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Highly Improved Rate Capability for a Lithium-lon Battery
Nano-Li, Ti;O,, Negative Electrode via Carbon-Coated
Mesoporous Uniform Pores with a Simple Self-Assembly

Method

Eunae Kang, Yoon Seok Jung, Gi-Heon Kim, Jinyoung Chun, Ulrich Wiesner,

Anne C. Dillon,* Jin Kon Kim,* and Jinwoo Lee*

A mesostructured spinel Li;TisO;, (LTO)-carbon nanocomposite (denoted as
Meso-LTO-C) with large (>15 nm) and uniform pores is simply synthesized

via block copolymer self-assembly. Exceptionally high rate capability is then
demonstrated for Li-ion battery (LIB) negative electrodes. Polyisoprene-block-
poly(ethylene oxide) (PI-b-PEO) with a sp?-hybridized carbon-containing hydro-
phobic block is employed as a structure-directing agent. Then the assembled
composite material is crystallized at 700 °C enabling conversion to the spinel
LTO structure without loss of structural integrity. Part of the Pl is converted to a
conductive carbon that coats the pores of the Meso-LTO-C. The in situ pyrolyzed
carbon not only maintains the porous mesostructure as the LTO is crystal-

lized, but also improves the electronic conductivity. A Meso-LTO-C/Li cell then
cycles stably at 10 C-rate, corresponding to only 6 min for complete charge and
discharge, with a reversible capacity of 115 mA h g™ with 90% capacity retention
after 500 cycles. In sharp contrast, a Bulk-LTO/Li cell exhibits only 69 mA h g at
10 C-rate. Electrochemical impedance spectroscopy (EIS) with symmetric LTO/
LTO cells prepared from Bulk-LTO and Meso-LTO-C cycled in different potential
ranges reveals the factors contributing to the vast difference between the rate-
capabilities. The carbon-coated mesoporous structure enables highly improved
electronic conductivity and significantly reduced charge transfer resistance, and
a much smaller overall resistance is observed compared to Bulk-LTO. Also, the
solid electrolyte interphase (SEIl)-free surface due to the limited voltage window
(>1V versus Li/Li*) contributes to dramatically reduced resistance.

1. Introduction

Recently, considerable efforts have been
made to develop high performance Li-ion
batteries (LIBs) for new applications
including plug-in hybrid electric vehicles
(PHEVs) and electric vehicles (EVs).l!
Spinel Li TisO;, (LTO) is an alternative
negative electrode material for LIBs due
to several important advantages in spite
of lower theoretical capacity (LijTisOq; +
3Li* + 3e” — Li;TisOq,, 175 mA h g}
than already commercialized graphite
(372 mA h g!). First, Ti is an abundant
element allowing it to be a cost-effective
material.Zl Furthermore, LTO exhibits a Li*
insertion/extraction potential of ~1.55 V
(vs. Li/Li*). This enables LTO electrodes
not to suffer from many critical prob-
lems caused by undesirable electrolyte
decomposition that occurs at reductive
potentials under ~1 V (vs. Li/Li*).1%31 The
side reactions not only lead to the forma-
tion of a solid electrolyte interphase (SEI)
film and gas evolution but also result in
low coulombic efficiency especially in
the first formation cycle due to a signifi-
cant loss of Li*.I It is also known that the
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stability and or lack of the SEI plays a key role in the negative
electrode durability, safety, rate capability, etc.**"5] Efforts have
been focused on developing high-capacity nanostructured nega-
tive electrode materials (e.g., nanowires, nanoparticles, etc.)
that operate at low potential (<1 V vs. Li/Li*) due to improved
capacity durability, rate capability, etc.l) However, it is unlikely
that these nanostructured electrode materials will be used for
practical applications because of the severe side reactions at low
operating potential and extremely large surface areas. Specifi-
cally, the high operating potential of LTO ensures that Li plating
does not occur,?7] which can lead to internal short circuits, a
serious safety concern especially in large format LIBs.l®l ITO is
also known to show exceptional durability because of negligible
volume expansion/contraction, <1%2% while graphite experi-
ences ~13% volume change during full charge-discharge,!!%
and intrinsically high Li-ion mobility.'!

