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ABSTRACT

Lithium titanate, LisTisO12 (LTO) is a promising candidate as lithium ion battery anode
material. In this investigation, LTO was synthesized by a solid state method using TiO; xerogel
prepared by the sol-gel method and lithium carbonate (Li,COs3). Three variations of Li,COj3
content addition in mol% or Li,CO3; molar excess were fabricated, i.e., 0, 50 and 100%, labelled
as sample LTO-1, LTO-2 and LTO-3, respectively. The characterizations were made using
XRD, FESEM, and BET testing. These were performed to observe the effect of lithium excess
addition on structure, morphology, and surface area of the resulting samples. Results showed
that the crystallite size and surface area of each sample was 50.80 nm, 17.86 m%gr for LTO-1;
53.14 nm, 22.53 m?/gr for LTO-2; and 38.09 nm, 16.80 m?/gr for LTO-3. Furthermore, lithium
excess caused the formation of impure compound Li,TiO3z, while a very small amount of rutile
TiO, was found in LTO-1. A near-pure crystalline LisTisO;, compound was successfully
synthesized using the present method with stoichiometric composition with 0% excess,
indicating very little Li* loss during the sintering process.

Keywords: Excess lithium carbonat; Lithium titanate (LisTisO12); Sintering; Solid-state;
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1. INTRODUCTION

To overcome the energy crisis and environmental pollution, renewable energy sources have
been developed to supply power for electric vehicles with zero emissions. Electric vehicles
create additional economic development opportunities by improving quality of life, reducing
energy cost and decreasing reliance on foreign oil (Todd, 2013). One component of the electric
car that is absolutely necessary is a rechargeable battery, and the lithium ion battery (LIB) is
most widely used for this purpose today. The LIB generally uses graphite as anode material.
However, compared to graphite, lithium titanate (Li;TisO1, or LTO) offers more advantages.
LTO is known as a zero-strain insertion oxide that can undergo thousands of cycles with little
capacity loss. Additionally, its insertion potential (1.55 V vs. Li/Li+) remains above the onset
of Solid Electrolyte Interphase (SEI) formation, taking advantage of nano-scale features that are
not normally feasible with carbon electrodes due to excessive SEI (Solid Electrolyte Interface)
buildup (Maloney et al., 2012). Further, the electrochemical characteristics of the LTO
compound prove that LTO has the potential for electrochemical reaction kinetics leading to an
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excellent capability rate and stabile cycling performance (Li & Mao, 2014).

Although LTO has many desirable properties, this material has low electrical conductivity,
requiring modification of the material structure for use in high current applications. Thus,
although LTO has a theoretical specific capacity of 175 mAh/g, the ability to provide
charge/discharge currents are relatively low because of large polarization due to the low
electrical conductivity (Rho & Kanamura, 2004) and slow lithium ion (Li-ion) diffusion
(Ouyang et al., 2007). Efforts to enhance LTO conductivity include doping with other elements
and coating with more conductive materials (Park et al., 2008). The ionic diffusion of ion Li" is
increased by reducing particle size to increase the surface contact between electrodes and
electrolytes, also reducing diffusion of the Li-ion and electron paths to enhance lithiation
kinetics (Zhang et al., 2013).

The sol-gel procedure has been applied extensively to synthesize nanoparticles by controlling
the reaction at the molecular level, obtaining nanoparticles with high homogeneity (Bilecka &
Niederberger, 2010). The product resulted from sol-gel processing a higher surface area than
the solid-state process (Priyono et al., 2013). Further, the sintering temperature required to form
spinel-crystalline is significantly lower than the solid-state method (Zhang et al., 2013). In this
research, the LTO anode was made using the sol-gel process to prepare TiO, xerogel, calcined
to form the TiO,-anatase phase and mixed with lithium carbonate to form LTO upon sintering
at 750°C. It aims to obtain LTO with nano-crystalline structure and high surface area. By using
lithium carbonate (Li,CO3) as the Li-ion source (Mandal et al., 2012), the formation of LTO
will release CO; gas and leave an empty space for creating an enhanced porous structure.

2. EXPERIMENTAL METHOD

LTO powder was synthesized by the sol-gel method using titanium tetra-n-butoxide (Kanto
Chemical) to prepare TiO, xerogel, and calcined to obtainTiO, anatase. Then, lithium carbonate
pa. (pro analysis) grade was mixed with synthesized TiO, anatase and subsequently sintered to
obtain LTO. The procedure used to obtain TiO, xerogel was explained by Priyono et al. (2013).

