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LisTisO;, (LTO) and its doped analogues Li;Tis 0sM 05012 (M = AI**, Co®*, Ni**, and Mg**) were
synthesized and characterized using in situ PXRD to monitor the phase transitions during the sol—gel
synthesis of the spinel material. These results are complimented by thermogravimetric analysis, which
illustrates the decomposition of the materials synthesized, where the final LTO products are seen to
form at approximately 550 °C. The material has an amorphous structure from room temperature,
coupled with a crystalline phase which is speculated to be H,Ti,05* H,O. This crystalline phase dis-
appears at 250 °C, with the material still in the amorphous state. The crystalline LTO phase starts at
approximately 550 °C, with anatase co-crystallizing with the spinel phase. Rutile appears at 600 °C
and co-crystallizes with the final product at 850 °C, where anatase is no longer seen. The rutile impu-
rity remains present after cooling the material to room temperature, and results indicate that prolonged
heating at 850 °C is required to reduce the rutile content. Rietveld refinement of diffraction patterns
show that the unit-cell parameter increases with increasing temperature, coupled with a decrease
when cooling the sample. The crystallite sizes follow the same trend, with a significant increase
above temperatures of 750 °C. © 2020 International Centre for Diffraction Data.
[d0i:10.1017/S0885715620000494]
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I. INTRODUCTION

Spinel Li4TisO, (LTO) is a promising anode material for
lithium-ion batteries due to its zero-strain electrochemical
capability, inherent safety, and excellent cyclic performance
(Nugroho et al., 2014, Wang et al., 2015). The material has
a face-centred structure with an Fd3m (227) cubic space
group. The lithium ions are located at the tetrahedral 8a sites
(Figure 1), the lithium and tetravalent titanium ions are ran-
domly dispersed at the 16d octahedral sites and the oxygen
ions are located at the 32e sites, with a unit-cell parameter
of 8.358 A (Yi et al., 2010). Upon lithium insertion during
discharge, the lithium ions move from the 8a to the 16¢ sites
forming Li;TisO1,, a rock salt structure, where all 16c¢ sites
are occupied and all 8a sites are empty (Ganapathy and
Wagemaker, 2012), as shown in the following reaction:

stability of the Ti**/Ti** couple during capacity cycling
(Sun et al., 2015); however, the high oxidation state (+4) of
the titanium in the spinel structure acts as an insulator that
effectively results in poor electronic conductivity (=107'* S
cm_l), which is one of the main problems encountered with
this material as it restricts electron transfer for high rate appli-
cations (Yi et al., 2010; Sun et al., 2015). Various methods
have been proposed to improve the conductivity, including
carbon surface modification, compositing, and doping the
material with metals, non-metals, and metal oxides (Ming
et al., 2014; Sun et al., 2015; Xie et al., 2015; Ni et al.,
2016; Coelho et al., 2017).

The understanding of the synthetic route to form the spi-
nel LiyTisO;, and its doped congeners is an important aspect
to consider due to the influence it would have on the final elec-
trochemical properties of the active material. The most com-

1 d syntheti thods includ f solid-stat
LisTisOpa(s) + 3¢~ +3Li* (aq) — LisTisOn(s) monly used synthetic methods include a range of solid-state

(1)
1.55V vs. Li/Lit

In an electrochemical cell, the spinel LTO gives a flat
charge—discharge curve at 1.55V vs. Li/Li* owing to the

¥ Author to whom correspondence should be addressed. Electronic mail:
xandri.vanniekerk @mandela.ac.za

233 Powder Diffraction 35 (4), December 2020

https://doi.org/10.1017/50885715620000494 Published online by Cambridge University Press

0885-7156/2020/35(4)/233/14/$18.00

reactions, hydro- or solvo-thermal methods, sol—gel synthesis,
and spray pyrolysis (Hao et al., 2005; Rai et al., 2012; Han
et al., 2013; Mosa et al., 2013; Zhang et al., 2013; Li et al.,
2014; Priyono et al., 2015; Kuo et al., 2016). Solid-state reac-
tion methods have predominated due to the ease of mixing the
solid material in a given ratio; however, it has limitations in
terms of the resultant materials particle size and shape, its uni-
formity and the required prolonged calcination times (Hao
et al., 2005; Yi et al., 2010). Sol-gel synthesis overcomes

© 2020 JCPDS-ICDD PN
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Figure 1.

