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Abstract: This study determined the measurable factor responsible for the high rate performance
of lithium titanium oxide (Li4Ti5O12, LTO) powders in lithium-ion batteries. The structural and
morphological properties of various Li4Ti5O12 materials and their correlation with electrochemical
performance were analysed. The results showed that there was a strong correlation between high
capacity retention at 10 C and the specific surface area. Other electrochemical and structural factors,
such as the crystal size and pore structure, were not correlated with 10 C performance. We found
that an increase in the specific surface area of Li4Ti5O12 above c.a. 15 m2 g−1 neither improved the
high rate capacity retention nor its specific discharge capacity at high current rates. We also showed
that the sol–gel synthesized lithium titanium oxide powders could retain similar or higher discharge
specific capacities than materials synthesized via more complex routes.

Keywords: Li4Ti5O12 (LTO); Li-ion battery; high rate; chronopotentiometry; specific capacity; specific
surface area; sol–gel

1. Introduction

The mobile electronic and electric vehicle industries are constantly growing, and even
small improvements in active material properties can bring significant benefits to both
fields [1].

Commercial lithium-ion batteries (LIBs) typically contain graphite as a negative
electrode material, in which the electrochemical activity comes from the intercalation
of Li+ between the adjacent graphitic layers [2], reaching theoretical specific capacity of
372 mAh g−1 [3]. Despite its many advantages, graphite suffers from degradation [2,4]
and a limited capacity during high-rate operation [5]. The moderate capacity of graphitic
electrodes originates from solid electrolyte interphase (SEI) formation, which greatly in-
creases the resistance of the electrode [2,3]. Some safety concerns are also related to the high
possibility of lithium metal plating during the fast lithiation of graphite-based electrodes.
Because of these drawbacks, extensive research on new substitute materials for negative
electrodes is underway. Among the various intercalation and insertion materials, lithium
titanium oxide (Li4Ti5O12, LTO) is considered as a safe, “zero-strain” compound, since its
volume changes are less than 1% during the lithium insertion/extraction processes [6,7].
This results in better cycle life [8,9] and higher mechanical stability than graphite and other
materials that suffer from much higher volume changes [2,10–12].

Lithium titanium oxide has a theoretical capacity of 175 mAh g−1 when operating in a
potential range from 1 to 3 V vs. Li/Li+ [13,14]. A high working potential ensures no metal-
lic lithium plating during battery overcharge, and very limited solid electrolyte interphase
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(SEI) formation [15]. Traces of an SEI have been identified on the LTO surface, originat-
ing from partial electrolyte degradation; however, its thickness (<10 nm) and resistance
are significantly smaller than those of the SEI formed on graphite electrodes [16]. These
factors warrant a significantly longer cycle life of LTO in comparison to graphite [16,17].
In addition, its high operating potential allows the use of aluminium foil as a current
collector, which is cheaper and lighter than copper foil, which must be utilized for graphitic
electrodes [18].

The major disadvantage of lithium titanium oxide is its poor electrical conductivity
(<10−13 S cm−1) [15]. Several attempts have been made to further improve the performance
of Li4Ti5O12, including doping [19–21], coating [22–26], particle engineering [27–29], or the
modification of synthesis procedures [30–35]. Some of these approaches deliver materials
with better capacity retention at a higher C-rate; however, many are expensive or relatively
slow, and thus unfavourable for commercial application.

Pohjalainen et al. [36] studied the influence of LTO particle size on its electrochemical
performance. Two groups of samples, obtained by solid state synthesis, were considered,
corresponding to high (22 m2 g−1) and low (7 m2 g−1) specific surface areas (SSAs). A better
capacity retention was found for the high-SSA material (about 80%), while the low-SSA
material retained 70% of its initial capacity when operating at 10 C.