To obtain crystalline anatase of the TiO, xerogel, two stages of calcination were carried out.
The first step was conducted at 150°C for three hours to evaporate the solvent, and the second
step was carried out at 300°C for three hours to remove the remaining organic compounds and
formation of TiO, anatase. It should be noted that the first step was performed under inert
atmosphere, while the final step was accomplished under air flow to oxidize the carbon in the
remaining organic compound and obtain the white powder TiO; anatase.

In the next step, to obtain LTO, mixing TiO, anatase and Li,COs in solid state processing was
carried out by using a high energy ball mill at 2,000 rpm for two hours, and continued with the
sintering process at 750°C with time to rise the temperature (rising time) for two hours and
holding time for one hour. The off-white LTO powder was collected for further analysis. The
sample of LTO-1 denotes 0% mol Li,CO3 excess or in stoichiometric ratio, LTO-2 denotes
50% mol Li,COj3 excess and LTO-3 denotes 100% mol Li,CO; excess. The use of such Li,CO3
excess in solid state mixing is to anticipate the superfluous loss of Li-ion during sintering
process.

The characterization by x-ray diffraction (XRD) was carried out to identify the crystal structure
of each solid sample obtained and the final lithium titanate. The crystallite size was estimated
based on XRD data via Scherrer’s equation analysis. Further, the Brunauer-Emmet-Teller
(BET) measurement (Quantachrome NOVA 1200e) was used to determine the surface area of
the sample. Energy Dispersive Spectroscopy (EDS) testing was conducted to determine the Ti
and O atomic compositions of TiO, xerogel. Further, Field Emission Scanning Electrone
Microscopy (FESEM) analysis was performed to identify morphology structure on the surface
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and particle size of LTO. Finally, conductivity and impedance testing was carried out using
HIOKI LCR-Meter to obtain impedance and conductivity characteristics of the solid. As a
comparison, LTO obtained through the courtesy of the Korean Institute of Science and
Technology (KIST) was used in this research as reference LTO.

3. RESULTS AND DISCUSSION

3.1. Formation of Anatase TiO, Xerogel

The atomic composition of TiO, xerogel after calcination at 300°C for two hours as determined
by EDS is shown in Table 1.

Table 1 EDS result of TiO, xerogel in three spots

Spot Weight Percent (%owt) Atomic Percent (%at)
Ti (0] Ti 0]
1 63.83 36.17 37.08 62.95
2 58.71 41.29 32.20 67.80
3 64.46 35.54 37.73 62.27
Average 62.33 37.66 35.67 64.34

Further, the spots of EDS testing are depicted in Figure 1, as follows:

Figure 1 Spots of EDS testing

EDS composition testing is required to ensure the purity of the starting material used to
manufacture LTO. All organic and volatile matters contained in the xerogel disappeared upon
the calcination process. No other major element was detected in the result. From Table 1, the
average percentage ratio of moles Ti:O is 1:1.8, while the stoichiometric ratio Ti:O = 1:2. This
may be caused by a lack of oxygen supply during the calcination process. However, it may be
said that the composition is indeed TiO,. To confirm this result, XRD testing was performed to
check the sample and its crystallinity following the calcination process. The diffraction pattern
of TiO, anatase is shown in Figure 2.
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Figure 2 X Ray-diffraction pattern of TiO, xerogel calcined at 300°C

Prior to calcination, xerogel has an amorphous structure (Priyono et al., 2013), while after
calcination at 300°C, the peaks as shown in Figure 2 belonging to TiO, anatase are observed in
the XRD-pattern (JCPDS ref. code: 00-004-0477-anatase synthetic). However, the small peaks
of TiO, Brookite (JCPDS ref. code: 00-029-1360) and the remaining CxH,O, (JCPDS ref. code:
01-071-1169) were detected. It is important to know the crystalline structure of TiO, anatase
prevailed at 300°C calcination. Since this solid TiO, was produced using the sol-gel method, the
lowest possible calcination is desired to preserve the surface area. The average crystallite size
was calculated by full width at half maximum (FWHM) of the XRD 26 peaks using the Scherer
equation and result was 7.62 nm.

3.2. Sintering Leads to LTO Spinnel Formation

The XRD pattern of post-sintering solids, together with the LTO reference from the
KIST, are shown in Figure 3. Figure 3 shows the XRD patterns of LTO resulting from the
sintering process at 750°C. All LTO-1 and LTO-2 samples show the dominant lithium titanate
spinel crystalline structure (JCPDS: 00-049-0207). The peaks were detected at 35.57°, 43.24°,
57.21° 62.83° 66.07°, 74.34° 79.34° and 82.37°. The only differences between LTO-1 and
LTO-2 were the impurities contained, as detected from the above XRD-Pattern, i.e., the
stronger peak of Li,;TiO3 resulting from increasing the content Li ion source in LTO-2. Further,
the XRD patterns match with the structure of LTO from KIST. Thus, in this research, the LTO
anode material with spinel structure has been successfully synthesized. Additionally, both LTO-
1 and LTO-2 contain lithium hydride (JCPDS: 01-078-0840) as the impurity with the same
peak intensity. The presence of lithium hydride might be caused by improper preparation and
the sintering process.

