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Abstract

This work describes comparative study on the application of Li4Ti501, (LTO) as anode materials for lithium-ion batteries which
were successfully prepared by sol-gel synthesis with the use of two titanium sources. One of them was anatase-type titanium
dioxide (TiO,), whereas the second was tetrabutyl titanate (TBT). Both obtained LTO materials were very similar in terms of
their crystallinity and purity. In turn, the sample synthetized with TBT source revealed better particle dispersibility, and its
particles were slightly lower in size. These particular features resulted in higher Li* diffusion coefficient and better kinetic of Li*
ions during charge transfer reactions for the LTO synthetized with TBT source. This reflected in specific capacitance values for
both electrodes which equalled 150 mAh g ™', 120 mAh g ', and 63 mAh g ' for TBT-LTO and 120 mAh g, 80 mAh g ', and
58 mAh gf1 for Ti0,-LTO at C-rates of 1, 5, and 10 C, respectively.
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Introduction

Since the energy crisis in 1973 associated with the future
predictions about the shortage of oil and other finite energy
sources [ 1, 2], many people have begun to pay attention to the
issues related to energy storage. This trend has caused that
some of them look towards alternative renewable energy
sources like solar energy, hydropower, wind power, and geo-
thermal power. Nevertheless, the energy from natural sources
requires the effective storage systems. This is one of the rea-
sons why many scholars work on the energy storage devices
such as lithium-ion batteries (LIBs) [3].
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In recent years, the cubic spinel LisTisO;, (LTO) has be-
come a promising anode material because of its many advan-
tages, including a high working potential of the redox couple
Ti**/Ti** at 1.55 V (vs. Li/Li*), high safety, good cycling
stability, high energy density, and excellent Li* intercalation/
extraction reversibility without metallic lithium deposition
and with near zero volume change during discharge—charge
processes [4-8]. On the other hand, the LTO has some serious
drawbacks, such as low theoretical capacity (175 mAh g "),
poor intrinsic electronic conductivity (10™"* S cm ™), and low
lithium-ion diffusion coefficient (10 °~10""> cm” s™"). Some
of them still restrain possible application of the LTO as anode
material in LIBs [9, 10].

So far, few strategies which aim to decrease the impact of
some unwanted drawbacks and at the same time to improve
the electrochemical performance of the LTO electrode mate-
rial have been proposed. Among them, three are very com-
mon. The first one is to reduce the LTO particle size [11, 12].
This allows (i) enhancing the active surface area, (ii) shorten-
ing the lithium-ion transfer path, and (iii) speeding up electro-
chemical reaction. For instance, Michalska et al. [8] as well as
Pohjalainen et al. [12] designed various milling processes in
order to prepare the LTO with different sizes, and they noticed
that the smaller primary particle size of material, the higher its
specific capacity was. Also, Wang et al. [13] studied the LTO
electrodes which were synthetized by using the TiO, particles
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with different sizes. According to their results, the small par-
ticle size promoted the better electrochemical performance.
On the other hand, they observed that the use of too small
particle sizes resulted in the particle agglomeration which
caused the worse electrochemical performance. The second
strategy is associated with the doping of LTO material. This
can be realized through cation (e.g., Nb>* [7], Mg** [14], Ru**
[15], V>*[16], Cu®* [17], Zn** [18], Fe** [19]), and non-metal
anion (e.g., Br [20]) doping into Li, Ti, and O sites, and it
usually leads to increase of electronic conductivity as well as
stabilization of cycling behavior at high C-rates. The third
method of LTO performance improvement is its surface mod-
ification with carbon [21-24] or other compounds (e.g., AlF;
[25], TiN [26]). This can mainly improve the electronic con-
ductivity of LTO electrode.

The LTO material can be successfully synthetized with
various titanium sources. Among them, the anatase-type tita-
nium dioxide (TiO,) powder is one of the most frequently
used in the direct LTO preparation [8, 13, 14, 16, 19, 21, 27,
28]. However, the anatase TiO, powder is sometimes pre-
pared in an indirect way, for instance, through the leaching
of hydrolyzed titania residues from natural ilmenite [29] or the
decomposition of tetrabutyl titanate (Ti(OC4Hy)4; TBT) [9,
28, 30, 31]. After that, the obtained anatase powder is taken
to the LTO synthesis. Taking an advantage of direct and indi-
rect anatase sources, we have performed a simple sol-gel syn-
thesis with two various titanium sources, i.€., titanium dioxide
and tetrabutyl titanate, in order to investigate their impact on
synthesis and electrochemical properties of the LTO anode
materials for lithium-ion batteries. Our approach can be con-
sidered another interesting strategy which leads to the synthe-
sis of the LTO electrode materials with various electrochem-
ical properties.