A very successful sol–gel synthesis pathway was reported by Kuo et al. [37]. The
obtained LTO material had a specific capacity (at 10 C) of 147 and 153 mAh g−1 for
pristine and carbon-coated materials, representing up to 89% and 93% of the 1 C capacity,
respectively. Gaberscek et al. [38] showed that a decrease in particle size can be more
beneficial than carbon coating. Smaller particles have a bigger specific surface area and
lower electrical resistance at the grain boundaries. It is possible that the results obtained by
Kuo et al. could be further improved by further decreasing the particle size.

Nanosized LTO has a higher capacity and better rate performance [39]; however, its
production is expensive. Therefore, a balance point must be found between the performance
and cost of the final material. An optimal particle size should exist depending on the desired
operation rate, as mentioned by Kashkooli et al. [40].

Data from the literature on low current rate (1 C) and high current rate capacities (10 C)
as a function of specific surface area (Figure 1a,b), crystal and particle sizes (Figure 1c–f),
and electrode mass loading (Figure 1g,h) are presented in Figure 1. It can be seen that the
general relation of structural/morphological parameters and specific capacity is hardly
recognisable, suggesting a deeper investigation is needed in this field. Table S1 (Supporting
Information) presents the experimental procedures in detail, and the results are presented
in Figure 1.

The synthesis route can be responsible for the presence of aggregates and varying par-
ticle distribution, leading to differences in electrochemical properties. Solid state synthesis
usually produces larger particles and LTO aggregates, whereas sol–gel synthesis generally
results in materials with a more homogenous dispersion of particles, which is expected
to provide better electrochemical performance. The direct solid-state synthesis is usually
cheaper and less time consuming compared to sol–gel, leading to the necessity of balancing
the material price and performance.

In this study, we investigated the relationship between the synthesis conditions, mor-
phology, specific surface area, and high electrochemical performance of Li4Ti5O12 obtained
via the sol–gel method. Our goal was to determine which parameter was the most relevant
to LTO performance at high current rates. The obtained results revealed a clear depen-
dency between the specific surface area of the LTO powder and the high rate performance,
reaching a capacity retention of over 90% for discharge at 10 C. Our results and data from
the literature indicate that increasing the specific surface area above a certain value does
not improve the material’s performance, but rather makes its synthesis more complex and
expensive; in addition, it might favour secondary reactions, decreasing the cycle life of
the material. To the best of our knowledge, there are no reports in the literature reporting
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a detailed study on the influence of surface area on electrochemical performance at high
rates.
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materials as a function of: (a,b) specific surface area, (c,d) particle size determined by SEM and TEM, 
(e,f) crystal size determined by XRD, and (g,h) electrode mass loading. Details of data points are 
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Figure 1. Low-rate (left column) and high-rate (right column) specific discharge capacity of LTO
materials as a function of: (a,b) specific surface area, (c,d) particle size determined by SEM and TEM,
(e,f) crystal size determined by XRD, and (g,h) electrode mass loading. Details of data points are
given in Table S1 [30,36,37,41–74].

2. Materials and Methods
2.1. Synthesis of Li4Ti5O12 Powders

Lithium titanium oxide powders were synthesized via a modified sol–gel method
using titanium n-butoxide (TBT, >97% purum, Sigma-Aldrich, Burghausen, Germany),
lithium acetate dihydrate (LiAc, bioXtra, Sigma-Aldrich, Bangalore, India), and citric acid
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monohydrate (CA, ppa, POCH, Gliwice, Poland) as a complexing agent. The molar ratio of
Li:Ti:CA was 4:5:2.5. First, 7.4101 g of TBT was added slowly to 250 mL of ethyl alcohol
(EtOH, 96%, Linegal Chemicals Sp. z o.o., Warsaw, Poland) at room temperature (RT) under
magnetic stirring. The solution instantly turned milky white due to the precipitation of
Ti(OH)4 (Sol-1, 0.0871 M) [41]. A total of 1.8705 g of LiAc was dissolved in 100 mL of EtOH
at RT, which, after complete dissolution, was added to Sol-1, forming Sol-2 (0.1146 M).
Sol-3, consisting of 0.2179 M citric acid in EtOH, was placed in a round-bottom reactor and
heated to 70 ◦C. Then, Sol-2 was added to Sol-3 and left under magnetic stirring for several
hours. The obtained creamy-white mixture was then left for EtOH evaporation during
continuous stirring. The remaining fine, white powder was collected and dried overnight
in vacuum at 120 ◦C and then heat-treated in the muffle furnace at 350 ◦C for 2 h and at
700 ◦C for 12 h in air. Four different samples were obtained, which differed in precursor
addition rate: (1) Sol-2 added gradually in equal portions to Sol-3 within 45 min; (2) Sol-2
added quickly to Sol-3 within 3 min in continuous flow; (3) Sol-2 added slowly to Sol-3
within 45 min in continuous flow; and (4) Sol-2 added quickly to Sol-3 within 3 min in
continuous flow with a total molar solution concentration three times higher. The samples
were labelled S1, S2, S3, and S4, respectively.