Structure of spinel LisTisO;, showing atoms in the unit cell only (left) and unit cell with the polyhedra (right) where the tetrahedra indicates the 8a sites

occupied by Li* and the octahedra indicates the 16d sites that are occupied by Li* and Ti**. The O~ anions occupy the octahedral 32e sites (Deschanvres ef al.,

1971; Koichi Momma, 2011).

many of these limitations by producing a material that is
homogeneous with cubic-shaped particles, although it can
be more expensive when required to make the material on a
large scale (Sun et al., 2015). Chelating agents such as acetic
acid and triethanolamine (TEA) have been used in the sol-gel
synthesis of lithium titanium oxide, where their main func-
tions are to coordinate to Ti** ions, thereby preventing hydro-
lysis to Ti(OH)4 (Shen et al., 2003; Hao et al., 2005). This
method requires high calcining temperatures around 800 °C
for long times to form the final lithium titanium oxide powder,
with good homogeneity and uniform, sub-micron-sized parti-
cles (Shen et al., 2003; Hao et al., 2005; Mahmoud et al.,
2015). This makes the development of batteries with this
type of material for large-scale applications difficult where

its manufacturing cost would be very high when compared
to the conventional use of carbon as anodes. An in-depth
knowledge of the phase transitions involved in the sol-gel
synthesis would be beneficial to optimize the manufacturing
process. In order to identify and understand the temperature
phase transitions that the material undergoes during the calci-
nation synthesis process, in situ powder X-ray diffraction
(PXRD) was shown to be a well-suited technique to study
the phase transitions of lithium manganese oxide spinel used
as cathode materials in lithium-ion batteries and was
employed in this study (Snyders et al., 2016).

This paper focuses on studying the doping effect of Ti**
ions in LTO with 1% AI’*, Mg**, Co*, and Ni** ions using
the sol-gel method as described by Hao ef al. (2005). This
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Figure 2. TGA curves of LisTisO;, and LiyTis 0sMo0sO12 (M = AIP*, Mg®*, Ni**, and Co™*).
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Figure 3. TGA derivative weight loss of undoped and doped spinel material.

study investigates the phase transitions that take place in the
synthetic route of both the undoped material (LisTisO;5)
and the doped congeners. The percentage phase composition,
unit-cell parameters, crystallite sizes (LVol-IB), and strain for
the doped and undoped spinel LTO were refined and com-
pared for the patterns obtained for the in situ study from 50
to 850 °C, followed by cooling to 50 °C.

Il. EXPERIMENTAL

The undoped (LisTisO;,) and doped spinel
LiyTig 05Mp. 05012 (M =Ni, Co, Mg, and Al) materials were
prepared by a sol-gel method using triethanolamine as a com-
plexing agent, similar to the methods described by Hao ez al.
(2005) and Lin et al. (2013). Titanium butoxide was dissolved
in triethanolamine in a 4:5 ratio in an ethanolic solution to
form solution A. For the doped materials, aluminium acetate,
magnesium acetate tetrahydrate, nickel acetate tetrahydrate,
and cobalt acetate tetrahydrate were weighed out in order
to achieve a concentration of 1% (moles in relation to the
titanium ion) AP+, Mg?*, Ni**, and Co™*, respectively. The ace-
tates were added to these solutions to form the respective mate-
rials LigTig 05Al0,05012, LisTis0sMgo 05012, LigTis 95Nig.05012,
and LiyTiy95C00,05012 (Hao et al., 2005; Lin et al., 2013).
Dopants chosen were based on those reported in the literature

Relative intensity (counts)

with improved material characteristics, which would lead to bet-
ter electrochemical performance when used in a battery (Wang
et al., 2013; Abureden et al., 2016; Liang et al., 2017; Ncube
et al., 2018).

