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Abstract

Significant safety advantages of lithium titanium oxide (LTO) over currently used graphite for lithium-ion batteries have
been attracting scientists to develop novel synthetic methods of this anode material in order to combine with another
cathode. This study utilizes self-sacrificing cross-linked aqueous templates of gelatin and chitosan polymer to control
lithium titanium oxide (LTO) morphology and microstructure. Gelatin and chitosan self-assembled aqueous template
containing LTO precursors has been evaporated at 110 °C and then calcined at 750 °C in a muffle furnace to synthesize
white color LTO powder. Various techniques such as X-ray diffraction (XRD), field emission scanning electron microscopy
(FESEM), Energy dispersive x-ray spectroscopy (EDS), Fourier transform infrared spectroscopy (FT-IR), Raman spectros-
copy and UV-visible spectroscopy were used to characterize the synthesized LTO powders. Both XRD and EDS spectrum
confirm the coating of gelatin and chitosan derived carbon species on the surface of LTO materials. The detailed char-
acterization reveals that increasing the amount of gelatin to the mass ratio of gelatin and chitosan reduced LTO particle
sizes. Thus, a size controlled carbon coating LTO preparation strategy have been established via gelatin and chitosan
cross-linked aqueous template in controlling the morphology and microstructure of LTO material.
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1 Introduction

Soft chemistry routes such as sol-gel [1], long-chain poly-
mers [2], surfactants [3], organic molecules [4], structure
directing agents [5] and biologic species [6] have been
considered as an effective method for preparing compos-
ite material oxides. These soft materials serve template
of fixed sizes and morphologies to mix precursor metal
ions uniformly at atomic or molecular levels. Interactions
between metal ions and soft material functional groups
confined the raw materials in the template. Composite
materials structure, shape, size, properties and functions
scale with confinement geometry of metal ions into soft

material templates. Moreover, a soft templates process is a
widely used environment friendly, non-toxic route of pre-
paring porous composite materials. This technique plays
a key role for the preparation of innovative materials in
fields such as inorganic chemistry [7], materials science [8],
organic chemistry [9] and bio-technology [10] for search-
ing their potential applications in electrode materials [11],
super-capacitors [12], solar cells [13] and photo-catalysts
[14]. It becomes a useful means to link the design and
application of composite materials for enabling their full
potentiality in the aforementioned fields. The convenient
template to design and prepare the composite materials
in the area of soft chemistry routes are still developing to
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meet the needs of the materials for further improvement
in their respective application area.

Accordingly, few attempts such as phenol-formalde-
hyde resin [15], poly-styrene-b-poly(4-vinylpyridine) [16],
gelatin [17, 18], polyethylene glycol [19], alginic acid [11]
self-sacrificing polymer templating have been made to
prepare Li,Ti;O,,, LiCoO,/Li;La;Zr,0,,, Co;0, for using as
electrode materials in lithium ion batteries (LIBs). Among
the synthesized electrode material spinel lithium titanium
oxide (Li,Ti;O;,/LTO) has been suggested as a promising
new generation potential anode material for large scale
implementation of LIB [20]. It has been regarded as a zero
strain and low cost material with excellent cyclic stability
at operating voltage of 1.55V vs. Li*/Li [21-24]. It exhibited
negligible volume changes during Li +ions intercalation
and extraction processes. The material possessed long
cycle life, good rate performance, excellent safety perfor-
mance and high prospect to replace the present graph-
ite based commercial anode material of LIBs [25, 26]. The
commercial electrode fabrication processes of LTO have
been hindered from its morphology and microstructure
aspect of low electronic conductivity. To overcome the
commercialization shortcomings of LTO the aforemen-
tioned self-sacrificing polymer templating have been
prepared LTO electrode materials with controlled particle
size, even homogeneity and ordered structure over the
common heteroatom doping [27-29] and surface modifi-
cation [30-33] methods of LTO material. Furthermore, the
electrode materials were prepared without the need of
special equipment, expensive reagents and complexity. It
is also found that the prepared electrode material proper-
ties improved significantly with these polymer templating
methods. However, the method still needs more develop-
ment direction to prepare right morphologies and micro-
structures LTO for next generation LIBs.