Experimental

Synthesis of the pristine LTO by using the sol-gel
method

The lithium acetate dihydrate (CH;COOLi 2H,0) (98%,
Acros), titanium dioxide (98% anatase powder, Acros) or
tetrabutyl titanate (TBT; 99%, Acros), and citric acid (CA;
99%, Fisher Chemical) were used as lithium source, titanium
sources, and chelating agent, respectively.

In the synthesis, the proper amount of reagents with the
Li:Ti:CA molar ratio of 4:5:4 was separately dissolved in
50 ml of 95% ethanol to obtain three solutions. In order to
avoid lithium salt heat loss during the high-temperature calci-
nation process, the excess of 5%, of lithium salt was added
to the lithium solution. Afterwards, the lithium solution was
slowly dropped to the titanium solution with continuous stir-
ring at room temperature overnight. This led to the formation
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of a homogeneous precursor solution. Then, the precursor
solution was mixed with CA and was heated at 120 °C under
continuous stirring for 8 h. This caused the formation of a gel
precursor which was dried at oven 60 °C for 2 days to remove
the residual solvent. Finally, it was subjected to the thermal
pre-treatment at 350 °C for 4 h under air atmosphere and then
cooled down to room temperature. The obtained semi-product
was milled by agate mortar to form homogeneous powder
which was thermally treated at 800 °C for 12 h under air
atmosphere to get the final LTO materials.

It should be also noted that the synthesis procedures for
both LTO materials were exactly the same apart from the
titanium source. Therefore, in order to differentiate both sam-
ples, we had designated them as TiO,-LTO and TBT-LTO.

Physical characterization of materials

The crystallinity and purity of synthesized materials were ver-
ified by powder X-ray diffraction (XRD) using the Lab XRD
6000 (Shimadzu Corporation, Japan) operating at 40 kV and
30 mA and equipped with a Cu Ko lamp (Axrp = 1.5406 A).
The XRD patterns were collected in 26 range of 10-80° with
step of 0.02 degree and scan rate of 0.6 degree/min. The mor-
phology and particle size of the prepared materials were ana-
lyzed by using a scanning electron microscope (SEM; JSM-
7800F, JEOL). The particle size was also determined using a
particle size analyzer (PSA; BECKMAN COULTER LS
13320). In this case, the water dispersions of both samples
were used. The molecular bonding and structural properties
of both LTO particles were studied using a Raman spectrom-
eter (UniDRON in Via, Agrg =532 nm). The specific surface
areas of the investigated LTO materials were determined with
the BET (Brunauer—-Emmett-Teller) method based on the ni-
trogen adsorption—desorption measurements performed with
an ASAP 2020-Micromeritics analyzer.

Electrochemical characterization

The as-prepared LTO materials as active electrode materials,
acetylene black (UBIQ Technology CO.) as the conductive
material, and polyvinylidene fluoride (PVDF) (Kynar HSV
900) as the binder were mixed in a weight ratio of 83:10:7
and dissolved in N-methyl-2-pyrrolidone (NMP, 99%, Alfa
Aesar). After that, the mixture was continually stirred for
2 h. The resulting slurry was deposited on Cu foil (UBIQ
Technology CO.) acted as a current collector. The thickness
of electrode was about 15 um. Then, the current collector
covered by electrode material was dried at 120 °C for 12 h
in a vacuum to remove residual solvent.

The electrochemical tests were prepared using CR2032
coin-type cell. Prior to the assembly of coin cells, the elec-
trodes, lithium metal, and separator (Union Chemical IND.
CO., LTD) were punched for a disk with a diameter 0.5 cm,
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0.6 cm, and 1.8 cm, respectively. The coin cells were assem-
bled in an argon-filled glove box. The 1.0 M LiPF in ethylene
carbonate (EC):diethyl carbonate (DEC) (1:1, v/v) was used
as electrolyte (Formosa Plastics Corporation CO.).

The galvanostatic charge and discharge (GCD) tests were
executed by a commercial battery auto test system (NEWARE
CT-4000) within a cutoff voltage region of 1.0-2.5 V (vs. Li/
Li") at varied current densities at room temperature. The cy-
clic voltammetry (CV) analysis was collated at voltage of 1.0—
2.5V (vs. Li/Li") at 0.1 mV s ' with VMP-300 (UBOTECH).
The electrochemical impedance spectroscopy (EIS) analysis
was carried out by using Zahner Zennium in the frequency
range from 100 mHz to 100 kHz with the amplitude of 5 mV.
The EIS measurements of the coin cells were detected after 10
cycles of CV tests.