Lithium acetate dihydrate was dissolved in a 50:50 etha-
nol/water solution (solution B) and gradually dropped into
the titanium solution until a clear mixture formed. The result-
ing mixture (solution C) was left to hydrolyze overnight until a
gel-based precursor at room temperature formed. The precur-
sor gels were placed in a drying oven at 85 °C for 6 h.
Preparation of material for in situ analysis was done by further
drying the precursor materials at 2 °C min~" in a tube furnace
until 300 °C was reached. PXRD analysis was done on the
cooled room temperature material where its phase composi-
tion was determined to still be amorphous. The material was
subsequently ground into a fine powder for easier sample
mounting in the instrument. The in situ PXRD analysis was
done on a Bruker D8 Advance with a Vantec detector, Cu
radiation, and Goebel primary beam mirror. An Anton Parr
XRK900 cell was used with a macor ceramic sample holder
including a platinum (Pt) foil inset. In siftu PXRD analysis
entailed the heating of the precursor material in air (previously
heated to 300 °C) in a chamber where the temperature was
gradually increased by 10°C min~' from 30 to 850 °C.
Upon heating, each diffraction pattern was collected at a

Temperature (*C)
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Figure 4. In situ PXRD VT-scan of Li4TisO, synthesized from the sol-gel precursor.
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Figure 5. In situ PXRD VT-scan of LiyTi495Al0,0s012 synthesized from the sol-gel precursor.
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Figure 6. In situ PXRD VT-scan of LiyTis95C00,05012 synthesized from the sol-gel precursor.
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Figure 7.  In situ PXRD VT-scan of LisTis9sMgo 0sO1> synthesized from the sol-gel precursor.
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Figure 8. In situ PXRD VT-scan of LiyTiso5Nig 501, synthesized from the sol-gel precursor.
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Figure 9.
750 °C, (f) 850 °C, and (g) 50 °C.

Reaction A

Ti(Buy)s + N(CH.CH,0H);

Ti** (TEA) complex
H:0

Ti0;

Ti(OH),

Reaction B

2TiO; + 2H>0 H2T120s.H20

Figure 10. Reaction of titanium(IV) butoxide and triethanolamine to form
titanium dioxide (Reaction A), which further reacts with water to form
H,Ti,O5* H,O (Reaction B).

fixed temperature every 50 °C intervals. The heating stage was
kept isothermally for the duration of the analysis which lasted
10 min. The diffraction scan range was from 5-70° at 0.02°
step”'. At 850 °C, the heating stage was kept isothermally
for 4h with a diffraction pattern collected every hour.
Subsequently, the heating stage was cooled at 10 °C min~"
to room temperature with a diffraction pattern collected at
100 °C intervals. In situ phase identifications and quantifica-
tion were done by full pattern Rietveld refinement using
Topas v.6 software (Bruker, 2016). This was done by allowing
the respective lattice parameters, crystallite sizes (LVol-IB),
and strain to refine. Refinement of the unit-cell parameters

TABLE L.

33
2-theta (%)

Selected PXRD patterns of the LisTisO;, gel precursor in staggered plot from the in situ results for (a) 30 °C, (b) 200 °C, (c) 550 °C, (d) 650 °C, (e)

and microstructural data were performed on patterns which
were noticeable above the amorphous halo. The doped metal
ions replaced the lithium sites at the 16d positions in the quan-
tification of the doped material. The crystallographic open
database (Downs and Hall-Wallace, 2003; Grazulis et al.,
2009; Grazulis et al., 2012; Grazulis et al., 2015; Merkys
et al., 2016) was used for the respective refinements and
included the open database files 1001098 (LisTisOq;)
(Deschanvres et al., 1971), 9004142 (rutile) (Meagher and
Lager, 1979), 9009086 (anatase) (Wyckoff, 1963), and
1515995 (Li,TiO3) (Dorrian and Newnham, 1969).

Thermogravimetric analysis (TGA) of the precursor mate-
rials was done at 10 °C min™" from room temperature to 800 °C
in air using a TA instruments SDT Q600 and analysed using
TA Universal Analysis v.4.5 software.

The Micrometrics Tristar II Brunauer—Emmett-Teller
(BET) analyser was done to determine the surface area of
the synthesized materials heated to 650 and 850 °C, respec-
tively. Samples were degassed with nitrogen overnight at
350 °C.

lll. RESULTS AND DISCUSSION

The weight loss with temperature TGA curves for the pre-
pared materials show similarities between the undoped mate-
rial and the magnesium-, nickel-, and cobalt-doped samples

Summary of BET results and Rietveld refined parameters from in situ X-ray diffraction results.

