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gel as a template and carbon
source in the synthesis of Li4Ti5O12/C
nanocomposites for application as anodes in Li-ion
batteries†
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and P. Hubert Mutin *a

We report here a simple process for the synthesis of Li4Ti5O12(LTO)/carbon nanocomposites by a one-pot

method using an alginic acid aquagel as a template and carbon source, and lithium acetate and TiO2

nanoparticles as precursors to the LTO phase. The carbon content can be tuned by adjusting the relative

amount of alginic acid. The obtained materials consist of nanosized primary particles of LTO (30 nm)

forming micron-sized aggregates covered by well-dispersed carbon (from 3 to 19 wt%). The

homogeneous dispersion of carbon over the particles improves the electrochemical performance of

LTO electrodes such as rate capability (>95 mA h g�1 at 40C) and cycling performance (>98% of

retention after 500 cycles at 5C), even with only 3% of carbon black additive in the electrode

formulation. With a simple and easily up-scalable synthesis, the LTO/carbon nanocomposites of this

study are promising candidates as anode materials for practical application in lithium-ion batteries.
Introduction

Li4Ti5O12 (LTO) has been intensively investigated as a safe
alternative to graphite for the negative electrode in high-power
lithium-ion batteries (LIBs). The main advantages of LTO are its
low cost, zero volume change during Li+ intercalation and de-
intercalation processes, remarkable cycling stability and excel-
lent safety.1–6 However, the main drawback for practical appli-
cation in high-power lithium-ion batteries is its poor electronic
conductivity (10�11 S m�1), which results in poor performance
at high rate. Several methods have been proposed to improve
the electronic conductivity including heteroatom doping (e.g.
Zr4+, F�)7–11 or conductive carbon coating.12–15 In addition, nano-
structuring of the electrode material could provide a larger
contact area between electrode and electrolyte, resulting in an
improvement of Li+ intercalation kinetics. Accordingly, LTO/C
nanocomposites have recently attracted much attention
because a performance improvement at high rate can be ob-
tained due not only to enhanced electronic conductivity by the
carbon but also to the faster Li+ ion diffusion.16–19 However,
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most works on the synthesis of such nanostructured LTO/C
materials involve multiple-step sophisticated syntheses, which
cannot be easily scaled up for industrial application.14,20

Solid-state synthesis is one of most common methods for
the synthesis of electrode materials and it is well adapted to
up-scaling. This method consists of mixing solid precursors by
grinding or ball-milling, followed by a thermal treatment such
as calcination or pyrolysis at high temperature.21–23 However,
a ne tailoring of LTO properties cannot be easily achieved by
solid-state synthesis and the nal materials generally suffer
from uncontrollable particle growth, irregular agglomeration
or even inhomogeneity from the presence of various impurity
phases.24–26 As a result, the electrochemical performance of
such electrode materials is generally lower than that of
nanostructured materials prepared through sol–gel or tem-
plating methods, especially at high charge–discharge rates.3

In the present work we propose to use an alginic acid
aquagel as a carbon source and a complexing agent for the
synthesis of LTO/C nanocomposites by a one-pot solid-state
reaction involving lithium acetate and TiO2 nanoparticles
as precursors to the LTO phase. Homogenous dispersion of
LTO precursors over the chelating alginic acid aquagel
allowed the formation of a highly pure LTO phase and the
uniform deposition of carbon over the LTO nanoparticles.
The electrochemical performance of the LTO/carbon nano-
composites prepared by this easily upscalable method was
greatly improved compared to commercial LTO, even with
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (a) Determination of carbon content by TGA in air (heating rate
10 �C min�1); (b) XRD patterns of LTO/C nanocomposites, (c) and (d)
Raman spectra of LTO/C-3.
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low amounts of carbon black as a conductive additive in
electrode formulation.

Experimental
Materials

Titanium oxide nanoparticles (TiO2, anatase, >99%) were
purchased from Tronox. Lithium acetate dihydrate (LiOAc
>98%) and alginic acid from brown algae were purchased from
Sigma-Aldrich. Carbon black (Super P >99%) was purchased
from Alfa Aesar. For comparison purposes, a commercially
available sub-micronic LTO powder (denoted T-LTO) was ob-
tained from Targray (Canada). Carbon black powders were dried
in an oven at 65 �C before use. All other reagents were used
without further purication.