Concerning the aforementioned progress cross-link-
ing of two macromolecules may become an interesting
approach in the preparation of homogeneous and uni-
form size LTO material on substitution of single polymer

Table 1 List of used materials

matrix. Attention has been thereby paid for controlling LTO
particle sizes through the polymer engineering of gelatin
and chitosan. We anticipate that the size and morphology
of LTO particles can be controlled by the amount of the
aforementioned polymer matrices. Hence, we employed
environmentally friendly gelatin [34] and chitosan [35]
polymer cross-linked aqueous template for the prepara-
tion of LTO material. The cross-linked polymers network
has been identified as a simple and effective method for
controlling LTO sizes with the amount of polymers. Finally,
we have been provide the role of gelatin-chitosan cross-
linked aqua framework by means of polymers amount to
compute LTO sizes.

2 Experimental
2.1 Materials and reagents

All the chemicals were used as received. The details of the
used materials are given in the following Table 1.

2.2 Preparation of lithium titanium oxide (LTO)
powder

LTO materials were synthesized from gelatin and chitosan
mass ratio of 1:2, 1:1, 3:2 and 2:1 which were identified as
GC1, GC2, GC3 and GC4, respectively. Chitosan was taken
in a beaker. 20 mL deionized water and 0.5 mL 0.01 M ace-
tic acid solutions were added to it. It was stirred 30 min at
room temperature. Gelatin was then added to this solu-
tion to maintain a certain chitosan: gelatin weight ratio.
The exact amount of gelatin and chitosan for maintaining
different weight ratio are listed in the following Table 2.
The mixture was stirred at 50 °C for 30 min. The solu-
tion turned to viscous upon cooled down to room tem-
perature. Stoichiometric amount of 1.1831 g lithium
hydroxide and 2.8168 g titanium (IV) oxide were dis-
persed to the viscous solution and stirred 24 h at room

Name of chemicals Formula Name of company Properties
Lithium hydroxide LiOH.H,O Loba Chemie Co. Ltd, India Purity >98.50%
(Monohydrate)
Titanium (IV) oxide Tio, Merck chemical company, India Purity >99.5%
Crystal=Rutile
Chitosan (CgH1;NO,), Sisco Research Laboratories Pvt. Ltd, India Molecular weight ~ 193,400
Gelatin (Ci02H151N31030), Opsonin Pharma, Bangladesh Purity > 98%
Molecular weight ~ 1,00,000-200,000
Acetic acid CH;COCH Merck chemical company, India Purity >99
pH=5
Milopore water H,O From laboratory Purity =99
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Table2 Amount of gelatin and chitosan for maintaining different
weight ratio

Sample Weight ratio Gelatin (g) Chitosan (g)
GC1 1:2 0.03 0.07
GC2 1:1 0.05 0.05
GC3 3:2 0.06 0.04
GC4 2:1 0.07 0.03

temperature to organize the precursor materials in
the cross-linked framework. After stirring, the solution
was heated at 110 °C for 2 h for the removal of solvent.
Finally, calcination of the residue at 750 °Cfor6 h in a
muffle furnace in presence of oxygen yielded white color
LTO powder.

2.3 Characterization
2.3.1 Powder x-ray diffraction (XRD)

Powder X-ray diffraction data of the prepared LTO sam-
ples were collected using Bruker Advance D8 XRD dif-
fractometer equipped with CuK, monochromated beam
(A=0.15406 /:\). Accelerating voltage 40 kV, accelerating
current 40 mA, scan step 0.02 degrees and scan rate
0.01 s/step were other test conditions for 0° to 90° scan
range. A small amount of the prepared LTO powder was
poured into the sample holders of the diffractometer.
After loading the sample holder was mounted on the
diffractometer and scanned. The interplanar spacing of
the prepared LTO samples has been calculated using the
following Bragg's equations [36].

2dsin@ =nAi (M

where n is the order of diffraction (usually n=1), A is the
X-ray wavelength and d is the spacing between planes of
given Miller indices h, kand I.