Sample LiyTisOyn LisTig05Al0.05012 LisTig 95Nip.05012 LisTiz 0Mgo.05012 LiyTiy 95C00.05012
Crystallite size (nm)

at 650 °C 4.37 5.86 3.89 4.55 5.75

at 850 °C 58.4 149.91 62.55 78.44 114.51
Percentage LTO (%)

at 650 °C 69.90 64.72 74.69 79.18 73.32

at 850 °C 93.95 82.14 90.92 92.52 97.30
BET surface area (m> g*')

at 650 °C 12.79 55.15 1.17 1.29 5.61

at 850 °C 0.44 3.63 0.40 0.33 0.52
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Figure 11.

(Figure 2). They all show the main decomposition step
between room temperature and +400 °C of about 45-30%,
which can be attributed to some of the water lost from the
sol—gel precursor, as well as the loss of organic components.
The second weight loss is seen above 400 °C for these mate-
rials, which is speculated to be further loss of organic-based
materials as well as the oxidation of the final precursor com-
pounds. LisTis95Alp 0501, showed anomalous behaviour
when compared to the other samples, as multiple weight
loss steps were detected and at markedly lower temperatures.
This can be seen by plotting the derivative weight loss with
temperature, where the first mass loss observed was at approx-
imately 100 °C for the Al-doped material (Figure 3) and can
be ascribed to water loss. All five synthesized precursors
show that around 550-600 °C no further weight loss from
the samples were observed, which agrees with results obtained
from the in situ studies, as the final material has been formed at
this point, with slight variation in the temperature at which the
spinel material is formed.

The in situ PXRD three-dimensional graph shows the
phase transformation for the undoped material after initial dry-
ing at 300 °C (Figure 4). The results show the gradual forma-
tion of the spinel as well as the anatase phase from
a predominant amorphous phase when heated from 30 to
850 °C. The sample was kept isothermal at 850 °C for 4 h fol-
lowed by the gradual cooling to a temperature of 50 °C. The
metal-doped analogues showed similar in situ results, as can
be seen from Figures 5-8.
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SEM images of the undoped LTO synthesized at 650 °C at (a) x190, (b) x250, (c) x1500, and (d) x2500 magnification.

Selected diffraction patterns of the undoped LTO material
are illustrated in Figure 9, which show the transition from the
amorphous state through to the final spinel phase. The results
show the amorphous material from 30 to 550 °C, with a series
of peaks at low 26 values that appeared in the patterns
obtained at 30 [Figure 9(a)] and 200 °C [Figure 9(b)], respec-
tively. These peaks around 9° 26 disappeared once the sample
was heated above 250 °C [Figure 9(c)]. Due to the low inten-
sity of the peaks associated with this particular phase and the
presence of the bulk amorphous material, the phase could not
be accurately identified and quantified; however, it is specu-
lated to be a type of titanium acid (H,Ti,Os5* HO) which
was described in the literature to be a precursor material of
typical titanate-based oxides (Song et al., 2005; Etacheri
et al., 2013). The pattern obtained at 200 °C [Figure 9(b)]
matched reasonably well with the diffraction pattern of
H,Ti,O5* H,O [PDF 00-047-0124 (ICDD, 2002)] (Song
et al., 2005; Etacheri et al., 2013).

Titanium(IV) butoxide reacts with triethanolamine to
form a stable titanium(IV) intermediate (Figure 10), which
in turn reacts with water to form Ti(OH), (Sugimoto et al.,
2003). According to the literature, this intermediate further
forms TiO, when heated (Sugimoto et al., 2003). It was sug-
gested that the anatase then reacts with water to give
H,Ti,05* H,O (Figure 10). There are reported cases of TiO,
co-existing with H,Ti,O5* H,O; however, the mechanism of
its formation has not been well described in the literature
(Haro-Gonzdlez et al., 2011; Arruda et al., 2015). Upon

van Niekerk et al. 238
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Figure 12. SEM images of the undoped LTO synthesized at 850 °C at (a) x27, (b) X220, (c) x1500, and (d) x2500 magnification.

further heating, this phase subsequently disappears at temper-
atures above 250 °C, where the titanate phase of anatase and
the spinel are seen to form [Figures 6(c) and 6(d)].