In Figure 3, the XRD pattern of LTO-1 shows two peaks of TiO, rutile at 27.46 and 53.34
(JCPDS: 00-004-0551) at very low intensity and a peak of Li,TiO3 at 43.72 (JCPDS: 00-033-
0831), also at very low intensity.

The impurity of TiO, rutile was formed by unreacted TiO, anatase during the formation of
LTO. However, the existence of Li,TiO3; peaks indicate that the unreacted TiO, anatase was
caused not only by loss of the Li* ion source during the sintering process, but also by
inhomogeneous mixture during the solid state mixing process. Further, the very low intensity of
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Li,TiO3 and TiO; rutile peaks at the stoichiometric composition indicates that there was little
loss of the Li-ion source during the sintering process.
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Figure 3 X Ray-diffraction pattern of LTO-1, LTO-2 sintered at 750°C and LTO from KIST

Still, in Figure 3, the XRD pattern of LTO-2 shows two peaks of Li,TiO3 at 43.58 and 43.72
(JCPDS: 00-033-0831) at stronger intensity than LTO-1, with no TiO, rutile peak. This
indicates that all TiO; anatase reacted with the Li* ion source during the sintering process and
the excess of Li* ion source lead to the formation of more Li,TiOs, which has a Li/Ti molar
ratio higher than LisTisO;, (Yoshikawa et al. 2010). Further, the XRD pattern of LTO-3 shows
that the Li,TiO3; peaks became more dominant than LisTisO;, peaks.

The TiO; rutile and Li,TiO3 formed may be disadvantageous for lithium ion diffusion
(Yoshikawa et al. 2010). Thus, it is desirable to obtain a high purity LTO/LisTisO.
Nevertheless, TiO; rutile has the capacity of 270 mAh/g, which is higher than LTO (175
mANh/g) as reported by Sun et al. (2014). There is an effort to make an in situ synthesized
LisTisOqo/rutile-TiO, composite (Li & Mao, 2014).

The average crystallite size of the solids estimated using the Scherer equation with fit size fit
size analysis (Speakman, 2015) is presented in Table 2. All solids obtained have a crystallite
size of well below 100 nm as a benchmark of the nanocrystalline size product.

Table 2 Average crystallite size diameter Table 3 BET surface area result

Sample Crystallite size (nm) Sample Surface Area (m*/gr)
LTO-1 50.80 LTO-1 17.86
LTO-2 53.14 LTO-2 22.52
LTO-3 38.09 LTO-3 16.80
LTO KIST 48.47 LTO KIST 33.45

The TiO, anatase prepared by the sol-gel method seems to be an acceptable starting material to
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produce LTO, and the 750°C sintering temperature is sufficient to form the LTO/spinel
crystalline, which is lower than using TiO, anatase prepared using the solid state method, as
reported by Shin et al. (2012).

3.3. BET Surface Area Result

The total capacity of the installed IPFC is required for solving the overload on the transmission
The TiO, xerogel calcined at 300°C had a surface area of 136.49 m?/g, which is higher than the
other xerogel calcined at 420°C (Priyono et al., 2013). Additionally, compared to commercial
TiO, from Merck (10 m?g) (Augugliaro et al., 2005) and TiO, from Sigma (18.75 m%/(g)
(Ruslimie et al., 2011), the TiO, xerogel resulting from this sol-gel process had a significantly
higher surface area. The sol-gel method could synthesize solid material with a high surface area
(Wen, 2012). Thus, the present TiO, xerogel was a better prospective starting material for
manufacturing high surface-area LTO.

Analogically, a high surface-area starting material must be used to obtain high surface-area
LTO, since the subsequent heat treatment process to obtain the crystalline structure will cause
agglomeration in the solid and reduce the surface area. In view of the foregoing, it is important
to use the lower temperature process during calcination and sintering to preserve the surface
area of the solid. The BET surface area testing of the sample of sintered product and the
reference sample is presented in Table 3.

Table 3 shows the BET surface area of LTO-1, LTO-2, LTO-3 and LTO KIST. A large surface
area is required to produce an LTO compound with a high capacity and cycle stability due to
the large surface area, which will increase contact between the electrolytes and electrodes and
shorten the diffusion paths for electrons and lithium ions (Zhang et al., 2013). It is interesting
that the LTO obtained from the present research had a reasonably high surface area. This is a
starting point for exploring the high surface area LTO for a high capacity anode.

