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Abstract

As a promising alternative anode material for Li-ion batteries, monoclinic titanium niobate (TiNb,O5) offers the inherent
safety associated with high lithiation potential combined with gravimetric capacities compared to that of graphite. Herein,
evaporative sol-gel method has been employed to obtain TiNb,O; with tailored morphology and crystallite structures. Using
F127 co-polymer as structure directing soft template, the otherwise irregular morphology of the ceramic after calcination
turns into an intricate assembly of interconnected particles with appropriately sized morphological voids for electrolyte
contact and damping of the volumetric changes associated with lithiation process. Using cellulose as hard template will in
turn increase the size scale of the interconnected particulates and associated morphological voids and enhances the crystallite
characteristics known to enhance lithium diffusion and storage. The samples under study were subjected to high-resolution
transmission electron microscopy, field-emission scanning electron microscopy, powder X-ray diffraction, selected area
electron diffraction, Fourier transform infrared spectroscopy, diffuse reflectance spectroscopy and electrochemical analysis
based on half-cells with lithium metal as counter electrode. Electrochemical characterization of the representative samples
under study clearly shows a delicate balance between material characteristics which should simultaneously satisfy strict
conditions for optimized performance. The optimized sample shows an initial Columbic efficiently of 99.2% at 0.1 C and
cyclable capacity of 155 mAhg ™! with a 76% retention upon 100 cycles of charge-discharge.
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Highlights

e Evaporative sol-gel approach was taken as the synthesis method for nanostructured TiNb,0O;

e F127 as a triblock co-polymer non-ionic surfactant was chosen as a representative soft-template.

e Microcrystalline cellulose was picked as a representative hard template

e All of the samples were characterized in terms of crystallography, morphology and performance in battery half-cells

against lithium metal.

e The optimized sample showed an initial Columbic efficiently of 99.2% at 0.1C and cyclable capacity of 155 mAhg ™'

with a 76% retention upon 100 cycles of charge-discharge.

1 Introduction

Ever increasing global demand for energy and growing
environmental awareness necessitate a significant leap for-
ward in the field of renewable energy technologies. The
intermittent nature of most renewable sources and functional
aspects of mobility applications have caused the devotion of
considerable efforts to lithium-ion battery technology
amongst various energy storage options [1]. Traditionally,
carbonous materials are utilized as active anode material in
lithium-ion batteries [2]. Offering a theoretical capacity of
372 mAhg !, graphite has a lithiation potential of about 0.2 V
vs. Li*/Li® redox reaction potential which is favored as anode
material; however, this feature becomes a double-edged
sword especially at higher current densities which are vital for
electric vehicle applications [3]. In such traditional anodes,
instead of plating a smooth surface layer, lithium metal tends
to form dendritic or mossy structures [4], which in turn may
lead to catastrophic internal short circuiting of the cell [5].
High-voltage anode materials have been introduced to
mitigate the aforementioned safety issues and enable high
rate charge and discharge of the cell [6]. Lithium titanate
spinel (so called LTO) with chemical formula of LisTisO;,
has been the subject of considerable research efforts both in
industry and academia [7]. This intercalation-type anode
material offers a theoretical capacity of 175 mAg~' with
lithiation potential of 1.55 V vs. Li™/Li% this potential cor-
responds to the Ti(IV)/Ti(IIl) redox couple. At this potential
SEI layer formation is hindered, making this material a
suitable anode for use at high rates for extended cycles of
charge/discharge. Although, the inherently low capacity
compared to graphite makes LTO an inferior candidate
especially in terms of power density. A verity of approaches
have been employed to enhance the performance of LTO;
doping is considered as one of the main strategies in this area
which has been recently reviewed by our team [8].
Introduced by Goodenough’s research team [9], mono-
clinic TiNb,O7 (TNO) has a space group of C2/m and the
so-called Wadsely-Roth phase consisting of ReO; like
octahedra which share corners and exhibit shear planes at
the boarders giving rise to 3 x 3 x « crystalline motifs [10]
(Fig. la). In the phase diagram of TiO,-Nb,Os several
ternary compounds can be found at the niobium-rich side,
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but the most titanium rich compound in this series is the
TiNb,O5 [11]. Titanium and niobium ions in this structure
are disordered and three redox pairs, Ti(IV)/Ti(Ill), Nb(V)/
Nb(IV) and Nb(IV)/Nb(IIl) give rise to a considerable
theoretical capacity of 387.6 mAhg ™! which corresponds to
~5 lithium ion insertion per unit formula.