2.2. X-ray Powder Diffraction and Raman Spectroscopy

The structural characterization was performed using X-ray diffractometry. The diffrac-
tion pattern of the powdered sample was recorded by a SuperNova Double Source Rigaku
Oxford diffractometer (Tokyo, Japan) using a non-monochromatic Cu Kα radiation source
(λ = 1.542 Å) with a step size of 0.02◦ in a 2θ range of 10◦–80◦. The determination of phase
composition and crystal size was completed using the Match!® software (Crystal Impact,
Bonn, Germany) and Scherrer formula, while the unit cell parameters were determined
using Rietveld refinement (FullProf software, Toulouse, France). The reference diffraction
patterns were modelled using the Vesta® software (Tokyo, Japan).

The local structural ordering was studied using Raman spectroscopy. Raman spectra
were recorded using a Renishaw inVia confocal Raman microscope (London, UK) system
with a frequency doubled Nd:YAG laser (wavelength: 532 nm) of maximum power 3.5 mW
on the sample. In order to avoid any possible laser-induced thermal heating of the samples,
the laser power was significantly reduced.

2.3. Scanning Electron Microscopy and N2 Adsorption/Desorption

To determine the aggregation and morphology of the particles, Li4Ti5O12 powders
were analysed via scanning electron microscopy (SEM). A Merlin scanning electron mi-
croscope (Zeiss, Jena, Germany) was used together with a Quantax 400 energy dispersive
X-ray spectroscope (Bruker, Billerica, MA, USA) with 3 keV electron beam energy.

The N2 adsorption/desorption experiments were conducted using a Micromeritics®

ASAP 2060 apparatus (Norcross, GA 30093, USA) at an absolute temperature of 77.349 K
and a relative pressure range of 0.01–0.995 p(p0)−1. The adsorption/desorption isotherm
analysis was performed with the ASAP 2060 software by calculating the specific surface
area using the BET method and the distribution of the pores and their volumes using the
BJH approach for desorption curves. Moreover, the average grain sizes of the examined
powders were also estimated, taking into account the density of Li4Ti5O12 (3.5 g cm−3).

2.4. Electrochemistry

Lithium titanium oxide powder was ground together with Vulcan® XC72R (Cabot,
Bristol, UK) conductive carbon in an agate mortar to obtain a homogeneous mixture,
which was transferred to a vial before a 5 wt.% solution of polyvinylidene fluoride
(PVDF, Alfa Aesar, St. Louis, MA, USA) in N-methyl-2-pyrrolidone (NMP, anhydrous,
99.5%, Sigma-Aldrich, Burghausen, Germany) was added dropwise. The weight ratio of
Li4Ti5O12:Vulcan®:PVDF was 8:1:1. Afterwards, the vial was placed on a magnetic stirrer
and blended for 4 h. The obtained slurry was coated onto aluminium foil using the doctor
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blade technique. After preliminary drying at 55 ◦C in air, the foil was transferred to a
vacuum oven and dried at 120 ◦C overnight. Then, disks 9 mm in diameter were cut from
the foil, isostatically compressed under 6 t pressure for 1 min, weighed, and dried in a
vacuum oven at 120 ◦C overnight. The electrodes were then transferred to an argon-filled
glovebox (MBraun LABstar, Garching, Germany) for cell manufacturing.

