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At present Li-ion batteries have long been used as power supply for a large scale of portable high-technology equipment, such as
mobile phones, notebooks, e-books, pads, photo- and video cameras, smartphones, etc. Technological progress puts high require-
ments on Li-ion batteries performance parameters, including the capacity, power, reliability, storage life, and safety. It should be
noted that the safety of modern Li-ion batteries is quite insufficient (because of the high reactivity of lithiated carbon) for using them
as power supply modules consisting of a large number of cells. Titania is a more suitable anode material for safe Li-ion batteries due
to its higher lithiation-delithiation voltage as compared to graphite. Among the titania polymorphs the anatase TiO, is intensively
investigated as Li-ion battery anode. In the present paper nanostructured anatase TiO, has been synthesized by a facile original
method of pulsed high-voltage discharge. As-prepared titania consists of a rough surface of particles having dimensions up to
500 nm composed from nanoparticles with diameters lower than 100 nm. Electrochemical properties of nanostructured anatase TiO,
nanostructure have been investigated in order to design the anode for Li-ion battery with high capacity and long-life performance.
The galvanostatic discharge-charge cycling of the titania electrode vs. Li*/Li at 0.1C-rate in the range from 3 to 1V yields approx-
imately 155 mAh-g~' after 20 cycles. The irreversible capacity loss is determined by both lithium intercalation into irreversible sites
and decomposition of the electrolyte and the formation of the solid electrolyte interphase layer. The electrochemical reaction
mechanism between the Li* and anatase TiO, has been investigated by the cyclic voltammetry. The obtained results show suitability

of the method of pulsed high-voltage discharge for preparing of the nanostructured anode-active materials for Li-ion batteries.
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Introduction

sources for portable devices (tablets, smartphones,

photocameras, etc.), electric tools, and medical
instruments. However, the application of LIBs for hybrid
and electric vehicles, uninterruptible power supplies, un-
manned underwater vehicles, etc. depends on designing
of new, efficient electrode materials [1—5]. The conven-
tional carbonaceous anode material of LIB is character-
ized by availability, insignificant volume changes (9—10%)
during cycling, and theoretical capacity of 372 mAh-g~!.
At the same time, the practical capacity of carbonaceous
anode does not exceed 250—300 mAh-g~'. In addition,
the safety of conventional LIB due to the extremely
strong reactivity of lithiated graphite is not enough for
their using as large-size modulus includes a great number
of cells. Therefore, nowadays, the synthesis of anode ma-
terials having high specific capacity, free from poison, sta-
ble during cycling, and reliable safety comprises a topical
issue of the basic science [6—8].

Nanostructured Ti-based materials, such as Li,Ti5O,,,
TiO,, TiOF,, etc. are of great interest as an anode mate-
rials for safe LIBs due to their higher Li* intercalation-
deintercalation voltage (>1 V vs. Li*/Li) [9—11]. Note
that lithium titanate Li,Ti;O,, is the almost commer-

Li—ion batteries (LIB) have widely used as a power

cialized Ti-based anode material at present. However,
Li,Ti;O,, limited capacity of 175 mAh-g~! results in im-
possibility of its use for high energy density applications
such as hybrid and electric vehicles, unmanned under-
water vehicles, emergency uninterruptible power sup-
plies, energy storage technologies for renewable power
systems, etc. [6, 9]. On the other hand, the theoretical
specific capacity of TiO, reaches 335 mAh-g~!. Among
the titania polymorphs the anatase TiO, are intensively
investigated as LIB anodes due to smaller volume chang-
es (less than 4%) during cycling and higher power den-
sity [9, 10]. At the same time, anatase TiO, is character-
ized by low Li-ion diffusivity (107"°~10~% cm?.s~!) that
deteriorates the reversible capacity and rate capability
[12—15]. It is well known, that nanostructuring facilitates
the Li* ions diffusion during the battery cycling [16, 17].
However, most reported preparation routes are unprofit-
able for nanostructured anatase TiO,, inconvenient and
unsafe in environmental terms. Thus, the development
of facile original approaches for synthesis of nanostruc-
tured anatase TiO, is a great interest [18—20].

In this paper, we report a pulsed high-voltage dis-
charge method for synthesis of nanostructured TiO, in
the anatase polymorph. The suitability of as-prepared
titania as anode material for LIB was investigated by
discharge-charge cycling and cyclic voltammetry.
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Experiment

Titania was synthesized in plasma by pulsed high
voltage discharge in the course of destruction of titanium
electrodes and polytetrafluoroethylene wire. In a typical
synthesis, Ti electrodes with diameter of 1 mm were lo-
cated at a distance of 3 mm between them at ambient
conditions. High voltage pulsed signal with amplitude
of 9 kV, a pulse duration of 100 ps, and a pulse-repeti-
tion frequency of 2000 Hz was applied from an external
power supply. As a result, the plasma filament emerged
between titanium electrodes. The intensive generation of
gas-vapor phase was observed after introduction of poly-
tetrafluoroethylene rod into the plasma of pulsed high-
voltage discharge. Light grey TiO, and TiOF, compos-
ite powder was obtained by a condensation of gas-vapor
phase on a surface of quartz substrate. Finally, the as-
synthesized composite was heated up to 450 °C at a slow
rate of 1.5 °C-min~! using Nabertherm B180 (Germany)
muffle furnace and maintained at this temperature for
2 hto prepare of TiO, in the anatase polymorph [21-23].