The major drawback of LTO is that it is electrically insulating
(<1078 S cm™).1% Several approaches to improve the electronic
conductivity’*1” include carbon coating via chemical vapor dep-
osition (CVD),'¥l nanocomposite formation with multi-walled
carbon nanotubes 4 metal doping,>'®l and nitridation on the
surface.'”! Another approach to overcome low electrical conduc-
tivity is to employ nanostructures, as the reduced dimension sig-
nificantly shortens the electronic path. In addition, the nanostruc-
tures also enable facile transport of the electrolyte to the surfaces
of electrochemically active materials, resulting in rapid charge
transfer reactions due to the high electrode-electrolyte interface
area, and short Li* diffusion paths.® Thus there have been many
research efforts to develop nano-sized materials for high rate
capability electrodes.['™1418246] However, the nano-sized materials
suffer from low packing density,' resulting in low volumetric
density. Furthermore, it is also possible that the nanoparticles
may be released from the electrode surface, cross the separator
and cause an internal short circuit, as the separator used in com-
mercial battery systems has approximately 1 um pores. /')

To overcome these problems associated with the nano-sized
materials, it is desirable to create a conductive and porous matrix
for micrometer-sized particles that provides good particle-particle
contact. Namely, mesostructured materials with large open pores,
which were first synthesized through a self-assembly method for
nanocatalysis,?” are ideal candidates. For the mesostructured
materials, the particles remain micrometer-sized but contain
pores of nanometer dimension separated by nanometer-thick
walls.?!l' Micrometer-sized mesostructured particles containing
nanostructures can also be fabricated into composite electrodes,
leading to a similar packing density. The well defined and inter-
connected nanostructure then ensures a high electrolyte/electrode
interfacial area and short Li-ion diffusion length. The uniform
and well-interconnected pores minimize wasted volume mainly
due to larger pores and inactive pores between nanoparticles.?

Because of the advantages described above, various mes-
ostructured materials have been synthesized and used as both
negative and positive electrodes for LIBs. For example, Bruce
and coworkers group synthesized mesoporous LiMn,0,, TiO,
(anatase), and LiCoO, by using mesostructured silica as a
hard template.??l Because heat-treatment at high temperature
cannot be conducted for soft-templates!?’! such as block copoly-
mers, the hard template method is typically employed to make
mesoporous electrode materials. However, the hard template
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method requires a long synthesis time (typically more than
7 days) and tedious multi-steps to acquire the final products.
Also, a toxic hydrofluoric acid (HF) is often used to remove sili-
cate frameworks. Furthermore, Li sources in the precursors can
react with the silica hard template.

Recently, researchers have developed hierarchically struc-
tured LTO (micrometer-size (~0.5-2 um)) secondary particles
composed of nanometer-size (<10 nm) via a hydrothermal
method™! and three-dimensionally ordered macroporous
(3DOM) using poly(methyl methacrylate) colloidal crystal tem-
plates for LIBs.13% To the best of our knowledge, however, there
is no report on the synthesis of mesostructured LTO with uni-
form and large pores via either soft or hard template method.
This is because LTO is typically synthesized at high-tempera-
ture (>700 °C),24] not feasible to fabricate mesostructured LTO
using a soft-template method. Although soft-templated mes-
ostructured materials lose their ordered structure at tempera-
ture higher than 500 °C,12% a simple alternative approach called
CASH (combined assembly of soft and hard chemistries) could
be employed to make thermally stable metal oxides.[?®! Labora-
tory-made amphiphilic block copolymer, such as polyisoprene-
block-poly(ethylene oxide) (PI-b-PEO), was used as a structure
directing agent for the assembly with metal oxide sols. The in
situ generated carbon acted as a rigid support for the mesostruc-
tured oxide walls, preventing collapse during heat-treatment at
high temperature (>700 °C).

Herein, for the first time, we report on the synthesis of a
mesostructured LTO-carbon nanocomposite (Meso-LTO-C) with
large (>15 nm) and uniform pores for a high-performance LIB
negative electrode via a block copolymer assembly by employing
PI-b-PEO. Even though the as-synthesized mesostructured LTO
is synthesized through a simple self-assembly method, the as-
synthesized materials is crystallized at 700 °C and conductive
carbon is coated on the pore walls of mesoporous LTO. The
resulting Meso-LTO-C composite has a capacity of 115 mAh g!
at 10 C-rate with exceptionally good cycling performance, 90%
of capacity retention after 500 cycles (1.6 A g’!, 1 C-rate =
160 mA h g!). The effects of the electrode-electrolyte interface
or SEI on the kinetics are also investigated in detail with elec-
trochemical impedance spectroscopy (EIS) analysis.