At 550 °C, the diffraction peaks for the two phases ana-
tase (30.34%) and spinel Li4Ti5sO, (69.66%) could be reason-
ably quantified by full pattern Rietveld refinement. Upon
further heating, the rutile phase appears (600 °C), with spinel
LTO as the major phase (70.73%). The LTO crystalline phase
is seen to form from 550 to 750 °C with relatively broad peaks
[Figures 9(c) and 9(d)], where the sharper, more distinctive
peaks can be seen from 850 °C [Figure 9(e)] onwards. There
is a decrease in intensity observed upon cooling to room tem-
perature for the main LiyTisO;, peak at around 18° 26
[Figure 9(f)]; however, the relative amounts of the material
remains unchanged throughout the cooling process. Since

the crystallite size remains unchanged for the undoped mate-
rial, the peak intensity decrease can possibly be attributed to
sample displacement in the sample holder, due to shrinkage,
combined with other cooling effects.

The LTO phase at 650 °C is the characteristic of material
with relatively small crystallites based on the broad diffraction
peaks observed. This correlates with BET surface area results,
which show that material synthesized at 650 °C had, on aver-
age, a larger surface area (12.79 m* g~') when compared to its
850 °C analogue (0.44 m’ g_l) (Table I). Hence, the material
with smaller crystallites would, on average, have a larger sur-
face area. This can also be seen in the scanning electron
microscopy (SEM) images that showed the material synthe-
sized at 650 °C (Figure 11) to be significantly more porous
than the material made at 850 °C (Figure 12) that showed a

Counts

Li4Ti5012 94.62 %
Rutile 5.38 %

0 1z 14 16 18 2 2 4 % 8 N 2 M4 ® 38
2Th Degrees

W &2 @ & 48 S0 52 5S4 5 58 60 62 64 6 68

Figure 13. Rietveld refinement plot showing the phase composition of LisTisO, after being cooled to 50 °C. The blue line shows the experimental data and the

red line shows the fitted data.
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Figure 14. Percentage phase composition of the spinel LTO material, rutile, and anatase from 550 to 850 °C, followed by cooling to room temperature.

conglomeration of sintered particles. Energy-dispersive spec-
troscopy (EDS) analysis was done to show the uniform distri-
bution of the dopant elements. The respective scans and their
elemental mapping are shown in the Supplementary Material.

The anatase phase disappeared at around 750 °C, with
only the spinel LTO and the appearance of the rutile phase.
The phase transition of the anatase to rutile phase transition
is reported in the literature to be around 750 °C (Khatun
et al., 2017). Upon further heating, the rutile phase would
slowly convert to the spinel phase where the final product,
once cooled to 50 °C, would show a typical phase composi-
tion of 94.62% LTO and 5.38% rutile, respectively
(Figure 13). The three main peaks of Li4TisO;, at around
17.5°,35°, and 42.5° (Figure 13) can be assigned to crystallo-
graphic peaks (111), (311), and (400), respectively. There is a
slight peak shift observed compared to the literature reported
LTO due to sample cooling effects, which results in sample
shrinkage and therefore sample displacement (Zhu et al.,
2019). The three distinct peaks at approximately 27° (110),
36° (101), and 54.5° (211) are ascribed to rutile still present
in the material.

The quantitative phase transitions of the undoped LTO
material with temperature can be summarized in Figure 14,
showing a steady increase in the spinel phase from its forma-
tion at 550 up to 850 °C. Notably, the anatase phase would
decrease above 550 °C with the appearance and increase of
the rutile phase from 600 to 800 °C. The rutile phase in the
sample would subsequently decrease when heated to
850 °C. By keeping the sample isothermally at 850 °C for 4
h, the rutile phase composition decreased by 45% from its ini-
tial value at 850 °C (13.32%). With the decreasing rutile con-
tent, an increase in the LTO phase is observed at the
isothermal stage. This increase is still seen during the cooling
process until 750 °C, after which a slight decrease is seen.
This indicates that temperatures above 750 °C are sufficient
to decrease the rutile content and increase the LTO phase,
although 850°C would be more efficient.