Challenges related to electrical and ionic conduction of
TNO have triggered the devotion of tremendous research
efforts in both the fundamental aspects [10, 12] and synthetic
strategies including micro-and nano-structuring [13] and
composite formation [14]. Several synthetic approaches have
been taken to obtain and optimize the performance of TNO
related materials including sol-gel [9], mechanochemical [10],
solvothermal [15], blow spinning [16] and electrospinning
[17]. Furthermore, different doping strategies have been
reported to further optimize the electrochemical performance
of TNO including vacuum annealing [18], self-doping
(Nb-rich) [19] and doping with additional elements such as
vanadium [20, 21], molybdenum [22, 23] and ruthenium [24].

Sol-gel has been one of the main strategies for the synth-
esis of high-quality TNO-based materials. Several approaches
within the realm of sol-gel synthesis were reported for this
material. One of the earliest approaches in this area has been
to dissolve Nb,Os in HF and then neutralize it into Nb(OH)s
with ammonia which would further be dissolved with citric
acid [9] or oxalic acid [25], then the titanium precursor in the
form of titanium oxysulfate or tetrabutyl titanate is added in
the intended stochiometric amount. Evaporation of the sol
followed by calcination at high temperature would yield
nanostructured TNO with varied microstructures based on the
organic acid used in the process.

Rich morphological aspects can be induced in TNO-
based nanostructures within sol-gel regime by using tem-
plating agents along with dissolvable niobium and titanium
precursors. Soft templates which are already used for
obtaining TNO include F127 [26, 27] and SDS [28]. While
hard templates such as SBA-15 [29] and anodic alumina
[30] have be go through post-calcination washing process,
sacrificial ones including polystyrene dispersions [31] and
DVB-co-VBC nanotubes [32] would burn out during the
calcination step. Interestingly, both hard and soft templating
approaches can also be employed at the same time for
obtaining hierarchical nanostructures [33].
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Fig. 1 a Crystal structure of
TiNb,O7, b X-ray
diffractograms of the samples
under study along with standard
pattern calculated from the
crystal structure of TiNb,O; and
assigned based on JCPDS card
no. 77-1374

(b)
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In the current report, TNO was synthesized via eva-
porative sol-gel approach using cellulose as a sacrificial
hard template, F127 copolymer as a soft one and without
any templating agents for comparison. F127 is a triblock
copolymer consisting a core block of poly (propylene
oxide) surrounded by two tail chains of poly (ethylene
oxide) giving it an approximate molecular weight of 12500
Daltons. Synthesized samples were characterized by phase
and morphological techniques as well as electrochemical
testing in half-cell configuration with lithium metal as
counter electrode in order to represent the effect of hard and
soft templating on the performance of TNO-based nanos-
tructures obtained in sol-gel regime.