2. Results and Discussion
2.1.Synthesis of Meso-LTO-C.

Synthesis was achieved by the self-assembly of PI-b-PEO with
titanium tetraisopropoxide, lithium ethoxide, and oxalic acid,
which selectively swell the hydrophilic block (PEO). During
high-temperature heat-treatment at 700 °C for the formation
of the Li;TisOq, spinel phase, most of the block copolymer is
burnt off, and part of PI is converted to carbon, maintaining
the mesostructures (Scheme 1). The resulting structure allows
the electrolyte to be highly accessible to the active material
and maintains a short path length for Li-ions and electrons.
Small angle X-ray scattering (SAXS) patterns of as-synthe-
sized LTO and Meso-LTO-C are shown in Figure la. For the
as-synthesized LTO, one single intense peak is observed at

Adv. Funct. Mater. 2011, 21, 43494357



DVANCED
FUNCTION L
MATERIALS

ol
Maises
www.MaterialsViews.com

- ————

- -

~,

# N,

’ 'd

~, 4

4 . \
(’ Pore generation [ ::.... : b
1\
\+ Carbon source 7\ Li, Ti precursors,’
oo ’,/ \\~ o’
Hydrophobic Yy J, Hydrophilic 700°C, N,
'y
—-
Pl-b-PEO

)
R OH
CHs s

Scheme 1. Schematic representation of the synthesis of Meso-LTO-C.

g =0.21 nm™" (g denotes the scattering vector), corresponding
to a d-spacing of 29.9 nm. One single intense peak represents
typical wormhole-like structures or short-range ordered hexag-
onal structures.?%l After heat-treatment at 700 °C, Meso-LTO-C
also shows one single peak that corresponds to a d-spacing of
19.3 nm, indicating that the mesostructure is preserved and
shrinkage occurs upon removal of organic molecules. Raman
spectroscopy of Meso-LTO-C is shown in Figure 1b. The pres-
ence of in situ formed carbon (Figure S1) from the PI block is
confirmed by two bands around 1590 cm™ and 1380 cm™! from
graphitic carbon (G-band) and disordered carbon (D-band),
respectively.?’] The in situ formed carbon not only helps

www.afm-journal.de

maintain the mesostructure during the heat
treatment required to form LTO, but also
enables a superior electronic network in the
Meso-LTO-C. The presence of carbon is also
corroborated using thermogravimetric anal-
ysis (TGA) (Figure 1c). About 8.5% weight loss
is observed around 400 °C. The wide-angle
X-ray diffraction (XRD) pattern of Meso-LTO-
C (Figure 1d) shows that the peaks are well
indexed to those of Li,TisO;, (Fd3m, JCDPS
No. 49-0207). The calculated crystallite size
of LTO using the Debye-Scherrer equation/?®!
and the XRD pattern is 9.5 nm, confirming
that the wall of Meso-LTO-C is composed of
nanocrytalline LTO, providing a short Li-ion diffusion path.
Field emission scanning electron microscopy (FESEM)
images are presented in Figure 2. At a low magnification
(Figure 2a), it is apparent that the mesopores are well-devel-
oped and encompass entire particles. At a higher magnifica-
tion (Figure 2b), the mesopores are organized in a short-range
ordered channel or wormhole-like structure similar to HMS
(hexagonal mesoporous  silica).?®" The pore size is around
~20 nm. The wormbhole-like structure is believed to be three-
dimensionally interconnected, which is favorable for easy
access of electrolyte inside the pores.?®?% The transmission
electron microscopy (TEM) image of Meso-LTO-C (Figure 2c¢)
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Figure 1. a) SAXS traces of as-synthesized Li;TisO;, and Meso-LTO-C. b)
angle powder XRD pattern of Meso-LTO-C,
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Raman spectrum of Meso-LTO-C. c) TGA profile of Meso-LTO-C. d) Wide-
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Figure 2. SEM images of Meso-LTO-C at low (a) and higher magnification (b). c¢) TEM and

d) HRTEM image of Meso-LTO-C showing wormhole-like pores.

