the irreversible first discharge cycle

capacity loss which seems to be connected to the low voltage process in these materials.

4. Conclusions

We demonstrate that vanadium doping in the TiO, ramsdellite structure, yielding Tiz-
xVx02 (0 <x < 0.5), has no noticeable effect on the oxygen coordination environment of

lithium as determined by neutron diffraction. The easy structural adaptability of these
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materials for lithium uptake is remarkable and can be directly connected to the excellent
lithium intercalation properties and cycling stability. Previously charged Ti1-xVxO2
materials deliver high initial discharge capacities of 270-320 mAh/g, with a stable
reversible cycling producing 200-250 mAh/g upon further cycling. Gravimetric capacities
of 200-250 mAh/g (at C/50) are among the highest ever reported for a bulk intercalation
compound for the threshold of 1 e~ / formula unit. The initial capacity loss observed in
the first cycle is significant and may be overcome by proper electrode processing and
selection of electrolyte to reach the full theoretical capacity corresponding to the

intercalation of 1 Li /f.u. (335 mAh/g).
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Table 1: Observed and expected weight gains for selected LiosTi1-xVxO2 ramsdellites and

the derived (Ti,V) oxidation state.

Nominal x | Expected weight | Observed weight | Observed (Ti,V)
gain (%) gain (%) oxidation state

0 4.58 4.24 3.2+

0.3 453 4.30 3.4+

0.5 4.50 4.48 3.5+
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Table 2: Atomic coordinates and isotropic displacement parameters B for ramsdellite

LiosTi1xVxO2 (0 < x < 0.5) determined using X-ray and neutron diffraction data (shown

in italics).
X in LiosTi1xVxO2
0 0.1 0.2 0.3 0.4 0.5
Li
X -0.0508(1) | -0.0508 -0.0508 -0.0548(9) -0.0508 -0.0508
y 0.4753(5) 0.4753 0.4753 0.4685(5) 0.4753 0.4753
B 2.0(1) 1 1 2.5(1) 1 1
SOF 0.51(1) 0.5 0.5 0.51(1) 0.5 0.5
TilV
X -0.0176(6) | -0.0154(8) | -0.0159(8) | -0.0166(4) -0.0170(7) | -0.0185(8)
-0.0130(2) -0.0158(2)
y 0.1410(2) |0.1413(3) | 0.1406(3) |0.1411(1) 0.1417(3) | 0.1410(3)
0.1417(1) 0.1408(1)
B 0.12(6) -0.14(8) -0.06(7) 0.02(4) 0.03(7) 0.31(6)
0.34(2) 0.72(2)
SOF 1 0.9/0.1 0.8/0.2 0.7/0.3 06/0.4 0.5/05
0.72(3)/0.28(3)
O(1)
X 0.7041(16) | 0.7062(18) | 0.6968(18) | 0.6971(8) 0.7043(17) | 0.7089(19)
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0.7076(1) 0.7024(1)

y 0.2800(8) | 0.2812(9) |0.2786(9) | 0.2785(4) 0.2806(9) | 0.2808(9)
0.28121(7) 0.27928(6)

B 1.0(3) 0.4(3) -0.1(3) 0.3() 0.8(3) 0.55(14)
0.52(1) 0.68(5)

SOF 1 1 1 1 1 1

0(2)

X 0.2019(13) | 0.1992(14) | 0.1998(17) | 0.2032(7) 0.2032(14) | 0.2067(16)
0.2000(1) 0.1978(1)

y -0.0347(8) | -0.0352(9) | -0.0399(9) | -0.0380(4) -0.0365(9) | -0.0368(9)
-0.0366(6) -0.03731(5)

B 1.0(3) 0.43) -0.1(3) 0.3(1) 0.8(3) 0.55(14)
0.33(1) 0.68(5)

SOF 1 1 1 1 1 1

Note: All atoms in point positions 4c, = (X, y, ¥4), £ (%2 - X, % +y, %)

SOF is abbreviation for site occupancy factor.
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Figure Captions

Figure 1: X-ray powder diffraction patterns of LiosTi1xVxO2(R) (x=0, 0.1, 0.2, 0.3, 0.4
and 0.5) ramsdellite phases. Calculated peak positions are shown below the X-ray pattern

corresponding to x=0.

Figure 2: X-EDS spectra of selected ramsdellites Lio.sTio.sV0.202 (a) and LiosTi0.7Vo0.302

(b). Cu grids were used for the measurements.

Figure 3: Typical TGA plot showing the oxidation of LigsTiO2 (a) and LiosTio.7V0302

(b) conducted in oxygen atmosphere.

Figure 4: The Ti1xVxO2 framework of Lios(Ti1xVxO2) ramsdellite. The unit cell is shown
as black box (a). Two-dimensional difference Fourier synthesis maps of Lios(Ti1-xVxO2)
from ND patterns at the z/c = 0.25 section for x=0.3 (b) and x=0 (c). The negative residual
nuclear scattering length density for the Li atom at the 4c channel site is clearly detected
in these maps. No noticeable residual density is detected in the corresponding map after

chemical lithium extraction (d).

Figure 5: Final observed (points) and calculated (solid line) X-ray diffraction (A=1.5406

A) pattern profile of LiosTiosVo4O2 (a) and neutron diffraction (L=1.5483 A) pattern
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profile of LiosTio.7V0302 (b), Space Group Pbnm. V203 as a minor secondary phase was
included in this refinement and appears as lower vertical bars. The inset shows the

ramsdellite structure along the tunnel c axis.

Figure 6: Evolution of the normalized lattice parameters and unit cell volume of LiosTi1-
xVxO2 with the V content x. Lattice parameters were normalized to the non-doped

compound x=0.

Figure 7: Variation of the unit cell volume of LiM3**TiO4 ramsdellites (bottom) and
analogue spinels (top) with the M3* ion size. Broken lines are only used as guides to the

eye. For comparison Vol/4 is used for spinel.

Figure 8: Perspective view of the LiosTi1xVxO2 ramsdellite structure: x=0.3 (a); x=0 (b)
showing the 4-fold coordination of the Li channel ions. The fully delithiated TiO> is

depicted in (c).

Figure 9: Discharge—charge curves of Ti1xVxO2 ramsdellites in the 4.2-1.0V range under

a current density of 0.1 mA - cm2. Selected cycles are shown.

Figure 10: Specific discharge capacities delivered upon cycling for all the Ti1-xVxO2

ramsdellite compositions studied in the present work (left). The capacities for cycle no. 5

and the theoretical capacities assigned to Ti and V are shown (right).
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