Electrochemical measurements were carried out in three-electrode Swagelok®-type
cells. The counter and reference electrodes were made of metallic lithium foil (Sigma-
Aldrich). Celgard® 2325 (USA) was used as a separator and 1M LiPF6 in ethylene carbon-
ate/dimethyl carbonate (1:1, vol., battery grade, Sigma-Aldrich, St. Louis, MA, USA) was
used as an electrolyte. The chronopotentiometry (CP) experiments were carried out using a
multichannel battery tester ATLAS 1361 (Sollich, Nowy Sącz, Poland). Every examined
cell was preliminarily discharged at a current rate of 0.1 C (where 1 C corresponds to
175 mA g−1). Then, the cells were charged at a constant current rate of 1 C and discharged
at consecutive 1, 2, 5, 10, and 1 C current rates for five cycles each. All the cells were cycled
in the potential window of 1.00 to 3.00 V (vs. Li+/Li0).

2.5. Reference Samples

All experimental techniques were also applied to commercial lithium titanium oxide
samples (Com), which were used as a reference point.

3. Results
3.1. Structural Analysis of LTO Materials

The phase composition and crystal size were confirmed using the X-ray diffraction
method. Figure 2 presents the XRD patterns of both the synthesized and commercial
samples, along with theoretical spinel and rutile patterns as a reference. Diffraction peaks
were identified with the expected spinel phase (Fd3m space group) for all LTO materials:
samples S1–S3 were of very high purity, whereas small traces of rutile were identified
in sample S4. The commercial LTO (Com) also showed minor rutile phase impurities
together with LiTiO2. The sum of all impurities was below 2.5% in those samples. The
lattice parameters, composition of samples, and average crystallite sizes were calculated
based on the XRD patterns; the results are shown in Table 1. The a lattice parameter was
the same for all measured materials and reached ~8.358 Å. The average crystal size of the
LTO samples calculated using the Scherrer equation was in the range of 140–150 nm; the
Com LTO presented a crystal size that was twice as large.

Table 1. Crystallite sizes and lattice parameters for pristine sol–gel and commercial LTO samples.
R—rutile.

Sample
Average

Crystal Size
(nm)

% LTO
(Spinel) % TiO2 % LiTiO2

Lattice
Parameter a

(Å)

S1 148 ± 5 100 - - 8.358 ± 0.001
S2 144 ± 5 100 - - 8.358 ± 0.001
S3 148 ± 5 100 - - 8.358 ± 0.001
S4 141 ± 5 98.3 1.7 (R) - 8.358 ± 0.001

Com 313 ± 5 97.7 0.6 (R) 1.7 8.359 ± 0.001

Raman spectroscopy measurements were applied for local structural analysis. Five
active Raman phonon modes could be well distinguished in the normalized spectra dis-
played in Figure 3. These Raman lines correspond to the expected typical Li4/3Me5/3O4
spinel structure. The A1g phonon mode was assigned to a strong band at 672 cm−1 with
a shoulder around 741 cm−1 (width: 100 cm−1). This mode corresponds to the stretching
vibration of the Ti-O bond in the TiO6 octahedra [41,75,76]. The Eg stretching vibrational
mode corresponds to the Raman line at 421 cm−1, generated by the Li-O ionic bond of the
LiO4 tetrahedra [41,75,76]. The last three F2g phonon modes at approximately 230, 265, and
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350 cm−1 represent Li octahedrally coordinated by oxygen [75]. All five active Raman lines
had an average width of ca. 46 cm−1, characteristic of good crystal quality. Samples S4 and
Com showed additional lines in the spectra (shown by asterisks). These additional features
correspond to the rutile phase impurities (also detected by XRD). The recorded signals of
the rutile phase were weak due to overlapping with stronger lines originating from the
LTO structure.
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Similar to the XRD findings, the Raman analysis showed that, in general, the crystal
quality of all samples was equal. This suggests that the crystal and local structures of all
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measured materials were very similar to each other, and any observed electrochemical
performance variations originated only from LTO particle differences.