Figure 15 illustrates the selected patterns from 30 up to
850 °C of the in situ results for LisTis9s5Nig 5012, Where
the material was heated to 300 °C prior to in situ studies to
effectively dry the sample. The doped LTO material showed
the amorphous material [Figure 15(a)] up to about 450 °C,

Arbitrary units

T ) Sevemm—— -

5 15 25

Figure 15.
750 °C, (e) 850 °C, and (f) 50 °C.
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Figure 16. PXRD pattern of LisTiy95Al0,05O12 at 850 °C after 4 h showing the presence of B-Li,TiO;,

with the potential H,TiOs5.H,O phase (as described for
LisTisOy,) also seen in the doped material [Figure 15(b)];
however, the titanium acid is only visible between 100 and
250 °C. Similar behaviour was seen for the other doped mate-
rials, as seen from Figures 5-8.

The phases of anatase and LiyTis05NigosO;, are seen
between 450 and 500 °C [Figure 15(c)], with rutile appearing
around 550-650 °C. This corresponds to the TGA results,
which show the stable LTO products forming at approxi-
mately 500 °C (Figure 2). Anatase disappears upon keeping
the material at the isothermal temperature [Figure 15(e)]; how-
ever, another phase appears with a relatively strong peak close
to 43° 26. This peak was speculated to be the monoclinic
B-Li, TiO; structure (Figure 16), which is not uncommon in
the synthesis of LiyTisO;, (Laumann, 2010; Bhatti er al.,
2016; Li et al., 2017). This was seen for all doped material;
however, only appeared upon cooling for the cobalt-, nickel-,
and manganese-doped lithium titanium oxides (Figure 17).

The B-Li,TiO3; was only observed for the doped material,
which indicates that this particular sol-gel synthetic route
for the doped titanates does not allow for pure doped material
to be isolated. This phase appears only upon cooling the mate-
rial and further investigation should be done to study methods
of removing this particular phase, although a mixed phase
Li4yTisO,,/B-Li,TiO3 does not have a negative impact on the
electrochemical characteristics of the anode material (Wang
et al., 2014; Bhatti et al., 2016).

The phase transitions of the doped LTO materials
(Li4gTig.0sMg.05012) show similar behaviour to the undoped
LTO with an initial slight decrease in the percentage phase
composition of the doped LTO spinel phase between 550
and 750 °C (Figure 18). This is followed by an increase in
the spinel phase composition between 750 and 850 °C with
a further increase during the 4 h isothermal at 850 °C. The
Al-doped spinel shows different behaviour at the isothermal
stage, with the B-Li,TiO3 phase forming at this point already,
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Figure 17. Percentage phase composition of the Mg-doped LTO material, rutile, B-Li,TiO3, and anatase from 500 to 850 °C, followed by cooling to room

temperature.
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Figure 18. Percentage phase composition of the doped and undoped spinel LTO phase from 550 to 50 °C, showing error bars.

TABLE II. Summary of JMAK constants and predicted kinetics.

Sample LisTisOpn  LigTis05Al005012  LisTis05NigosO12  LisTigoMgoosO12  LigTis05C00,05012

JMAK constant
Avrami constant (A) 0.2455 —0.4762 0.2744 0.3960 0.3054
Time constant (C) (h) 0.0372 0.0066 0.0898 0.1173 0.0363
Predicted time to form an almost pure spinel phase (h) 18.7 (102.7)* 23.4 20.4 5.4

“Based on the decrease in rutile phase.

resulting in a lower spinel phase composition compared to the and C is the time-dependent constant.

other material. The change in the LTO spinel phase formation

during the 850 °C isothermal period can be described by the Pogy=1-— e(é)A 2)

0

Johnson—-Mehl-Avrami—-Kolmogorov (JMAK) kinetic equa-
tion, as illustrated in the equation [see Eq. (2)], where P,
is the percentage phase composition of the doped/undoped
LTO phase, ¢ is the time in hours, A is the Avrami exponent,
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This kinetic relationship is often used to describe crystal
growth (Starink, 2001; Ahmad et al., 2014) and can be
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Figure 19. The calculated LTO phase formation curves with their experimental data from in situ analysis for undoped, Co-, Mg-, and Ni-doped material. The

decreased rutile is shown for the Al-doped analogue on the secondary axis.
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TABLE III.
materials.