2.3.2 Field emission scanning electron microscopy (FESEM)

Morphological changes of the synthesized LTO samples
were investigated using field emission scanning electron
microscopy technique. Few drops of LTO suspended in
ethanol solution were added on conductive carbon tape
adhered to alumina plate. A sufficient period of time was
then waited to dry the solution on the carbon tape. The
surface of the tape was blown with air blower to remove
excess powder from the sample plate. After that FESEM
imaging was done using 15.0 kV operating voltage.

Table 3 Viscosity values for

Solution Viscosity (mPa.s
different aqueous solution of a )
gelatin and chitosan GC1 13619

GC2 1.3630

GC3 1.3642

GC4 1.3647

2.3.3 Raman spectroscopy

Raman Studies of the samples were performed using a
model DXR smart Raman spectrometer (Thermo Fisher
Scientific Co., Ltd., USA). The measurement was carried
with a excitation wavelength of 780 nm full range grating.

2.3.4 Fourier transform infrared spectroscopy (FT-IR)

A small amount (about 1%) of the prepared LTO materi-
als was well mixed with KBr to prepare sample for FT-IR
measurements. A manual hydraulic press machine was
used to make a transparent pellet from the LTO and KBr
mixture. The spectrum of the prepared pellet was recorded
at 16 cm™' resolution in the wave number range from 500
to 4000 cm™" using FT-IR Tracer-100 of Shimadzu Corpora-
tion, Japan.

2.3.5 UV-visible spectroscopy

0.01 g LTO suspended in 30 mL ethanol solution was taken
in a cuvette. The cuvette was put into its holder to meas-
ure UV-visible spectrum of the respective sample. The
spectrum was recorded in the range 200—800 nm using
a UV-1800 spectrophotometer of Shimadzu Corporation,
Japan. Tauc plot is used to calculate the band gap energy
of the LTO samples on the basis of following formula [37].

(ahv)'/" = A(E - E,) 2)

where a is the absorption coefficient, A is a constant,
E=hv is the photon energy, E; is the band gap energy,
and n=1/2 for direct transition of electron.

3 Results and discussion

Gelatin as well as chitosan have good dispersion ability
in water. Both have been well dispersed in water. The vis-
cosity of the solution have been measured at 25 °C using
Ostwald viscometer and listed in Table 3.

Variation of viscosity values have been resulted due
to the different weight ratio of gelatin and chitosan in
water. Their electrostatic interaction in water formed
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interpenetrating self-assemble soft aqueous template
through the formation of amide bond [38]. These soft tem-
plates were filled up with the dispersion of LTO precursors
TiO, and LiOH. TiO, is inert to the amide bond. At room
temperature LiOH is not quite effective to break the amide
linkage. Hence, the LTO precursor’s filled gelatin-chitosan
cross-linked template was evaporated to remove solvent
and its subsequent calcination yielded LTO sample. The
prepared LTO samples were characterized by using XRD,
FESEM, FT-IR and UV-visible spectroscopy techniques. The
obtained results were discussed to show a relationship of
gelatin and chitosan mass ratio on the prepared LTO sam-
ples. The synthetic pathway of LTO samples is shown in
Fig. 1.

The Reitveld refinement XRD patterns of the four LTO
samples are shown in Fig. 2. The obtained XRD patterns of
LTO samples are assigned in accordance with JCPDS card
No. 00-049-0207. Peaks assigned at various 20 positions of
(111), (220), (311), (400), (331), (333), (440) and (531) planes
are suggesting the crystalline planes of Fd3m space groups
in the structure of prepared LTO materials [39]. All of the
observed diffraction peaks have been indicated the forma-
tion of pure and highly crystalline LTO materials. The peaks
of reduced graphene oxide and graphite appear at 25° and
27° respectively [40]. The carbon species could have been
generated from the calcination reaction of gelatin and chi-
tosan template. They have not been changed the prepared
LTO crystal structure. Hence, carbon on the surface of LTO.