3.2. Morphological Analysis

SEM imaging was used to observe the morphology of all LTO samples; the results
are presented in Figure 4. The commercial LTO SEM images can be found in Figure S1
(Supplementary Materials). The LTO samples S1–S4 were similar, displaying a cube-like
morphology with well-developed surface facets (suggesting that the (111) plane made the
most energetically stable surface facet in the material synthesized through our modified
sol–gel method). The approximate LTO particle size for samples S1–S4 was between 100
and 200 nm, with an average of ~150 nm, which is in a good agreement with the XRD results
for the average crystal size of these materials (additional images at lower magnification
can be found in Figure S1); thus, the agglomerates consisted of interconnected crystallites
(grains). The Com LTO sample also displayed a cube-like morphology, although it showed
a non-uniform crystallite size. There were crystallites of various sizes, and some of them
were even above 400 nm. Well-developed crystallite facets were visible in addition to
well-defined interconnected crystallites (grains), showing a polycrystalline nature of bigger
agglomerates. This could be an explanation of why the average XRD crystal size was about
315 nm while a particle size above 400 nm was observed in SEM. The difference in grain
size and agglomeration degree could be a consequence of the synthesis method. The sol–gel
method is known for its ability to obtain smaller particles and favour a less disperse particle
size profile than, for example, solid-state synthesis routes [37].
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To determine the specific surface area and pore size distribution, the N2 adsorp-
tion/desorption isotherms of Li4Ti5O12 powders were examined (Figure S2). All presented
isotherms showed similar a type-II isotherm course with a hysteresis loop originating from
the capillary condensation process in the powder’s pores. The hysteresis loop course was
similar to H3 hysteresis, suggesting a slit-shaped pore geometry. The BJH calculations
(Figure S3) showed that every examined sample had a dominant pore width between 2 and
3 nm. The BET specific surface area calculations showed the largest value for sample S2,
reaching 12.58 ± 0.04 m2 g−1. Moreover, all synthesised samples had values of specific
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surface area between ca. 8 and 13 m2 g−1. The lowest BET specific surface area value was
obtained for the Com sample (4.43 ± 0.03 m2 g−1). The average grain size calculated from
the N2 adsorption/desorption data for every powder was in the range of ca. 130 to ca.
390 nm and correlated well with the SEM imaging and XRD results. The results of the N2
adsorption/desorption experiments are listed in Table 2.

Table 2. BET parameters for the sol–gel synthesized LTO samples and commercial sample.

Sample BET Area
(m2 g−1)

Dominant Pores
(nm)

Pore Volume
(1.7–300 nm) (cm3 g−1)

Particle Size
(nm)

S1 8.23 ± 0.02 2–3; 0.0252 208
S2 12.58 ± 0.04 2–3; 0.0345 136
S3 11.14 ± 0.06 2–3; 0.0288 154
S4 10.97 ± 0.08 2–3; 0.0310 156

Com 4.43 ± 0.03 2–3; 0.0124 387

3.3. Electrochemistry

The galvanostatic charge/discharge results for the Li4Ti5O12 powders are presented in
Figure 5. At a current of 1 C, the specific capacity of samples S1–S4 was similar, reaching ca.
169 mAh g−1. Moreover, the powders obtained via the modified sol–gel method showed
a slightly higher specific capacity (by ca. 6 mAh g−1) at a current of 1 C compared to
the commercial powders. The electrochemical behaviour of each sample began to differ
at higher C-rates. At 10 C, the lowest specific capacity was found for the Com sample,
reaching 99.2 ± 9.7 mAh g−1. The highest capacity retention at 10 C was obtained for
sample S2, at 157.3 ± 2.5 mAh g−1 (93% of 1 C capacity) (Figure 5A). This shows an excellent
rate performance of Li4Ti5O12 synthesised via a modified sol–gel method. After applying
the 1 C current rate for the second time, the capacity of every examined cell returned to its
initial value, suggesting no structural rearrangements occurred during heavy discharge
loads. The results of the CP experiments are listed in Table 3.