Final proposed and nominal chemical composition for doped

Final proposed chemical

Dopant used Nominal formula composition

Al-doped (AI**)
Ni-doped (Ni**)
Mg-doped (Mg>*)
Co-doped (Co>*)

LiyTig 95Al0.05012
LiyTiy 95Nio 05012
LisTiy 0sMgo.0sO12
LisTiy.95C00.05012

LiyTis 05Al0.05011.05
LisTi4 05Nig 05O11.925
Li4Ti4_g5Mg0_050 11.925
Li4Tis 95C00.05011.95

transformed into its linear form [see Eq. (3)] to solve the con-
stants A and C from the slope and y-axis intercept, respectively.

1
ln(ln<7>> =Alntr—AInC
1— P(%)

The calculated Avrami exponent and time-dependent
constant values for the synthesized materials are tabulated in
Table II, with the sigmoidal curve illustrated in Figure 19
which depict both the calculated and experimental phase for-
mation as a function of time. The predicted kinetic behaviour
of the undoped material, as well as the nickel-, manganese-,
and cobalt-doped analogues, show that the material should
form a highly pure spinel phase if allowed to react up to 24
h at a constant temperature of 850 °C. This suggests that
after drying the precursor material in the synthetic route of
the lithium titanates to 300 °C, the material should be slowly
heated to 850 °C and remain there for a minimum of 24 h to
effectively remove any rutile present. Rutile can negatively
impact the battery performance due to its influence on
lithium-ion diffusion (Syahrial et al., 2016) and should, there-
fore, ideally be removed completely. The results are based on
an in situ study only and laboratory experiments or large-scale
processes could yield different results; however, based on the
literature, extensive heating does reduce the rutile content or

3

408.34 +
358.34 4

308.34 -

158.34 4

L Vol-IB erystallite size (nm)

108.34
58.34 4

834

s} ]
o0 o0 oo o0 I~

Temperature (°C)

"o

eliminates it completely (Hao ef al., 2005; Mahmoud et al.,
2015; Sun et al., 2015). A typical literature reports on calcin-
ing such samples at 800 °C and higher for 12-24 h (Hao et al.,
2005; Sun et al., 2015). Some have found that an hour at
900 °C was also sufficient to eliminate the rutile phase in
the LTO material (Mahmoud et al., 2015). The aluminium-
doped material indicated that a fair amount of the rutile
phase was still present at the high temperatures and would
take a significantly long time to obtain the pure product.
The B-Li,TiO3 also appears at the isothermal temperature,
which results in much lower pure LTO, therefore for the
Al-doped material, the decrease in rutile is shown in
Figure 19. This was different from what was reported in the
literature (Lin et al., 2013) and the difference could be
ascribed to the analytical method used for the particular sam-
ple. LisTis 05Alg 05012 was synthesized using a different sol—
gel methodology (Hao et al., 2005) than that reported in the
literature, where the literature reported doped material showed
no rutile when calcining at 800 °C for 12 h (Lin et al., 2013).
The presence of B-Li,TiOs, according to the literature, can
effectively be removed by calcining at 900 °C for at least 2
h (Laumann et al., 2011), which explains why it was detected
as a minor impurity in the doped material.

The proposed final chemical composition of the doped
spinel material can be found in Table III, which illustrates
that the final proposed chemical composition of the material
differs slightly from the nominal formula (as reported through-
out the paper), due to the oxygen vacancy created by the sub-
stitution of dopants with lower valences into Ti** sites, as
required by the charge neutrality condition (Hao et al.,
2008; Wang ef al., 2011). The Mg?* and Ni** will result in
a larger oxygen vacancy, compared to AI’* and Co>*, as evi-
dent from the proposed formula (Table III). The crystallite
sizes (LVol-IB) as determined by the full pattern Rietveld
refinement for both the undoped and doped LTOs are graphi-
cally illustrated in Figure 20, from 550 °C where the spinel
phase was initially identified up to 850 °C, and subsequent

1.8
1.6
14
—Undoped
1.2 —Al-doped
—Co-doped
1
g Mg-doped
08 & Ni-doped
---Strain undoped
0.6 --- Strain Al-doped
---Strain Co-doped
0.4 e
Strain Mg-doped
02 ---Strain Ni-doped

Figure 20. Crystallite size (LVol IB) (nm) of the in situ X-ray diffraction results for the undoped and doped lithium titanium oxide material.
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Figure 21. Unit-cell lattice parameter (A) of the in siru X-ray diffraction results for the undoped and doped lithium titanium oxide material, showing error bars.