Results and discussion

The XRD patterns of the pristine TiO,-LTO and TBT-
LTO materials prepared via a sol-gel method are shown
in Fig. 1. Both investigated samples exhibit very similar
XRD patterns. The main diffraction peaks in XRD pat-
terns are located at 20 =18.4°, 35.6°, 43.3°, 57.2°, and
62.9°, and those positions can be indexed to (111),
(311), (400), (333), and (440) lattice planes according
to JCPDS file card no. 49-0207. Furthermore, the ob-
tained LTO materials reveal the spinel structure with the
space group Fd3m. According to the XRD data, the
samples are well crystalline because the well-defined
sharp diffraction peaks are detected. It is also evident
that both LTO materials are quite pure. Only in the case
of TiO,-LTO, low-intensity peak displayed at 20 =28°
can be considered impurity which might be assigned to
the Li,TizO; (JCPDS file card No. 40-0303) and

——Li,Ti;0,,-TiO,-LTO-800°C by sol-gel
——Li,Ti;0,,-TBT-LTO-800°C by sol-gel
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I Li,Ti,0, JCPDS No.40-0303
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Fig. 1 XRD patterns of TiO,-LTO and TBT-LTO prepared by using the
sol-gel method
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attributed to the lithium metal heat loss which occurs
during the high-temperature calcination [32].

The Raman spectra for both investigated LTO materials
were collected in the range of 200-2000 cm ', and they are
shown in Fig. 2. In general, the positions of bands in both
Raman spectra are very similar. The band located at
235 cm ! is associated with the bending vibration of the O—
Ti-O. In turn, the bands at 348 cm 'and 427 cm™! correspond
to the stretching—bending vibrations of the Li—O bonds in
LiO4 and LiO4 polyhedrons. The last two bands at 679 cm
and 750 cm ™' are related to the vibrations of Ti-O bonds in
TiOg octahedra [5, 6, 8, 21, 26]. It is also important that the
intensities of bands in both Raman spectra are different. In
fact, much lower intensities were recorded for the TiO,-LTO
sample. At this point, it should be underlined that the param-
eters of Raman measurements were exactly the same for both
investigated LTO materials. Hence, it is expected that the
observed differences in the intensities of Raman spectra can
be explained considering the surface area of TiO,-LTO and
TBT-LTO materials which was determined with the BET
method and equalled 1.49 and 2.17 m* g ', respectively.
Thus, the sample with lower surface area exhibited the lower
intensities of Raman signal. Concluding, the performed
Raman measurements for both investigated samples revealed
the typical structural features observed in the LTO material.
Moreover, the lower Raman signal was observed for the LTO
sample with lower surface area.

The SEM images which display the morphology of TiO,-
LTO and TBT-LTO samples are shown in Fig. 3. Comparing
these images, one can see that TBT-LTO particles exhibit the
better dispersibility than TiO,-LTO, whereas the agglomera-
tion of TiO,-LTO particles is more obvious. Moreover, in
order to verify agglomeration tendency of the investigated
LTO materials, the additional measurements have been car-
ried out using the PSA technique, and these results are shown

——Ti0,-LTO
——TBT-LTO

Intensity (a.u.)

200 400 600 800 1000 1200 1400 1600 1800 2000

. -1
Raman shift (cm™)
Fig. 2 Raman spectra of TiO,-LTO and TBT-LTO
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Fig. 3 SEM images at different magnifications and corresponding particle size distribution diagram of a, b, ¢ TiO,-LTO and d, e, f TBT-LTO

in Fig. S1. The average particle size of TiO, powder used as a
titanium source is about 0.5 wm, and this value is greatly
smaller than that obtained for TiO,-LTO (8 um) as shown in
Fig. Sla and S1b, respectively. In turn, Fig. Slc and S1d
present the distributions of particle sizes collected for the
TBT precursor and the as-prepared TBT-LTO which, indeed,
are similar. Moreover, the average particle size of TBT and
TBT-LTO equals 2.96 um and 3.04 pm, respectively. This
surprising observation is associated with the fact that the TiO,
particles are much smaller than the TBT precursor powder.
Therefore, the smaller particles could agglomerate and form
the well-packed structures which are easier to sinter during the
synthesis process. This, in turn, caused the significant increase
of TiO,-LTO size in comparison with the size of TBT-LTO
material. Further analysis of the magnified images shown in
Fig. 3b and d allows determining that the average particles
size of TiO,-LTO (385 + 83 nm) is larger than that of TBT-
LTO (306 £ 54 nm). These results might be a bit confusing at
the first moment because the values of particle size determined
with this technique are much lower than that measured with
PSA. Nevertheless, it is known that the PSA method does not
provide the information whether the measured sizes are valid
for agglomerations or single grains. Taking into account this
important feature of PSA and the SEM results, it is supposed
that both investigated LTO samples tend to agglomerate but
the larger agglomerations are found for the TiO,-LTO parti-
cles. This assumption is in good agreement with the BET
results because the larger particles usually possess the lower
surface area and vice versa. It is also important because the
reduction of particle size can be beneficial for shortening the
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transport of lithium-ion kinetics of lithium insertion/extraction
into the LTO structure. Moreover, the previous literature re-
ports have pointed out that the particle size significantly af-
fects the electrochemical performance [12, 13, 31].