Table 3. Results of high-rate chronopotentiometry sol–gel synthesized LTO and commercial sample.

Sample
Electrode
Loading

(mg cm−2)

1 C 1st Dis.
Cap.

(mAh g−1)

2 C 1st Dis.
Cap.

(mAh g−1)

5 C 1st Dis.
Cap.

(mAh g−1)

10 C 1st Dis.
Cap.

(mAh g−1)

Capacity
Retained at

10 C (%)

S1 1.60 ± 0.19 168.1 ± 3.4 161.1 ± 4.0 144.2 ± 5.4 118.3 ± 5.5 70.4 ± 3.6%
S2 1.68 ± 0.50 169.2 ± 2.2 167.4 ± 2.1 164.3 ± 2.0 157.3 ± 2.5 93.0 ± 1.9%
S3 1.47 ± 0.47 166.0 ± 4.2 162.9 ± 4.2 158.5 ± 3.8 151.4 ± 3.3 91.2 ± 3.0%
S4 1.78 ± 0.09 167.0 ± 5.0 160.4 ± 6.6 149.9 ± 9.0 132.0 ± 9.0 79.0 ± 5.9%

Com 1.48 ± 0.19 162.2 ± 5.7 152.7 ± 7.2 129.8 ± 8.6 99.2 ± 9.7 61.2 ± 6.4%

The shapes of the discharge potential curves for all LTO samples at all rates are shown
in Figure S4. It is notable how the samples share similar characteristics at the initial 1 C
cycling. The most remarkable difference was the larger specific capacity value for the
sol–gel synthesized samples with respect to the commercial sample. This behaviour was
maintained as the discharge rate increased to 2 C, with a corresponding decrease in the
discharge specific capacity. At 5 C, the loss in specific capacity for the commercial materials
was around 18% and increased to approximately 40% at 10 C. On every curve, one can
observe a characteristic discharge plateau at ca. 1.55 V (vs. Li+/Li0) originating from
a two-phase reaction of Li4Ti5O12. The plateau values for all samples decreased as the
current increased as a consequence of the resistance polarization of the cells. The bigger the
polarization, the bigger the difference in the plateau at different currents and the bigger
the internal resistance within the cell. Surprisingly the plateau potential was not clearly
corelated with the material’s specific capacity. For example, sample S1 at 10 C presented a
higher discharge capacity than the commercial samples, even though its plateau potential
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drop was bigger than that of the commercial samples. No other electrochemical processes
were visible on the discharge curves, indicating the high purity of the materials and the
absence of ongoing side reactions. There was no clear dependence between the change
in the plateau potential and the material type utilized, suggesting a complex relationship
between the internal resistance of the cells and the cell polarisation phenomenon.
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4. Discussion

A graph plotting the 10 C specific discharge capacity of various Li4Ti5O12 powders
against their BET specific surface areas is presented in Figure 6. It is evident that the specific
capacity at 10 C was higher for samples with a higher specific surface area. This behaviour
could be described with a standard linear regression; a linear trend was fitted when the 10 C
rate specific capacity was plotted against the average particle size acquired from our N2
adsorption/desorption experiments (Figure S5A). No such relationship was obtained for
the average crystallite size calculated from XRD measurements (Figure S5B), showing how
the high rate performance is independent from the structural characteristics. According to
the linear relationship between the specific capacity at 10 C and the BET specific surface
area in the 4–13 m2 g−1 range, theoretically, by simple extrapolation, the maximum specific
discharge capacity would be reached for materials showing a BET specific surface area of ca.
15 m2 g−1. In relation to this, further enlarging the specific surface area of lithium titanium
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oxide will not lead to an increase in its electrochemical performance at 10 C because of
LTO’s theoretical capacity barrier.
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Figure 6. Specific discharge capacity at 10 C vs. specific surface area of sol–gel synthesized LTO
(S1–S4) and commercial sample (Com).