2 Experimental
2.1 Synthesis of TNO nanostructures

In order to obtain a clear solution containing both pre-
cursors of niobium and titanium in a 2:1 molar ratio
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(Nb:Ti), niobium pentachloride. NbCls (98% Sigma-
Aldrich, Germany) was weighted under an argon filled
glovebox and kept in sealed microtubes. When needed, the
seal would be broken under a chemical fume hood and the
content was added to absolute ethanol (99.8% Kimia
Alcohol Zanjan, Iran). A few drops of hydrochloric acid,
HCI (37%, Ghatran Chime, Iran) are added to the afore-
mentioned solution while being vigorously stirred until
reaching a clear solution. This can effectively mitigate the
formation of partial oxo-hydroxo-chloro complexes with the
general stoichiometry of NbCls—x(OC,Hs)x and other sub-
stituted species such as Nb(OC,Hs)s which are formed
otherwise when adding niobium pentachloride to absolute
ethanol [34]. Afterwards, tetrabutyl titanate, Ti(C4HyO),4
(97% Merck, Germany) was added dropwise to the etha-
nolic niobium solution. The obtained clear solution was
sealed and kept in a desiccator under reduced pressure until
further use. This solution was then aliquoted to be used in
three separate experiments. The first aliquot was exposed to
ambient conditions without further processing, to the sec-
ond was added a weighted amount of F127 copolymer
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Table 1 Brief summary of the

samples under study Sample code

Description

TNO Original sol dried at ambient conditions without any kind of template or additive. Xerogel is
obtained under these conditions after a few days.

F127-TNO

10 wt% (based on final mixed oxide) of F127 co-polymer was added to the sol precursor.

Evaporation induced self-assembly (EIS) process was completed under ambient conditions
during the course of several days.

Cell-TNO

Original sol precursor was wetted dropped on an excess amount of 5 mm wide tissue paper

strips. Fully dry samples ready for calcination are obtained in the matter of few hours under

ambient conditions.

(10 wt% based on the final mixed oxide) under stirring and
then it was exposed to ambient conditions for evaporation
induced self-assembly; the final part was dropped on stripes
of tissue paper (5 mm wide) and left to be dried under
ambient conditions. A brief description of aforementioned
samples can be found in Table 1. All samples went through
the same regime of heat treatment; they were first heated to
900 °C with a rate of 5°/min and a calcination dwelling time
of 5 h, then annealed to room temperature overnight. Fired
samples were finely grinded via agate mortar and pestle
stored in desiccator under reduced pressure until further
application.

2.2 Materials characterization

X-ray diffractograms were recorded from powdered sam-
ples on glass cells using a Rigaku (Japan) Ultima IV
apparatus with CuK,, radiation in 20 range of 10-80° with
0.02° step size. Phase content of the samples based on XRD
patterns further was investigated using Rietveld refinement
method performed with MAUD program [35]. XRD pattern
calculation based on standard CIF file of TiNb,O; was
performed using VESTA program. The morphological
features and elemental composition of the samples were
studied through filed-emission scanning electron micro-
graphs and energy-dispersive X-ray spectra on a TESCAN
(Czech Republic) MIRA 3 microscope with 15kV accel-
eration voltage using SE, BSE and EDS detectors. FTIR
spectra of the samples were recorded in ATR mode using a
Bruker (USA) Equinox 55 system. Diffuse reflectance
spectra (DRS) were measured against barium sulfate as
blank on a SCINCO (South Korea) S-4100 instrument.
High resolution transmission electron micrographs and
SAD patterns were obtained on a FEI (USA) Tecnai G2 F20
SuperTwin microscope using holey carbon copper grids and
200 KV accelerating voltage.

2.3 Electrochemical measurements
The synthesized samples were further studied in half-cell

configuration against lithium metal. In order to obtain
working electrodes for 2032 cells, dry and finely grinded
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powdered samples were made into slurries along with
polyvinylidene fluoride (PVDF) (>99.5% MTI corp. China)
as binder and super-P (MTI) as conductive agent in NMP
solvent. The ratio of active material: binder: conductive
agent was set at 80:10:10 for all experiments. Prepared
slurries were coated onto copper foil (>99.8% MTI) using
doctor blade apparatus and obtained assemblies were further
dried under reduced pressure at 105 °C for 10 h. Surface
density of about 1.5-2 mg/cm? was obtained for the elec-
trodes after the drying procedure. The working electrodes
were then punched and crimped into coin cells under dry
argon atmosphere in a dedicated glove-box set-up. Other
components of the half cells include lithium metal chips
(>99.9 MTI), polypropylene membrane as separator and
1M LiPFg dissolved in EC: DEC: DC (1:1:1 Vol. ratio)
solvent (MTI) as electrolyte. Electrochemical measurements
were conducted at 25 °C using a NEWARE (China) 4000
battery testing system at 0.8-3V (vs. Li*/Li’) potential
range.