Fig. 1 Schematic diagram for

the preparation of LTO Gelatin Chain

Chitosan Chain

Single Palyrmer malrix
(a)

LTO Material
(d)
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Very weak peaks of those carbon species are observed in the
XRD pattern of GC1 sample. However, the intensity of the
peaks becomes sharper and stronger with increasing gelatin
amount to the mass ratio of gelatin and chitosan mixture. It
has been reported that the specific capacity, conductivity,
and cyclic performance of carbon coated LTO significantly
improved with carbon coating. Gelatin and chitosan derived
carbon might have been improved the mentioned electrical
properties of LTO. Here, we could not examine those carbon
related properties of LTO due to instrument limitations.

The exact crystalline phases of the prepared LTO samples
have been analyzed using Reitveld refinement method. The
FULLPROF software was adopted for Reitveld refinement
analyses. Figure 3 shows the refined XRD profiles of the LTO
samples. The refined XRD profiles also indicate that the pre-
pared samples LTO exhibit single phase crystallinity with a
trace amount of carbon species. The well-fitting of Y, and
Y. Peak shapes illustrated the presence of single crystal
LTO electrode materials.

The interplanar spacing d for cubic crystal structure of LTO
is related to the lattice constants by the following equation
[36]. Itis used to calculate lattice constant“a”

0 _RKaE o
dﬁkl a?

The position of the X-ray peaks, interplanar spacing, cor-

responding miller indices and calculated lattice constant

Aquecus Template

Stirring anc

heating 40 *C

Crosslinked Polymer Nelwork
(b

®TO,
® LiOH . H,0

Evaporation az 110 °C

<—_—

Calcination at 750 “C

Uniform Dispersion of
LTO Precusers Within
Crosslinked Polymer Matrix
(c)
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Fig.2 XRD spectrum of the prepared LTO material of a GC1 b GC2 ¢ GC3 d GC4 samples

of the prepared LTO samples are summarized in Table 4.
Average lattice constant value is then used for calculat-
ing unit cell volume (V=a3) of the prepared LTO sample.
It is worth nothing that the (111) peak of the prepared
LTO shifts to higher angle with increasing the amount of
gelatin in the mass ratio of gelatin and chitosan. It may be
the effect of higher intermolecular interaction of gelatin
and chitosan on the size of aqueous template, and hence
the shift of (111) peak as a result of the reduction of the
LTO particles size. The crystallite size of the prepared LTO
samples for each diffraction plane was calculated by using
Scherer’s equation (D=0.9\/( cosB) and then averaged.
The calculated sizes are 94, 75, 69 and 64 nm for GC1, GC2,
GC3 and GC4 samples, respectively. So, amount of carbon
sources has influence on the average size of LTO. More
amount of carbon sources have been suppressed particle
growth during calcination and produced smaller size of
LTO. Thus, it can be inferred that the amount of gelatin
and chitosan plays an important role to tune the crystallite
sizes of LTO powders.

The cross-linking reaction of gelatin chains with chi-
tosan chains have been resulted the formation of micro
size pore. Raw materials aggregated in between the chains

of gelatin and chitosan. Pores occupied by the raw materi-
als acts as a reaction channel during the combustion reac-
tion for the formation of LTO particles. Size of this pore
depends on the degree cross-linking between gelatin and
chitosan. Here, we varied the amount of gelatin by keep-
ing the amount of chitosan constant to assess the effect of
cross-linking on the lattice constant of spinel LTO. We have
found that the lattice constant value of LTO decreased with
increasing the amount of gelatin. This is resulted due to
the high degree of cross-linking of gelatin and chitosan.
Field emission scanning electron microscopy linked to
energy dispersive X-ray spectroscopy is used to investigate
the morphology, particle size and element content of the
prepared LTO powder. The morphology and distribution of
LTO particles size are represented in Fig. 4. The prepared
LTO powders are well crystallized and agglomerated. It is
noticed that GC1, GC2, GC3 and GC4 with 0.5:1, 1:1, 1.5:2
and 2:1 mass ratio of gelatin and chitosan have average
particle sizes of 416+ 126 nm, 422+77 nm, 391 £62 nm
and 288 £ 49 nm, respectively. Apparently, the intermo-
lecular interactions of gelatin and chitosan control the
aqueous template volume of LTO precursors. When the
mass ratio of gelatin to chitosan was 0.5: 1 the template
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Fig. 3 Reitveld refined XRD spectrum of the prepared LTO material of a GC1 b GC2 ¢ GC3 d GC4 samples