To explore the bigger picture, we plotted our results along with data from the litera-
ture [30,36,41,44–46,48,50,51,53–58,62–64,67,69,70,73] as the specific capacity at 10 C versus
specific surface area, as shown in Figure 7. The presented data points were divided into
two zones: blue up to 17 m2 g−1 for sol–gel synthesized LTO, and beige for higher SSA for
hydrothermally/solvothermally synthesized LTO. The maximum theoretical capacity of
LTO (175 mAh g−1) is represented by a straight pink dashed/dotted line.
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Our previously applied linear regression model collapses for materials with SSAs
larger than c.a. 15 m2 g−1. One of the working models is a logistic function that may
describe the increase in specific capacity as a function of the surface area in the whole range.
In our case, the specific capacity at 10 C would increase along with the specific surface area
until a theoretical capacity value (saturation value) was reached. Nevertheless, to properly
describe this logistic function for LTO, further experiments will be needed for ultra-small
and extra-large specific surface areas to cover a wider spectrum of the logistic function.
This wide spectrum of particle SSAs can be obtained only by using different synthesis
methods, which leads to additional issues with data comparison due to the presence of
different impurities. Here, we only described a specific region between 4 and 13 m2 g−1

of the logistic plot for the S1–S4 and Com samples. This was possible since in this short
range, the same synthesis route could be used for all samples, and a linear regression was a
relatively good approximation of the experimental data.

From the behaviour of the logistic function, the LTO material data points display a
steadily increasing trend for SSA from 2 to 15 m2 g−1 (Figure 7), while after this point syn-
thesized LTO data look rather randomly scattered around a constant value. An up-to-date
comparison between different synthesis routes with an emphasis on high rate performance
has not yet been published; however, many researchers have postulated that small crys-
tals [42,77], mesoporosity [43–45,61], or a high specific surface area [44,47,48] are more
favourable in terms of shortened Li+ diffusion length and increased electrode/electrolyte
surface. An opposite effect has also been suggested, that a very high SSA promotes SEI
formation and undesirable side reactions at higher current loads leading to material degra-
dation and capacity fade [16,49].

Our best sol–gel synthesized LTO (S2) was characterized by a 7% drop in its initial
capacity during 10 C discharge (12.58 m2 g−1 SSA). Lower capacity drops have been
reported for hydrothermally synthesized samples: 6.5% [50], 6% [51], 5.6% [52], 4% [53],
and 3% [54] for surface areas at least three times higher than those of the sol–gel S2 LTO
sample. Two samples had a higher specific capacity at 10 C, both 165 mAh g−1, for SSA
36.76 and 85.93 m2 g−1, respectively [53,54].

We showed that our sol–gel synthesis method can produce LTO materials with high
specific discharge capacity at a rate of 10 C. The obtained results are comparable to those
obtained from hydrothermal methods, even if their specific surface area is much higher.
Similar linear behaviour was observed for the ultra-high rate performance (50–250 C) vs.
the logarithm of SSA for LTO in thin-film electrodes up to 20 m2 g−1. Kavan et al. [78]
used a simplified electrode design without carbon black or a binder and with an electrode
thickness of only 2–4 µm deposited at the conducting glass. They concluded that an SSA
increase above c.a. 20 m2 g−1 led to a plateau in C-rate performance, whereas for an SSA
exceeding 100 m2 g−1, high rate capability was not obtained and even decreased. It was
revealed that below a certain size of LTO particles, the Li+-Li+ repulsions generated more
stress in the material, while ultrasmall particles tended to show higher irreversible charge
capacities and were more sensitive to parasitic charge reactions [16,78].