3 Results and discussion

X-ray diffractograms obtained from powdered samples after
calcination are presented in Fig. 1b. All diffraction patterns
are in fair agreement with that of standards monoclinic
TiNb,O; (JCPDS no. 77-1374). Small un-indexed peaks
may be related to titanium oxide phases (namely anatase
and rutile) which were resolved using Rietveld refinement
method; the calculated quantities of these impurity phases
should be treated rather cautiously due to the limitation of
normal powder XRD method in phase contents of such low
amount.

As mentioned before, monoclinic TNO phase consists of
randomly distributed Nb and Ti atoms (overall molar ratio
of 2:1) each in coordination with six oxygen atoms forming
ReOs-like octahedra which share corners and edges to build
up a long-range ordered structure. In this structure two
features should be noted; first the crystalline void that can
serve as host to intercalating lithium ions, thus, making it
possible to host a significant number of intercalated lithium
ions without compromising the structural integrity of the
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crystal. This feature is vital for high rate and high-capacity
performance of TNO especially when being subjected to
extended cycling. With three possible redox couples, and
suitable structural voids within the crystal it is possible for
TNO to host even more than one lithium ion per transition
metal atom (overlithiation) [10]. The second structural
feature of monoclinic TNO phase is the two-dimensional
channels along [100] and [010] directions which serve as
migration pathways for lithium ions within the crystal
which are interconnected with a tunnel in [001] direction
[36].

The highest intensity peak of TNO phase is ideally
located in 20 = 26°+0.5° which is related to (003) crystal-
line plane, this peak is often inseparable from that of (111)
plane due to similar interplanar distance between the two
sets of planes, as can be seen for both “TNO” and “F127-
TNO” samples in Fig. 1b. If the XRD peak related to (003)
plane is indeed the most intense, the relative prevalence of
this plane can be interpreted as preferential growth along
[001] direction. Being the sole path of lithium migration
between the fast channels of [100] and [010] directions, this
type of growth is highly favorable for faster lithium diffu-
sion within the crystal. Furthermore, this kind of growth
expands the number of available structural voids which can
effectively host intercalated lithium ions; thus, favoring
both charge/discharge capacity and rate performance of the
active material.

Another set of peaks appear at 20 = 44°+1° which are
related to (005) plane in the lower angle side and (1003)
plane in the higher angle side. These peaks are also hard to
distinguish and they may even appear inseparable as in the
case of “F127-TNO” sample in Fig. 1b. In order for the
material to show high lithium-ion diffusivity, the intensity
of higher side peak in this couple should preferably be
lower than that of the lower side peak [36]. This condition is
met in the case of “TNO” sample but the exact opposite can
be observed in the case of “Cell-TNO” sample. The pre-
diction made by this criterion is further proved by rate
performance of the samples under study which will be
presented below.

DRS method was used to determine the absorbance
photons in UV-Visible range against barium sulfate as
blank to determine the optical band gap. The resulting
curves of Fig. 2 clearly show a semiconducting behavior
without any additional impurity bands due to templating
agent. A distinct blue-shift is observed upon templating
which is in agreement with the considerable decrease in
crystallite sizes as mentioned in the part discussing XRD
patterns and will be complemented with microscopic results
next. In order to calculate the optical band gaps, Tauc plots
were drawn (insert of Fig. 2) and extrapolated to the energy
axis [37]. In modified Tauc plots, (ahz/)l/ " is drawn against
photon energy. In this function, a is the absorption
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Fig. 2 Diffuse reflectance spectra of TNO and F127-TNO samples, the
insert shows the Tauc plot and extrapolation of curves’ shoulder gives
the optical band gap assuming the electronic transition to be direct and
allowed (r=1/2)

coefficient of the material and the constant r is considered to
be 12 for direct allowed electronic transitions [38].