The crystal structure was characterized by X-ray pow-
der diffraction (XRD) on Bruker D8-Advance (Germany)
diffarctometer with CuK -radiation. Identification of
the experimental data was performed using the EVA
program with the PDF-2 (2006) powder database. The
surface morphology was analyzed by scanning electron
microscopy (SEM) using Hitachi S5500 (Japan) de-
vice, which was combined with energy dispersive X-ray
(EDX) analyzer.

The working electrode consisted of the anatase TiO,
(active material), carbon black (electroconductive ad-
ditive), and polyvinylidene fluoride (binder) at a weight
ratio of 80:10:10. The mixture was homogenized in
N-methylpyrrolidone solvent with use IKA C-MAG HS 7
(China) magnetic stirrer for 12 h at a rate of 250 rpm
to prepare uniform viscous slurry. The slurry was spread
on a Cu current collector by the doctor blade technique
using MTI AFA-I (USA) instrument. The electrode
sheet was dried at 60 °C for 24 h in MTI DZF-6020-
110P (USA) vacuum oven. Finally, MTI T06 (USA)
tool was applied for manually operated cutting of round
discs from electrode sheet. The mass of the active mate-
rial was approximately 5 mg-cm™2. The thickness of the
working electrode was equal to 70 um.

The half-cell was assembled in Plas-Labs 890-NB
glove box (USA) under the dry argon atmosphere.
Swagelok-type MTI STC-19 (USA) two-electrode cell
was used for study of the electrochemical performan-
ces. A lithium metal disc with a thickness of 0.1 mm was
used as both counter and reference electrode. 1 M so-
lution of LiBF, salt in the mix of propylene carbonate
and dimethoxyethane at a volume ratio of 3:1 was used
as an electrolyte. To prevent short circuit a polypropy-
lene separator was used. Relaxation of half-cell was per-
formed for at least 5 h to stabilize the open-circuit vol-
tage. The electrochemical performance was investigated
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using a Solartron 1470E (UK) potentiostat/galvanostat.
The parameters were measured by the galvanostatic
discharge-charge technique in the range from 3to 1 V
at current density of 0.1C (C = 335 mA-g~') during
20 cycles. In this work, due to half-cell applying the
lithiation process corresponds to discharge, while the
delithiation relates to charge. Cyclic voltammetry (CV)
was performed at a scan rate of 0.1 mV-s~! between
3 and 1 V. The measurements were carried out at least on
three half-cells for each test.

Results and discussions

The XRD pattern of as-synthesized titania is shown
in Fig. 1. All the peaks can be well indexed to anatase
with a tetragonal structure (JSCD Ne 00-021-1272,
space group I41/amd). No other peaks were observed
on the pattern, indicating high purity of the as-prepared
anatase TiO,. The lattice parameters are found to be
a =b=3.785Aand ¢ = 9.513 A. The anatase struc-
ture consists of distorted TiOg octahedra sharing two
adjacent edges so that infinite planar double chains are
formed [24, 25]. There are two types of empty sites (oc-
tahedral and tetrahedral) available for hosting foreign
ions like lithium. At the same time, the space between
TiOg is nearly sufficient for Li* ions intercalation only
into the octahedral vacancies [24, 25]. The anatase unit
cell includes the four octahedral sites and occupancy of
all of them leads to a formation of tetragonally distorted
rock-salt like structure LiTiO,.

The SEM images (Fig. 2) for as-synthesized anatase
TiO, reveals that the particle surface is relatively rough
and apparently built from tiny nanoparticles with diam-
eters lower than 100 nm (Fig. 2, a). The nanoparticles
are organizing the larger agglomerates having dimen-
sions up to 500 nm (Fig. 2, b). According to the EDX
results, Ti (38% (at.)) and O (52% (at.)) are uniform dis-
tributed on the surface of particles. Except C (10% (at.))
associated with the polytetrafluoroethylene destruction,
no other elements have been detected by EDX (Fig. 2, ¢).