5. Conclusions

We successfully synthesised Li4Ti5O12 powders via a modified sol–gel method. The
powders were characterized using structural, morphological, and electrochemical tech-
niques. The modified sol–gel approach resulted in fine, pure phase powders with relatively
high BET specific surface areas. Galvanostatic charge/discharge experiments showed an ex-
cellent rate performance of the synthesised compounds, which retained ca. 93% of their 1 C
specific capacity at a 10 C discharge rate. We discussed a possible explanation for the good
performance of the high-rate LTO materials by optimizing the synthesis route and finding
the measurable factor that most influences a rate performance. Based on our experimental
results and previously published reports, we showed that there is an optimum BET specific
surface area, above which (ca. 15 m2 g−1) the improvement of Li4Ti5O12 performance at a
10 C rate is insignificant. This work suggests that the morphology of the material can be, in
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some cases, more important than structural factors (such as crystal size tuning) or surface
modifications when optimising electrochemical performance. Therefore, it is possible to
obtain LTO that performs well without additional efforts leading to extremely high surface
areas, since they will not contribute to further increasing the high rate performance of LTO,
but will rather increase the chance for the occurrence of side degradation reactions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/batteries8100168/s1, Table S1: High rate performance and char-
acteristics of several LTO materials found in the literature; Figure S1: SEM images for the sol–gel syn-
thesized and commercial LTO samples with reference to 1 µm; Figure S2: N2 adsorption/desorption
isotherms of Li4Ti5O12 powders: S1 (A), S2 (B), S3 (C), S4 (D), and Com (E); Figure S3: Pore size
and distribution of Li4Ti5O12 powders: S1 (A), S2 (B), S3 (C), S4 (D), and Com (E); Figure S4: Dis-
charge curves of sol–gel synthesized and commercial LTO samples. (A) 1st cycle at 1 C, (B) 5th
cycle at 1 C, (C) 10th cycle at 2 C, (D) 15th cycle at 5 C, (E) 20th cycle at 10 C, and (F) 25th cycle at
1 C; Figure S5: Relation between specific discharge capacity at 10 C (SDC10C) and (A) particle size
calculated using BET and (B) crystal size calculated using XRD. References [30,36,37,41–74] are cited
in the Supplementary Materials.
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78. Kavan, L.; Prochaázka, J.; Spitler, T.M.; Kalbaácč, M.; Zukalovaá, M.; Drezen, T.; Graätzel, M. Li Insertion into Li4 Ti5 O12 (Spinel):
Charge Capability vs. Particle Size in Thin-Film Electrodes. J. Electrochem. Soc. 2003, 150, A1000. [CrossRef]

http://doi.org/10.1002/smll.201303894
http://doi.org/10.1021/jp2039256
http://doi.org/10.1016/j.jpowsour.2012.07.087
http://doi.org/10.1016/j.electacta.2013.09.086
http://doi.org/10.1016/j.ceramint.2008.10.010
http://doi.org/10.1016/j.elecom.2011.03.038
http://doi.org/10.1016/j.electacta.2011.12.064
http://doi.org/10.1016/j.electacta.2009.04.067
http://doi.org/10.1016/j.jpowsour.2009.12.077
http://doi.org/10.1016/j.elecom.2008.07.049
http://doi.org/10.1016/j.electacta.2004.03.052
http://doi.org/10.1016/S0168-583X(03)00712-2
http://doi.org/10.1149/1.1581262

	Introduction 
	Materials and Methods 
	Synthesis of Li4Ti5O12 Powders 
	X-ray Powder Diffraction and Raman Spectroscopy 
	Scanning Electron Microscopy and N2 Adsorption/Desorption 
	Electrochemistry 
	Reference Samples 

	Results 
	Structural Analysis of LTO Materials 
	Morphological Analysis 
	Electrochemistry 

	Discussion 
	Conclusions 
	References