has larger volume. Moreover, the condition of 2: 1 mass
ratio of gelatin and chitosan caused smaller volume tem-
plate due to enhance intermolecular interaction of the
polymer active sites. Therefore, the size of LTO powders
has been varied from the gelatin and chitosan cross-
linked aqueous template. From the morphology it can be
seen that increasing the amount of gelatin LTO powders
shape changes from plate shape to nearly cubic structural
morphology. Thus, gelatin and chitosan finely control the
shape and size of the LTO powder.

The element mapping image shown in Fig. 5 prove
the presence of Li, Ti and O in the LTO powder. The first
element selected in the mapping analysis assumes a red
color, the second a green color and third a blue color. In
the elemental mapping of GC1, GC2 and GC3, Lithium
was selected first followed by Titanium and Oxygen, con-
sequently they have similar color pattern. In GC4 elemen-
tal mapping, Titanium was selected before lithium and
oxygen and as a result the color pattern changed. All ele-
ments show homogeneous distribution. In the diffraction
peaks only Ti and O were observed. Fewer amounts of C
and Al are present. C presence is due to the combustion of
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polymer matrices. Al might have present from the sample
holder.

FT-IR spectra pattern of the prepared LTO materials are
shown in Fig. 6. FT-IR spectrum of the prepared LTO signals
at 2360 cm™' and 670 cm™' due to the vibration of Ti-O-Ti
and TiO4 octahedron respectively [41, 42]. The absorption
bands at 3410 cm™' and 1650 cm™' are characteristic of
hydroxyl group [43].

In all the FT-IR spectrum of the LTO samples hydroxyl
group peaks detected at two positions. One is around
3400 cm™' and another 1650 cm™'. Peaks located at
1490 cm™" and 1090 cm™' are attributed for the anti-sym-
metric and symmetric stretching vibration of CO5*™ ani-
ons, respectively [43]. In the FT-IR spectrum CO32* anion
and hydroxyl group peaks appeared due to the absorp-
tion of CO, and H,O on LTO surface [44, 45]. Thus, there is
no significant difference of the peak positions in the FT-IR
spectrum of all the prepared LTO samples. It implies the
presence of a homogeneous Ti-O-Ti bonding pattern in
all the prepared LTO samples.

The various functional groups presents in the prepared
LTO samples were detected using Raman spectroscopy.
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;ae'zllf:mi::;'::a‘:fsg;ii);;?y G120 1833 3555 37.18 4321 4732 5717 6279  66.03
corresponding miller indices d @A) 4836 2523 2416 20921 1919 16093 14782 14132
and calculated lattice constant (hkl) (111) (311) (222) (400) (331) (333) (440) (531)
of the LTO materials a(h) 8376 8367 8369 8368 8364 8360 8360 8359
3 (A) 8.365
V(A3 585.32
Dy (nm) 57 48 149 76 103 113 116 9%
Dy, avgnm) 94
GC2 28 18.34 3556  37.19 4322 4733  57.18 62.80 66.04
d @A) 48330 2522 2415 2091 1919  1.609 14784 1413
(hkl) (111 B11)  (222)  (400) (331)  (333) (440) (531)
a(h) 8.371 8364 8365 8364 8364 8360 8.360 8.359
2 (A) 8.363
V(A 584.90
Dy (nm) 57 42 75 76 77 92 95 92
Dg, avg (nm) 75
GC3 28 18.35 3557 3720 4323 4734  57.19 62.81 66.05
d (@A) 4830 2521 2415 2092 1918  1.609 1478 1413
(hkl) (111) B11)  (222)  (400) (331)  (333) (440) (531)
a(h) 8.365 8361 8365 8368 8360 8360 8.360 8.359
ag (A) 8.362
V(A3 584.69
D, (nm) 47 41 71 43 88 91 74 97
Dy, avg (M) 69
GC4 28 18.35 3557 3721 4323 4734  57.19 62.81 66.05
d (A 4830 2521 2414 2.092 1918  1.609 1478 1413
(hkl) (111) B11)  (222)  (400) (331)  (333) (440) (531)
a(A) 8.365 8361 8362 8368 8360 8360 8.360 8.359
2 (A) 8.361
V(A 584.48
Dy (nm) 47 42 39 39 88 92 73 9%
Dg, avg (nm) 64