3.4. Scanning Electron Microscopy Micrograph of Sintered Product
The Scanning Electron Microscopy (SEM) images of the sintered products LTO-1, LTO-2,
LTO-3 and LTO KIST samples, respectively, are shown in Figure 5.

Figure 5 SEM images of: (a) LTO-1; (b) LTO-2; (c) LTO-3; (d) LTO from KIST

From Figure 5a, it can be seen that particles LTO-1 with mostly spherical shapes and sizes
sticking together formed the agglomerate. Further, Figure 5b shows particles LTO-2 also
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compose an agglomerate. The tiny particles that constitute the agglomerate still appear similar,
with the size slightly larger than the LTO KIST shown in Figure 5d. Figure 5¢c shows particles
LTO-3 have already formed a dense particulate, and the tiny particles forming the agglomerate
are no longer visible. This causes a decrease in the surface area of LTO-3 compared to LTO-2.
This large agglomerate of particles is thought to be a Li;TiO3 compound formed from the
reaction between TiO, with excess lithium (Yoshikawa et al., 2010). Gu et al. (2014) reported
that excess lithium leads to the formation of the Li,TiO; compound. However, further research
is needed to explain why the LTO-2 has a higher surface area than LTO-1 and LTO-3.

The magnificent image of Figure 5d shows the tiny particles of LTO KIST that compose the
porous sphere agglomerate have a high level of homogeneity in size and shape. This structure
leads to the highest surface area, compared to LTO-2 and LTO-3.

3.5. Impedance Measurement of Sintered LTO-1 and LTO KIST

Based on the XRD test, due to the closest relevance of the LTO-1 produced in this work
compared to LTO KIST, both samples were measured for impedance to ascertain the
conductivity of the solid materials. Figures 6A and 6B show the semicircular Nyquist plots of
LTO-1 and LTO KIST, resulting from the conductivity and impedance testing that were carried
out using a HIOKI LCR-Meter.

Figure 6A shows two semicircles for LTO-1, indicating several possibilities. Firstly, variance or
non-uniformity of tiny particle size produced from the synthesis process as the result of
sintering produces agglomerated particles with inhomogeneity of the particles, which then
affects the resistivity of the bulk material. Secondly, the presence of impurities TiO, rutile and
Li,TiO3 have different conductivity.
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Figure 6A Nyquist plot of LTO-1 Figure 6B Nyquist plots of LTO-1 and LTO-KIST

Further, in Figure 6B, the Nyquist plot of LTO KIST shows one semicircle is much bigger than
that of LTO-1. This indicates that LTO KIST has better homogeneity in particle morphology
(as confirmed by SEM imaging) and fewer impurities (as supported by the XRD pattern). The
larger Nyquist plot indicates that LTO-KIST has higher resistivity, as proved by conductivity
calculations using regression of LCR equations.

To calculate conductivity, the conversion of impedance data and regression of the equation
were obtained using the following conductivity equations:

67 =6pc + O6aC (1)

since 6ac = A" (2)

thus,
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o1 = opc + A0 (3)

wherein
o7 . Overall conductivity (Siemens/cm)
opc . Direct Current (DC) conductivity
oac . Alternating Current (AC) conductivity

From the regression, it is obtained for LTO-1 by

o1=9.92x10" + 8.65x10™* ©®™® Siemen/cm

while for LTO KIST, it is obtained by

o1=1.53x10" + 1.90x10™* ©®"® Siemen/cm

Usually, conductivity data refers to DC conductivity, i.e.: 9.92x107 S/cm for LTO-1 and
1.53x107" S/cm for LTO KIST. From the said result, the conductivity of LTO-1 is higher than
the conductivity of LTO KIST and the results were in line with LTO conductivity in the range
of 107 S/cm, as reported by Young, et al. (Young et al., 2013). The conductivity of LTO-1 is
higher than the reference LTO. However, this may be attributed to the existence of impurities
that may have higher conductivity.

4. CONCLUSION

Lithium titanate, having quite a high surface area, was successfully synthesized using the sol-
gel method with a calcination temperature of 300°C to form TiO, anatase, and with a sintering
temperature of 750°C to obtain the LisTisO1, spinel structure. The XRD patterns show all
structures were readily crystallized. The loss of the Li-ion source during processing is not
superfluous, indicating that this TiO, xerogel and Li,CO3z mixture using high energy ball mill
could promote the reaction needed to form Li,TisO1» while preventing significant loss of the Li*
source.

The conductivity of LTO-1 obtained in this research was significantly higher than the reference
LTO. Further, the influence of rutile TiO, existence and Li,TiO3 in the anode performance is
interesting and should be studied in future research.
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