In order to conclusively prove the successful removal of
carbon containing templates (both F127 and cellulose),
FTIR spectra in ATR mode were recorded for the samples
under study; the results of which are presented in Fig. 3.
From the high frequency side of the spectrum, the bands
would be related to organic compounds and adsorbed water
content, no organic residues are present but at 3438 cm ™!
the stretching band of O-H band is complemented with the
related bending band of O-H in 1640cm™' which is
attributed to minor absorption of moisture from the atmo-
sphere after calcination [39]. Ti-O-Ti stretching band would
have been seen at about 1416 cm ™' which would have been
related to phase impurities [40]; but its presence is insig-
nificant. In the low frequency region of the spectrum on the
other hand, bands related to Nb=0 appear at 950 cm ™! and
Nb-O bond stretching can be seen in 924 cm™! [41]. The
stretching band of Ti-O bond is clearly seen in 520 cm™!
[42]. In the case of F127-TNO and Cell-TNO samples no
bands in the region related to carbon containing moieties are
present in the FTIR spectra [43].

Studies on the electrochemical performance of TiNb,O;
among other niobium-based oxides have shown that
nanostructuring may have a minute benefit (if any) in the
final performance of the battery compared to other factors
related to electrode manufacturing [10, 44, 45]. Although
the lithiation potential of TNO is 1.64V vs. Li*/Li% SEI
formation and gas evolution has been observed especially in
full-cell configurations; these phenomena are exacerbated
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Fig. 3 ATR-FTIR spectra of the
samples, peaks are assigned
based on the literature
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with excessive contact between solid surface and electrolyte
[46].

On the other hand, porous TNOs have shown promising
results [27, 30, 31, 33]; the benefits of porous structures for
enhancing the electrochemical performance of the final
electrode can be categorized into three categories. Firstly,
an intertwined morphology may facilitate electron and
lithium ion conduction which is challenging (especially for
electrons in the initial stages of lithiation [10]). Secondly,
there is a tradeoff between SEI formation and suitable
accessibility to the electrolyte. In ideal conditions, minimal
SEI formation would be reimbursed by faster lithium
migration and smaller diffusion distances without drying-
out of the electrolyte. Thirdly, the interarticular voids
formed by porous structures may compensate the volu-
metric changes related to lithiation (especially in potentials
lower than 1V vs. Li*/Li%), hence keeping the structural
integrity of active electrode layer intact, enhancing the
electrochemical performance in extended cycles.

The morphology of the samples under study was inves-
tigated by field-emission scanning electron microscopy, the
results of which are presented in Fig. 4. With the aim of
maximizing the aforementioned benefits related to porous
structures while mitigating the issues related to excessive

@ Springer

Wavenumber (cm')

SEI formation, the samples under study were chosen from a
variety of other candidates for further electrochemical test-
ing. An irregular morphology with structural features in the
scale of hundreds of nanometers in the case of “TNO”
sample was chosen as control, by using an appropriate ratio
of F127 as structure directing agent, hierarchical morphol-
ogy consisting of interconnected particles in the scale range
of hundreds of nanometers can be formed in the case of
“F127-TNO” sample. And finally, by using cellulose from
tissue paper as sacrificial soft template, a hierarchy with
larger morphological voids in the micron scale can be
formed in the case of “Cell-TNO” sample as can be inferred
from Fig. 4e.