The discharge-charge profiles for nanostructured
anatase TiO, vs. Li*/Li at a 0.1C-rate are shown in
Fig. 3. In accordance with [24—26] the typical voltage
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Fig. 1. XRD pattern for as-synthesized anatase TiO,
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plateaus at 1.7 and 1.9 V on discharge and charge curves,
respectively, are associated with the Li* ions insertion
and extraction:

xLi* + xe” + TiO, « Li,TiO,,

where x ranges from 0 to 1 depending on morpho-
logy, composition, and other features of titania. It was
shown [24—26] that the reversible electrochemical
intercalation of Li* ions into anatase structure proceeds
through a change of phase from the tetragonal (x ~ 0.05
in Li,TiO,) to orthorhombic (x ~ 0.5 in Li, TiO,). Only
a half of the available interstitial octahedral sites of ana-
tase can be randomly occupied by Li* ions, leading to a
total reversible capacity of 168 mAh-g~!.

During the 1% cycle discharge the anatase TiO, ex-
hibits a specific capacity of 361 mAh-g~!. Accordingly
[26, 27] the nanostructuring of anatase TiO, enhances its
lithium storage capacity up to 335—400 mAh-g~! during
the 1! lithiation and to 150—180 mAh-g~! in the subse-
quent discharge-charge cycles (only at low current den-
sities) due to a shorter diffusion length for both electrons
and ions, as well as a larger electrode/electrolyte contact
area, which facilitate the Li* insertion and extraction.
During the 1% charge cycle (Li* ions deintercalation)
the voltage continuously increases with a flat region at
1.9 V. The specific capacity of 230 mAh-g~! corresponds
to relatively low Coulombic efficiency of approximately
64% and large irreversible capacity of 131 mAh-g~!. In
accordance with [28, 29] the irreversible capacity is de-
termined by the lithium intercalation into irreversible
sites and in a lesser degree by the decomposition of the
electrolyte and the formation of the solid electrolyte
interphase (SEI) layer.
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Fig. 2. SEM images at different magnification (a, b) and EDX spectrum
(c) for as-prepared anatase TiO,
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Galvanostatic discharge curve of the 2" cycle for

anatase TiO, is differed from the ISt cycle curve. At the
same time, the charge curves of the 15t and 2™ cycles
are closer each other. The 2" discharge capacity of
titania is equal to 211 mAh-g~! (insertion of 0.6 Li*
into the TiO, structural unit). The subsequent charge
capacity of 195 mAh-g~! is showed the low irreversible
loss and higher Coulombic efficiency for the 2™ cycle.

The cycle performance for anatase TiO, electrode
vs. Li*/Li at a 0.1 C-rate in the voltage range of 3—1 V is
demonstrated in Fig. 4, a. During the 20-fold cycling the
lithiation-delithiation capacities gradually decreasing.
However, the capacity fading is more pronounced from the
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1 to 3™ cycle that attributed by completion of the struc-
tural ordering and the SEI formation. The Coulombic ef-
ficiency more than 99% is realized after the 3™ cycle and
the capacity fading rate is estimated to be less than 1% per
cycle for the subsequent discharge-charge. After the 20
cycles the reversible capacity is equal to 155 mAh-g~! that
is corresponds to 0.45 Li* per titania structural unit. The
cycling data suggest that the nanostructured anatase TiO,
synthesized by pulsed high-voltage discharge method is
highly stable during lithiation-delithiation.

Cyclic voltammograms for anatase TiO, electrode
scanned at a rate of 0.1 mV-s~! are shown in Fig. 4, b. The
CVs is typical for the reversible process [14—16]. For the
15t cycle, in the cathodic polarization process the peaks
corresponding to the insertion of Li* ions into anatase
TiO, appear at 1.7 V. The peak at 1.9 V in the following
anodic polarization is attributed to Li" ions extraction
from crystal lattice. During the 2™ cycle, the positions
of both cathodic and anodic peaks are slightly changed.
Furthermore, some disappearance of peaks is observed
due to the irreversible Li* insertion, leading to irreversible
capacity loss. For the 10! and 20™ cycles the tendency
are remained, however, the tempo of changes is slowing
down. The CV results are in good accordance with the gal-
vanostatic discharge-charge cycling of titania vs. Li*/Li.

Conclusions

A new concept for synthesis of the nonostructured tran-
sition metal oxides had been suggested. In particular, it
was found that the anatase TiO, prepared by the method
of pulsed high-voltage discharge is a promising anode ma-
terial for Li-ion battery. The as-synthesized titania con-
sisted of nanoparticles with diameter lower than 100 nm,
which are collected in agglomerates having dimensions up
to 500 nm. 20-fold galvanostatic discharge-charge cycling
shows that the specific capacity for nonostructured anatase
TiO, is equal to 155 mAh-g_I . Cycling efficiency is good, as
well as the capacity retention on cycling after an irreversible
capacity on the first cycle. The Coulombic efficiency is more
than 99%. The synthesis route is original and facile, and
could be used to prepare of other nanostructured transition
metal oxide anode materials for Li-ion batteries.
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