Synthesis of LTO/C nanocomposites

LTO/C nanocomposites with various carbon content were
synthesized by a one-pot solid state reaction. Depending on the
weight of alginic acid reacted, LTO/C samples with different
carbon contents were obtained (Table 1). For example, a LTO/
carbon nanocomposite with 3 wt% of carbon was prepared as
follows: 200 mg of alginic acid was gelled in water (10 mL) by
heating at 90 �C for 2.5 h, followed by retrogradation at 4 �C for
24 h. Then, 479 mg of TiO2 and 505 mg of LiOAc were added to
the resulting aquagel and stirred for 2 h at room temperature.
The water was removed by freeze drying, and the nal LTO/
carbon composite was obtained by pyrolysis at 800 �C (heat-
ing rate 1 �C min�1) for 3 h under argon ow (50 mL min�1).
The samples are labeled LTO/C-x, where x stands for the carbon
content (wt%). Besides, a carbon free LTO was also obtained by
calcination of LTO/carbon composite at 500 �C for 5 h in air;
this sample is labeled LTO/C-0.

Electrode preparation and half coin cell assembly

Electrodes with 3 different carbon black contents were prepared
using LTO/C (active material), Super P (conductive carbon
black) and PVDF (binder) in a mass ratio of 94 : 0 : 6, 91 : 3 : 6
or 88 : 6 : 6. These electrodes are thereaer referred to as LTO/
C-x-CB-y, where x stands for the carbon content in the LTO/C
nanocomposite and y for the amount of Super P added in the
electrode formulation (e.g. LTO/C-3-CB-6). Aer stirring in N-
methyl-2-pyrrolidone (NMP), the slurry was mixed using an
agate grinding jar (1 h at 500 rpm), then tape casted uniformly
at 150 mm onto a copper current collector (0.018 mm, >99.96%,
Table 1 Influence of the alginic acid weight on carbon content in
LTO/C

Sample Alginic acid weighta (mg) Carbon contentb (wt%)

LTO/C-3 200 3.1
LTO/C-9 600 9.1
LTO/C-19 1300 19.2

a For 480 mg of TiO2 and 500 mg of LiOA. b Determined by TGA in air of
the LTO/C materials.

This journal is © The Royal Society of Chemistry 2018
Promoter) using a 3540 bird lm applicator from Elcometer.
Electrodes (diameter 12.7 mm) were cut with a disk cutter and
then dried under vacuum at 90 �C for 15 h. The loading weight
per electrode disk wasz2.0 mg per disk. CR2032 coin-type cells
were assembled in a glove box under Ar atmosphere (O2

<0.5 ppm, H2O <0.5 ppm), using lithiummetal as both reference
and counter electrode. The electrolyte was LP30 (1 M) LiPF6
dissolved in a mixture of ethylene carbonate (EC) and dimethyl
carbonate (DMC) (ratio EC : DMC ¼ 1 : 1). Whatman glass bre
disks were used as separators. Besides, an electrode was also
prepared using the commercial T-LTO sample, Super P, and
PVDF in a mass ratio of 88 : 6 : 6 and denoted T-LTO-CB-6.
Characterization

XRD patterns were recorded using a PANalytical X'Pert Pro MPD
diffractometer, with the Ka radiation of Cu (l ¼ 1.5418 Å) and
a step size of 0.033� into the 10–80� interval. N2 physisorption
experiments were carried out at �196 �C on a Micromeritics
3Flex. The specic surface area was calculated by the BET
(Brunauer–Emmett–Teller) method and the pore volume was
calculated by the Barrett–Joyner–Halenda (BJH) method. Ther-
mogravimetric analysis (TGA) was performed on a TG instru-
ment (NETZSCH STA 409 PC) with a heating rate of 5 �C min�1

from 25 to 1000 �C. Scanning electronmicroscopy (SEM) images
Table 2 Textural properties of LTO/C nanocompositesa

Sample SBET (m2 g�1) PVmeso (cm
3 g�1) PVtotal (cm

3 g�1)

LTO/C-19 87 0.04 0.08
LTO/C-9 46 0.05 0.05
LTO/C-3 21 0.05 0.06
LTO/C-0 <5 — —

a SBET: Specic surface area determined by BET method; PVtotal: total
pore volume at P/P0 ¼ 0.99; PVmeso: volume of mesopores between 2
and 50 nm determined by the BJH method.