To further elucidate the morphological and crystal-
lographic features, TNO and Cell-TNO samples were also
investigated with TEM/HRTEM and selected area electron
diffraction patterns (SAD), the results of which are pre-
sented in Fig. 5. As can be deduced from the aforemen-
tioned micrographs, without using any template/structure
directing agent, the evaporative sol-gel approach yields
highly crystalline irregularly shaped particles in tens of
nanometers size scale. The lattice image (Fig. 5b) for this
sample shows minimal crystalline defects and imperfections
(including dislocations) which is well-suited for hindering
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Fig. 4 Field-emission scanning electron micrographs of the samples under study (a, b: TNO, ¢, d: F127-TNO and e, f: Cell-TNO) in different
magnifications showing significant microstructural changes based on the utilized templating approach

irreversible lithiation and capacity loss during cycling. On
the other hand, for Cell-TNO sample the morphological
features are very different. By using cellulose fibers as hard
template, much smaller particles in a few nanometers size
scale and high crystallinity are formed which can improve
interfacial phenomena and surface diffusion. The SAD
pattern of Fig. 5f shows well defined Airy disks which are
characteristic of nanocrystalline particles with a statistically
variant crystalline orientation.

Based on characterization data, the synthesis steps and
resulting morphological features (in terms of particulate size
and interarticular pores are schematically presented in Fig. 6.
The chemical reactions taking place in the synthesis can be
divided into alcoholysis which removes the butyl moieties
from titanium butoxide and then polycondensation of mixed
titanium and niobium species into a gel network with random
distribution of both metallic elements and oxygen linkers.
Upon high temperature calcination and annealing to room
temperature, the aforementioned gel network would trans-
form into the monoclinic crystal of TiNb,O; (see Fig. 1a).

As mentioned before, the crystalline voids in the
monoclinic unit-cell of TNO can reversibly accommodate
lithium ions upon cycling. A high degree of crystallinity
with larger particulates would decrease the amount of grain

boundaries and free surface imperfections. In such condi-
tions, lithium ions will have an ordered host crystal with
only Li" bulk diffusion controlling the amount that can be
accommodated. On the other hand, TNO is a wide band-gap
semiconductor (Eg~3 eV as measured from extrapolation of
Tauc plots) and its electrical and ionic conduction can be
seen as hinderance factors especially for high-rate perfor-
mance in lithiation cycles. Smaller particles (to a certain
extent) with a proper distribution of interarticular porosity
are proven to be beneficial in enhancing the interfacial
contact between the active solid particles in electrode and
the Li" containing electrolyte. Furthermore, it should be
noted that unlike LTO, titanium niobates do express certain
volumetric changes upon lithiation, which indeed leads to
poor cycling performance and loss of active material from
the electrode. Introduction of irregular porosity is postulated
to have a damping effect mitigating the loss of electrical
contact between active material particles and electrode upon
consecutive cycling. Abovementioned hypothesis was put
to test by electrochemically cycling the samples under study
against lithium metal in a half-cell configuration.

The electrochemical performance of the samples under
study at different current density values calculated based on
the theoretical capacity of 387.6 mAhg ™' for TNO and the
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Fig. 5 Transmission electron micrographs of the samples under study (a, b: TNO and d, e: Cell-TNO). The insert of parts “b” and “‘e” represent the
FFT of each respective lattice image. Parts “c” and “f” show the SAD patterns of the samples TNO and Cell-TNO, respectively

Calcination

Xerogel powder Irregular porosity free

Calcination

F127-TNO

Well-defined with ordered porosity

Calcination
R

Xerogel soaked
Cellulose stripes Defined with Irregular porosity

Fig. 6 Schematic representation of synthesis conditions and resultant morphologies for the samples under study
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Fig. 7 Electrochemical performance of the samples under study in half
cell configuration; a rate performance of samples TNO, F127-TNO
and Cell-TNO at different rates of charge and discharge (calculated
from the theoretical capacity of 387.6mAhg~! for pure TiNb,O,

Table 2 Summary of crystallographic properties and battery testing
results for the samples under study