cooling to 50 °C. For the undoped LTO, the change in the
crystallite size with temperature showed an approximate
0.120 nm °C~! increase when heating from 550 to 850 °C.
A further increase to 72.21 nm was observed when leaving
the sample at 850 °C for 4 h. Similar behaviour was seen
for the doped LTO analogues; however, by comparison, the
aluminium, cobalt, and magnesium-doped spinel material
showed significantly higher crystallite sizes over the tempera-
ture range. As the material is kept at the isothermal tempera-
ture (850 °C), the crystallite size is seen to increase, which
suggests that an increase in reaction time results in an increase
crystallite size and has been observed in lithium titanates
before (Nugroho et al., 2014). Cooling the undoped material
shows little to no changes in crystallite size; however, the
doped material shows a decrease, which can be due to the
combined effect of rapid cooling of the material, sample
shrinkage and the lattice constraints that is induced upon dop-
ing (Figure 17) (Hatfield et al., 1971; Karhunen et al., 2016).
During the least-squares refinement process in Topas, the
L-strain parameter was allowed to refine, which increased as
the LTO formation progresses from 550 to 850 °C. Once the
material reaches the isothermal temperature range, the strain
parameter refined to a minimal value and was relatively
constant until the material was cooled to 50 °C. Similar trends
in the unit-cell lattice parameters for LiyTisO;,- and
LisTig 05Mp 05012-doped materials were observed with a
slight increase (0.63—-0.75%) over the temperature range
from 550 to 850 °C. A decrease between 0.085 and 0.11 A
in unit-cell lattice parameters were observed when the samples
were cooled to 50 °C (Figure 21). The change in unit-cell
parameter directly correlates to the change in temperature
(Huynh et al., 2019), due to the unit-cell expansion or contrac-
tion upon heating or cooling. At the constant temperature of
850 °C, a relatively constant unit-cell lattice parameter was
observed. It is expected that the unit-cell parameter will
decrease upon doping with the Co®" and AI** as it has a
smaller ionic radii compared to that of Titt (Park et al.,
2014; Guo et al., 2016); which correlates with the results
found (Figure 21). The decreasing unit-cell parameter upon
doping with larger ions Mg** and Ni** shows anomalous
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behaviour as it is expected to increase (Li et al., 2015;
Abureden et al., 2016), which can be the result of the differ-
ence valences of the titanium ions and the doping cations.
The strain parameter determined in this study is relative. It
shows that the material upon heating and when undergoing
phase transitions, simultaneously undergoes crystallite size
growth and stress/strain properties within its crystal domain.

IV. CONCLUSION

The in situ PXRD temperature studies of forming the spi-
nel LTO and its doped analogues made from its precursor gel-
based materials showed that it was predominantly amorphous
from room temperature up to 450 °C, with a small amount of
an intermediate crystalline phase that was identified to be a
type of titanium acid (H,Ti,Os* H,O). Upon further heating,
the intermediate phase disappeared and the formation of ana-
tase and the spinel LTO was observed. Rutile appeared to form
around 550 to 650 °C, with sharp, distinct peaks of the spinel
phase only seen at 850 °C coupled with the disappearance of
the anatase phase. The broader diffraction peaks of the spinel
phase were observed around 650 °C and would typically cor-
respond to a material with a small crystallite size. This was
confirmed by observing a significant decrease in the material’s
surface areas that were synthesized at 650 and 850 °C, as well
as SEM images of the respective materials, where a conglom-
eration of the crystals was observed for the material made at
the higher temperature.

When maintaining the material isothermally at 850 °C for
a number of hours, a decrease of the rutile phase was observed
that could be described by a IMAK-type kinetic model. A pure
LTO phase could not be isolated, as the rutile co-crystallized
with the spinel material, although in minimal amounts after
cooling to room temperature. The doped material had an addi-
tional titanate phase (B-Li,TiO3) co-crystallizing, which
became more pronounced upon cooling the material, which
is not uncommon in the synthesis of Li4TisO,. Rietveld
refinement of the diffraction patterns showed that the unit-cell
parameters of the spinel typically increased upon heating to
850 °C, followed by a decrease upon cooling that was in
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agreement of published unit-cell parameters of the material at
room temperature.
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The supplementary material for this article can be found at
https:/doi.org/10.1017/S0885715620000494.
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