RSC Adv., 2018, 8, 32558–32564 | 32559
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Fig. 2 SEM images of (a), (b) LTO/C-3, (c) LTO/C-9 and (d) C-LTO-0.

Fig. 3 TEM images of LTO/C-3 with EDX mapping, confirming
a homogeneous dispersion of all elements (C, Ti and O).
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were acquired with a Hitachi S-4800 electron microscope.
Transmission electron microscopy (TEM) images were acquired
using JEOL FX2200 microscope. Galvanostatic electrochemical
characterizations were performed at room temperature on
a BTS3000 instrument from Neware Battery in the 2.5–1.25 V
voltage range versus Li+/Li at different current densities. All the
capacity data reported here are the average of at least 3 different
experiments.

Results and discussion
Synthesis and characterization of LTO/C nanocomposites

A series of LTO/C nanocomposites with different carbon
contents was obtained by mixing an alginic acid aquagel with
TiO2 nanoparticles and lithium acetate, followed by freeze-
drying then pyrolysis at 800 �C. In this simple method, the
carbon content in the nal nanocomposites directly depends on
the relative amount of alginic acid aquagel used in the
synthesis, as shown in Table 1. The carbon content of LTO/C
nanocomposites was determined by thermogravimetric anal-
ysis (TGA) (Fig. 1a). The carbon content for all materials is lower
than the value calculated based on the typical carbonization
yield of alginic acid (20%).27 For example, the carbon content in
C-LTO-3 was 3 wt% instead of 5 wt% for the calculated content.
This could be due to the presence of TiO2 or Li

+, which would
catalyze unexpected decomposition or degradation of alginic
acid during the carbonization (pyrolysis) step. Fig. 1b shows the
XRD pattern of LTO/C nanocomposites with different carbon
contents. In all cases, the XRD pattern indicated the formation
of a pure LTO phase. The diffraction peaks at 2q ¼ 18.4, 35.6,
37.2 43.2, 47.3, 57.2, 62.8 and 66.1�, corresponding to the (111),
(311), (222), (400), (331), (333), (440) and (531) planes, can be
indexed to the cubic spinel phase of LTO (JCPDS no. 49-0207).
No other peaks characteristic of impurities such as TiO2 or
Li2TiO3 were observed. On the other hand, small amounts of
these impurities were detected in LTO synthesized without
alginic acid (Fig. S1†). This suggests that the complexation of
LTO precursors (LiOAc and TiO2) by the carboxylic acid groups
of the alginic acid aquagel favors the formation of a phase pure
LTO. In addition, no characteristic peaks for carbon (around 2q
¼ 27�) were observed even for LTO/C-19 (ca. 19 wt% of carbon),
indicating that the carbon of these nanocomposites was mostly
amorphous. The size of the LTO crystallites estimated by the
Scherrer equation was z36 nm, similar for all the LTO/C
samples, even for LTO/C-0, which was obtained by calcination
in air of LTO/C-3 at 500 �C.

The Raman spectra of the LTO/C nanocomposite with 3% of
carbon (LTO/C-3) in the 100 to 1000 cm�1 range is shown in
Fig. 1c. The peaks at 228, 278, 342, 392 and 674 cm�1 can be
assigned to the ve expected T2g, Eg and A1g modes for the
spinel O7

h symmetry group.28 No characteristic peaks for TiO2

anatase (intense peak at 152 cm�1) or rutile (intense peak at
413 cm�1)29 were observed, conrming the high purity of the
inorganic LTO phase in the nanocomposites. In the higher
range (1000–2000 cm�1) (Fig. 1d), the two strong and very broad
bands around 1319 and 1583 cm�1 can be attributed to the in-
plane vibrations of disordered amorphous carbon (D-band) and
32560 | RSC Adv., 2018, 8, 32558–32564
crystalline graphic carbon (G-band), respectively. From the
width of these bands and the ratio of intensity of D-band to G-
band (ID/IG), it can be suggested that the carbon in LTO/C-3 had
a low degree of graphitization.30

The textural properties of LTO/C nanocomposites were
measured by N2 adsorption–desorption. As shown in Table 2,
the specic surface area of the materials increases with the
carbon content, while the pore volume remains practically
constant, suggesting that the carbon phase is microporous and
participates signicantly to the textural properties of the
nanocomposite. In the case of LTO/C-0, the surface area is
negligible. This loss of specic surface area can be ascribed to
the removal of the porous carbon phase and also to the sin-
tering of the naked LTO particles, as suggested by SEM images
(see below).
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 The Nyquist plots for LTO/C-3-CB-3 and T-LTO-0-CB6 at (a)
1st cycle and (b) 10th cycle.