Sample D ex10®° R 8x10° 1C Initial
(nm) (nm) (nm_z) capacity CE (%)
(mAhg ")
TNO 21.59 7.67 0.4650 2.15 90 99.8
F127-TNO 17.85 9.28 0.4653 3.14 155 99.2
Cell-TNO 23.01 7.19 0.4649 1.89 132 99.2
Crystallite size, Dz%; micro strain, & :m; average inner

crystalline separation, R = %; dislocation density, 6 = #; while k:

Scherrer’s constant, A = X-ray wavelength, L = FWHM in radians and
0: Bragg diffraction angle

amount of active material in each half-cell are presented in
Fig. 7 and Table 2. As can be deduced from part “a” of Fig. 7,
the performance of “TNO” sample is inferior to both “F127-
TNO” and “Cell-TNO” samples in all current density values.
In the case of “Cell-TNO” sample, although the capacity in
low current density values is promising (even surpassing
300mAhg " at 0.1 C rate), the performance declines mark-
edly especially at rates higher than 0.5 C. At even higher rates
(5C and 10C) the performance of “Cell-TNO” sample
becomes even worse than that of “TNO” sample, suggesting
the formation of SEI which manifests itself with lowered
columbic efficiency at these steps as well. The performance of
“F127-TNO” sample is superior to other samples under study
in virtually all of the rates under study suggesting the opti-
mized morphology for electrochemical performance. Fur-
thermore, this sample was put through cycling test at 1 C for
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= - 602
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O Charge capacity (CC)
+ Discharge capacity (DC)
0 = Columbic efficiency (CE)
0 T 0
0 100

50
Cycle number

phase). b Cycling performance of F127-TNO sample showing more
than 76% capacity retention after 100 cycles of charge/discharge at
constant rate of 1C

100 consecutive charge/discharge regimes and showed a
capacity retention of more than 76% based on the first cycle at
the same rate (it should be noted that the first cycle in Fig. 7b
was performed in low rate for a fresh half-cell). Actual
capacity values are highly dependent upon non-material
aspects of electrode processing i.e., conductive additives for
the slurry, electrolyte additives, electrode calendaring and
mass loading. Best efforts were spent on keeping the such
parameters as uniform as possible amongst the samples under
study to validate the comparison.

Based on the (110) reflection which presents itself at
about 20 =23.9° and peak broadening in terms of full-
width at half-maximum (FWHM) it is possible to calculate
crystalline parameters such as crystallite size, micro strain,
average inner-crystalline separation and dislocation density.
These parameters are presented in Table 2 in comparison. It
is evident that “F127-TNO has the smallest crystallite size
in the series of samples under study which is coupled with
an expected increase in micro strain and higher density of
dislocations. However, this sample shows the highest
capacity when tested in all of the current density values
except for 0.1 C; this may be attributed to the increased
contact between the solid active material and electrolyte due
to higher surface area. On the other hand, at the lowest
current density value of 0.1 C, the timescale for ion mobility
and diffusion does not determine the overall performance of
the electrode, rather, the sample with largest crystallites,
lowest macro strain and lowest density of dislocations
shows better performance.
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4 Conclusions

A series of TNO-based nanostructures as anode materials in
Li-ion batteries were synthesized via evaporative sol-gel
approach. Several logical criteria for screening candidates
(in terms of phase content and morphological aspects) were
presented based on fundamental literature. Based on the
presented criteria, there samples were chosen for electro-
chemical testing. These samples clearly demonstrate the
effect of two templating agents (F127 as a representative
soft template and cellulose as a representative sacrificial
hard template) on the phase, crystallite parameters (e.g.,
preferential growth) and morphology of the final ceramic.
Electrochemical performance at a desired current density
value is determined by a delicate balance between several
parameters some of which are even self-contradicting. Thus,
logical compromises should be made for the intended
application. Most modern mobility applications rely upon
high-rate, highly cyclable batteries and material considera-
tions are crucial for answering such high demands, although
necessary, making an optimized active material may not be
enough for obtaining an optimized cell. Further studies are
underway by our research group in order to comprehen-
sively investigate the parameters related to both material
characteristics and electrode production parameters of this
interesting material.
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