The charge and discharge curves recorded at various C-
rates between 1.0 and 2.5 V vs. Li/Li* for both LTO ma-
terials are shown in Fig. 4. Analyzing them, one can see
that the flat charge and discharge plateau at an average
potential of 1.55 V is clearly visible. This plateau corre-
sponds to the Ti**/Ti** redox processes which occur dur-
ing the insertion/extraction of Li* ions to spinel structure
and at the same time corresponds to the reversible phase
transition between spinel structure LiyTisO;, and rock salt
structure Li7Ti5012 (Li4Ti5012 +3Li" + 3¢ = Li7T15012;
E=1.55V vs. Li/Li" [6, 33-35]). The specific capacity at
C-rates of 1, 5, and 10 C for TiO,-LTO electrode is
120 mAh g ', 80 mAh g ', and 58 mAh g ', respectively,
whereas the TBT-LTO electrode delivers specific capacity
of 150 mAh g ', 120 mAh g ', and 63 mAh g ' at C-rates
of 1, 5, and 10 C, respectively.

The cycling performance and coulombic efficiency for
both LTO electrodes are shown in Fig. 5. According to the
obtained data, the TiO,-LTO as well as TBT-LTO electrode
shows stable cycle life during the first 50 cycles. The coulom-
bic efficiency contains between 98 and 100% and capacity
retention displays the flat line after 50 cycles measured at
various C-rates. This means that both electrode materials re-
veal good cycling performance. On the other hand, it is also
important to note that the specific capacity for the TiO,-LTO
and TBT-LTO electrodes significantly decreases with the
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Fig.4 Charge and discharge curves measured between 1.0 and 2.5 V vs. Li/Li* for a, b, ¢ TiO,-LTO and d, e, f TBT-LTO at 1, 5, and 10 C, respectively;
1C=175mA g

increasing C-rate. In fact, this trend has been observed in the Comparing the middle sections of the charge and discharge
previous studies [16, 19, 30]. Nevertheless, the TBT-LTO flat plateaus recorded at 1 C during the 10th cycle which are
electrode exhibits higher rate capability than the TiO,-LTO  shown in Fig. 6, it is found that the interval between the charge
electrode. This can be associated with its relatively lower size ~ and discharge curves is smaller for the TBT-LTO material
which offers more active electrode/electrolyte contact area, (0.0511 V) than that of TiO,-LTO (0.0596 V), and this is
and, therefore, it results in shorter diffusion paths and better related to lower electrode polarization of the TBT-LTO elec-

electrode reaction kinetics [5, 8, 12, 13, 36, 37]. trode. Similar behavior has been observed in the case of CV
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tests whose results are shown in Fig. 7. The differences be-
tween the anodic and cathodic peak potentials for TiO,-LTO
and TBT-LTO are about 0.162 V and 0.138 V, respectively.
This indicates the higher degree of polarization for TiO,-LTO
sample [32]. Besides that, it is worth noting that the cyclic
voltammograms of both LTO electrodes reveal only one pair
of redox peaks which corresponds to oxidation and reduction
processes of the Ti**/Ti** couple. Those peaks are very sharp
and fairly symmetrical, indicating an excellent reversibility of
Li* insertion/extraction in the LTO spinel and a fast kinetics of
the electrochemical processes. However, based on the GCD
and CV experiments, it is clear that the TBT-LTO electrode
exhibits better kinetics properties. Finally, it should be also
noted that the peak area under CV obtained for the TiO,-
LTO was smaller than that of TBT-LTO. This confirms that
the TBT-LTO anode material reveals higher reversibility as

25
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20k (1.643V) —— TBT-LTO
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Fig. 7 Cyclic voltammetry of TiO,-LTO and TBT-LTO in the voltage
window of 1.0-2.5 V and at the scanning rate of 0.1 mV s~
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well as capacity, and it is in good agreement with the results
derived from GCD tests.