Fig. 4 Representative galvanostatic charge–discharge voltage profiles
(1.25 to 2.5 V) of LTO electrodes at different current densities (2nd cycle
for each current density) of (a) LTO/C-3-CB-3, (b) LTO/C-3-CB-0, (c)
LTO/C-9-CB-3, (d) LTO/C-9-CB-0, (e) LTO/C-0-CB-6 and (f) T-LTO-
CB-6.
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The morphology of LTO/C nanocomposites was investigated
using SEM (Fig. 2) and TEM analysis (Fig. 3). All nano-
composites consisted of aggregated nanoparticles (ca. 30 nm in
size). Aer removal of the carbon by calcination at 500 �C (LTO/
C-0), the surface of LTO particles became smoother, suggesting
a sintering of the particles. Considering the densities of LTO
(3.43 g cm�3) and amorphous carbon (1.8–2.1 g cm�3), the
volume fraction of carbon in samples LTO/C-3 and LTO/C-9 are
Fig. 5 Rate-capability and cycling performance of LTO/C electrode
materials, compared to commercial T-LTO material. Filled and open
symbols refer to reduction (discharge) and oxidation (charge),
respectively.

This journal is © The Royal Society of Chemistry 2018
z5 and z15%, respectively. However, no independent carbon
phase was detected by SEM, even for the LTO/C-9 sample, sug-
gesting that the carbon forms a thin coating over the LTO
particles. This was conrmed using TEM-EDX mapping (Fig. 3).
The distribution of Ti, O and C coincide, indicating a homoge-
neous dispersion of carbon at the surface of LTO particles.
Electrochemical performance of LTO/carbon nanocomposites

The electrochemical performance of LTO/C-3 and LTO/C-9
nanocomposites and the inuence of the addition of carbon
black (Super P) were investigated by preparing electrodes with
different amount of carbon black (3 wt% and 0 wt%) which were
tested in coin-type half-cells vs. Li metal within a potential
window of 1.25 to 2.5 V. The electrodes are labelled LTO/C-x-CB-
y, as explained in the experimental part. For comparison, elec-
trodes based on LTO/C-0 and T-LTO formulated with 6 wt%
carbon black were also investigated (electrodes LTO/C-0-CB-6
and T-LTO-CB-6).

The galvanostatic charge–discharge voltage proles of the
electrodes are displayed in Fig. 4, their rate-capability and
cycling performance in Fig. 5. At the initial current density (1C)
the galvanostatic curve of all electrodes displayed a specic
plateau around 1.55 V vs. Li+/Li, which is typical of LTO and is
classically attributed to the coexistence of 2 phases, Li4Ti5O12

and Li7Ti5O12.31 As shown in Fig. 5, aer 10 cycles at 1C the
specic capacities of LTO in electrodes derived from LTO/C-3
(157 mA h g�1 for LTO/C-3-CB-0, 155 mA h g�1 for LTO/C-3-
CB-3) were close to the specic capacity of the electrode
derived from the commercial LTO (153 mA h g�1 for T-LTO-CB-
6). At high current densities, the LTO/C-3-CB-3 electrode
Fig. 7 (a) Rate capability and (b) long term cyclability performance of
LTO/C-3 based electrodes.
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performed signicantly better than the other electrodes,
retaining aer 10 cycles at 10C a specic capacity of
152 mA h g�1, i.e. more than 95% of its capacity at 1C. The
capacity retention for LTO/C-3-CB-0 was lower, z88%. In
comparison, the electrode based on commercial LTO (T-LTO-
CB-6) showed only 84% of capacity retention, even with 6 wt%
of carbon black. The LTO derived from LTO/C-3 by calcination
(LTO/C-0-CB-6 electrode, z83% of capacity retention) behaved
in a similar way as the commercial LTO.