Figure 7 shows the Raman spectra of the synthesized
LTO. This spectrum shows set of peaks appeared at 136,
226, 263, 346, 435, 508, 601 and 660 cm™'. Among them
five peaks 226, 263, 346, 435 and 660 cm™' highlighted
the characteristics of A1g+Eg+ 3F2g spinel structure
[46-48]. Presence of peak at 226 cm-1 corresponds to the
A1g mode and bending vibrations of O-Ti-O bands [49].
The presences of peaks in the range of 500-700 cm-1 are
corresponding to Ti-O stretching of TiO4 octahedra of LTO
[50, 51]. Apart from them the appearance of peaks in the
range 400-550 cm-1 indicate the stretching vibration of
Li-O and subsequently confirmed the formation of LiO,
tetrahedral [51]. Thus, such set of Raman bands confirmed
the formation of LTO from the calcination of gelatin-chi-
tosan aqua-gel.

Li, O and Ti outermost atomic orbital (2 s), (2p,, 2p,,
2p,) and (4 s, 3d,,, 3d,,, 3d,,, 3d,2. 2 3d,%) hybridization

Xy’ yz! zx’ X -y !

formed LiTisO,,. These multi orbital hybridization in LTO
generated a valence band maximum (O p,,) and conduc-
tion band minimum (Ti t,,) gap [52]. Consequently, O and
Ti in LTO make major contribution for the direct transition
of electron from valence band to conduction band [53].
In this study, UV-visible spectroscopy technique applied
to investigate the electronic nature of the prepared LTO
materials in ethanol solvent. The characteristics UV-visible
absorption spectra of all LTO samples are shown in Fig. 8.

It is noticed that the electron transition peak of all
LTO samples appeared after 220 nm, a region of lower
wavelengths and higher energies. This may be due to the
structural stability of LTO and interaction in presence of
a polar solvent ethanol. It is observed that the absorp-
tion peak located at 215, 213, 209 and 207 nm for GC1,
GC2, GC3 and GC4 samples, respectively. The observed
absorption peak variation scales with the content of
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Fig.4 FESEM images and corresponding histogram of the prepared LTO powders
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Fig.5 Elemental mapping and corresponding EDS spectrum of LTO powders
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Fig.7 Raman spectra of LTO prepared from the calcination of gela-
tin-chitosan aqua-gel at 750 °C
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gelatin in the mass ratio of gelatin to chitosan. The inset
of Fig. 8 represents The calculated band gap values are
5.5224,5.5403, 5.5942 and 5.6071 eV for GC1, GC2, GC3
and GC4 samples, respectively. The efficacy of gelatin
and chitosan interaction at various mass ratio prevailed
to the optical band gap value. The analyzed UV-visible
spectroscopy results are in good agreement with XRD
crystallite sizes and FESEM images.

4 Conclusion

The present study introduces a versatile pathway of
using gelatin and chitosan based aqueous template as
an efficient route to tune the morphology and size of LTO
powder. The XRD results indicate the formation of highly
crystalline LTO material. The appearance of carbon spe-
cies peaks in the XRD spectrum confirmed the coating of
carbon on LTO surface. FESEM observations reveal that
LTO particle size reduces by increasing the amount of
gelatin at the mass ratio of gelatin to chitosan. Based on
the results of UV absorption spectra, it is found that the
higher percentage of gelatin in the mass ratio of gelatin
to chitosan increases the Eg value of LTO materials. Thus,
the study has been proposed a simple and efficient route
for tuning the size and morphology of LTO powder.
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