The EIS measurements were performed after 10 cycles of
CV in order to illustrate the different electrochemical imped-
ance and electronic conductivity for both LTO samples. The
Nyquist plots recorded for the LTO electrodes and their equiv-
alent circuit model are shown in Fig. 8a. The plots are com-
posed of two partially overlapping semicircles and one slope
line. In turn, the equivalent circuit comprises of several com-
ponents, i.e., R—resistance of electrolyte, R;, and CPE1—
resistance of polarization and surface capacitance at high fre-
quency, respectively, R, and CPE2—the charge transfer re-
sistance (electronic and ionic conductivity) and double-layer
capacitance of the electrode recorded at medium frequency,
respectively, and W—Warburg impedance recorded at a low
frequency and caused by Li* diffusion in the electrode mate-
rial [29, 34, 36]. The simulated results for the EIS measure-
ments are collected in Table 1. Analyzing them, one can see

160
( a) ® TiO-LTO
) 140 |- TiO,-LTO-Fitting
¢ TBT-LTO
120 - TBT-LTO-Fitting

0 20 40 60 80 100 120 140 160

(b) *
' 140 |
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w03

Fig. 8 a EIS results for TiO,-LTO and TBT-LTO electrodes recorded
with the frequency range of 1072~10° Hz after 10 cycles at 0.1 mV of CV
spectra. b Real part component of the impedance spectrum vs. w - at the
low-frequency region for TiO,-LTO and TBT-LTO
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Table 1 Values of resistance of electrolyte (R;), polarization resistance
(Riny), charge transfer resistance (R.,), Warburg impedance coefficient (o),
and Li* diffusion coefficient (D)

Sample Re() R R, () o(Ws®) Dem?sh
TiO»-LTO  2.96 10.31 46.16  72.84 571013
TBT-LTO  2.38 4.17 43.13 5541 9810713

that the R, R, and R values obtained for TBT-LTO are
smaller than that for TiO,-LTO. This can be explained taking
into account the smaller particle size of the TBT-LTO sample
which influences the electronic conductivity and the kinetic
behavior. In order to confirm this statement, the Li* diffusion
coefficient was calculated by using the following equations:

Zre = Ry + Ry + 0w *? (1)
D = (R*1%)/(2An* F*C?0?) (2)

where D is the Li* diffusion coefficient, R is the gas constant
(8.314] mol ! Kﬁl), T is the room temperature (298 K), A is
the surface area of the electrode (0.785 cm?), 1 is the number
of electrons during the half reaction of the redox couple (equal
to 1), F is the Faraday constant (96,500 C mol "), C is the
molar concentration of Li* in solid (4.37 x 10> mol cm ™), o
is the Warburg impedance coefficient, and w is the angular
frequency. The values of constant parameters have been taken
from the previous literature [6, 13, 33], whereas the o coeffi-
cient is calculated through Eq. 1 from the slope lines between
Z,. (real part of the impedance) and w - shown in Fig. 8b.
This allows estimating the value of Li* diffusion coefficient
from Eq. 2. Both calculated D and o values are also placed in
Table 1, and they prove that the TBT-LTO material has higher
Li* diffusion coefficient than the TiO,-LTO sample. This
agrees well with our assumption that the reduced particle size
enhances the Li* diffusion. Moreover, this indicates the im-
provement of the Li* ion kinetic which facilitates the charge
transfer reactions during charge and discharge processes.

Conclusions

The two LTO anode materials have been successfully pre-
pared by the sol-gel method with the use of different titanium
sources, i.e., tetrabutyl titanate and titanium dioxide.
According to the obtained XRD and Raman spectroscopy
results, the TBT-LTO sample possesses better dispersibility
and smaller particle size than that of TiO,-LTO material. We
also indicate that these features affect the lower polarization
phenomenon and higher lithium-ion diffusion coefficient for
the TBT-LTO electrode material. As a result, the TiO,-LTO
electrode delivers 120 mAh gfl, 80 mAh gfl, and

58 mAh g ', whereas the specific capacity of the TBT-LTO
electrode is 150 mAh g™', 120 mAh g ™', and 63 mAh g!
measured at C-rate of 1, 5, and 10 C, respectively. Even
though the values of specific capacity vary for both investi-
gated LTO samples, it is found that their capacity retentions
do not differ significantly and their Coulombic efficiencies
reach almost 100% after 50 cycles. Concluding, the results
presented in this work indicate that the choice of titanium
source in the synthesis of Li;TisO;, material influences its
morphological properties as well as electrochemical
performance.
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