The excellent performances of electrodes based on the LTO/
C-3 nanocomposite can be explained as follows: rst, as already
shown in TEM images, the carbon is homogenously dispersed
over the LTO aggregated particles, ensuring better electronical
connection between particles compared to the carbon black
additive. Moreover, the porosity of this carbon coating should
also provide easy access of the electrolyte to the surface. Indeed,
a non porous, continuous carbon coating could hinder the
access of the electrolyte to the active material surface.32,33

Finally, Li+ insertion and de-insertion kinetics is expected to be
faster for LTO/C nanocomposite than for T-LTO as the LTO
particle size in the nanocomposites (z30 nm) is signicantly
lower than in T-LTO (z200 nm) (Fig. S2†).

A higher carbon content in the nanocomposite does not lead
to better performances. Thus, the specic capacity of LTO for
LTO/C-9-CB-3 or LTO/C-9-CB-0 electrodes was lower than that of
electrodes based on LTO/C-3 and T-LTO (Fig. 4c and 5). In
addition, as shown in Fig. S3,† the performance of a nano-
composite with 19 wt% of C were even worse (only 125 mA h g�1

of specic capacity of LTO aer 10 cycles at 1C). This behaviour
suggests that a high carbon content could impede Li+ ion
transfer onto the LTO surface. Thus, the presence of intrinsic
carbon in the nanocomposite is essential, but a high amount of
carbon should be avoided for better performance. In addition,
for practical application, a higher carbon content will increase
the weight and thus decrease the volumetric capacity of the
battery.

Electrochemical impedance spectroscopy (EIS) analysis was
carried out on LTO/C-3-CB-3 and T-LTO-0-CB-6, which have the
same amount of carbon in the nal electrode formulation.
Nyquist plots (Fig. 6) for both electrodes show a single semi-
circle in the middle to high frequency range, which is attributed
to the charge transfer resistance (Rct) between electrolyte and
LTO. The charge transfer resistance (Rct) for LTO/C-3-CB-3 at 1st
and 10th cycle for LTO/C-3-CB-3 is obviously smaller than Rct for
T-LTO-0-CB-6, which suggests that the carbon in composite
could decrease the resistance more effectively than carbon
black.

Finally, the performance at high rate (up to 40C) and the
long-term cyclability were investigated for the LTO/C-3 nano-
composite, which showed the best electrochemical perfor-
mances among LTO/C materials. As shown in Fig. 7a, at 40C the
LTO/C-3-CB-3 electrode retained a specic capacity for LTO of
95 mA h g�1, around 60% of the specic capacity at 1C. Inter-
estingly, the LTO/C-3 electrode without carbon additive (LTO/C-
3-CB-0) also showed good rate capability performance,
63 mA h g�1 at 40C. For long term cyclability (Fig. 7b), LTO/C-3-
CB3 showed a discharge capacity of 151 mA h g�1 aer 500
This journal is © The Royal Society of Chemistry 2018
cycles at 5C, with only 2.5% capacity loss compared to the rst
cycle. The coulombic efficiency remained constant at 98.7%
aer 500 cycles, demonstrating an excellent reversibility of Li+

insertion and de-insertion. The C-LTO-3-CB-0 electrode, despite
a moderate drop of the capacity aer ca. 400 cycles, still showed
good long term cyclability performance at 5C.

Comparison with the literature (Table 3) shows that the
performance of our LTO/C nanocomposites is better than that
of LTO/C composites prepared by solid-state reaction, and
comparable with that of LTO/C composites synthetized by more
sophisticated methods such as sol–gel synthesis. In addition,
the total carbon content in our case (3 to 6 wt%) is signicantly
lower than in the other examples (10 to 20 wt%). Thus,
considering the simplicity and low cost of the synthesis, the
LTO/C nanocomposites described in this study could be
a promising candidate as anode material for practical applica-
tion in lithium-ion batteries.
Conclusions

In conclusion, we have developed a simple one-pot synthesis of
LTO/C nanocomposites using an alginic acid aquagel as carbon
source and chelating agent, and LiOAc and TiO2 particles as
LTO precursors. The carbon appears homogenously dispersed
over the aggregated LTO nanoparticles, forming a porous
coating. The nanocomposite with a moderate amount of carbon
(3 wt%) showed promising performances as a negative electrode
material for lithium ion batteries, leading to high rate capability
and long term cyclability even with a low amount of carbon
black as a conductive additive. Therefore, these LTO/carbon
nanocomposites could nd applications in high-power
lithium-ion batteries, for instance, for electrical vehicles or for
stationary energy storage systems with longer lifespan.
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