corroborates the FESEM results, as the wormhole-like pores
are again observed to surround entire particles completely.
High-resolution TEM (HRTEM) of Meso-LTO-C (Figure 2d)
reveals that the walls are composed of nanocrystallites con-
nected to each other. The nanocrystals are randomly oriented
and overlap each other within the pore walls. The lattice fringe
is clearly observed in the HRTEM image (Figure 2d, inset). The
average d-spacing is 4.8 A, which is consistent with the d;;-
spacing of Li;TisO1, (Fd3m, JCDPS No. 49-0207). This HRTEM
image therefore also confirms that the wall is composed of LTO
nanocrystallites. Furthermore, electron energy loss spectros-
copy (EELS) analysis for Meso-LTO-C (Figure 3) shows uniform
distribution of Li, Ti, and O all over the structured materials,
which suggests that the mesostructure wall is composed of
LTO, consistent with the HRTEM image.

The porosity of Meso-LTO-C was studied by nitrogen adsorp-
tion-desorption isotherms using a Micromeritics Tristar at 77 K.
Figure 4a shows a nitrogen isotherm curve of Meso-LTO-C. The
isotherm exhibits type IV curves according to the BDDT (Brun-
auer, Deming, Deming, and Teller) classification, with sharp cap-
illary condensation at p/p, of ~0.9, suggesting that large and uni-
form pores are well-developed. The H1 type hysteresis of the iso-
therm suggests cylindrical pore geometry.*l Pore size was calcu-
lated to be 20.4 nm based on the Barrett—Joyner—Halenda (BJH)
method (Figure 4b). Again these large pores allow easy access of
the electrolyte to the active material, which cannot be achieved
with commercial block copolymers (Pluronic series) employed
typically to make mesoporous metal oxides.*!l The pore volume
and surface area are 0.148 cm® g~! and 68.7 m? g}, respectively.
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2.2.Electrochemical Characteristics of
Meso-LTO-C.

Most importantly, we performed electrochem-
ical characterization for Meso-LTO-C as a
negative electrode for LIBs. As a counter ref-
erence, micrometer-sized LTO powders (Bulk-
LTO) were also examined. The XRD pattern
and FESEM image of Bulk-LTO are displayed
in the Supporting Information, Figure S1
and S2, respectively. The electrochemical per-
formance of Bulk-LTO/Li and Meso-LTO-C/
Li cells cycled between 1.0-2.5 V with two
different electrode compositions 80:10:10
and 90:0:10, weight ratio, of LTO/C powders,
CB (carbon black, conductive additive), and
PVDF (poly(vinylidene fluoride), binder) are
displayed in Figure 5. The cycling stability
with variable rate is shown in Figure 5a for
Bulk-LTO with Meso-LTO-C depicted in Sb.
The charge capacity as a function of current
density is plotted in Figures 5c¢ and d, and
reflects the second cycle capacity of each stage
in Figures 5a and b, respectively. The Bulk-
LTO with no CB (90:0:10, open hexagons in
Figure 5c¢) exhibits only 61 mA h g™! even at
the low rate of 0.2 C, which is only 47% of the
capacity at identical C-rate for the electrode
with conductive additive and a composition
of 80:10:10 (open triangles in Figure 5c). Fur-
thermore, the Bulk-LTO with no CB has negligible capacity at
5 C. In sharp contrast, the Meso-LTO-C with no CB (closed rec-
tangles in Figures 5b and d) exhibits almost the same capacity
(141 mA h g™1) as the Meso-LTO-C (144 mA h g!) with conduc-
tive additive (80:10:10, closed circle) at 0.2 C, and retains a very
high capacity of 90 mA h g at the significantly higher rate of
5 C. Collectively these results show the importance of electrical
conductivity for the performance of LTO at high rate. More
importantly, we have demonstrated that the porous carbon net-
work of Meso-LTO-C acts as an excellent electrically conductive
matrix and could replace excess conductive additive, thereby
increasing the mass of the active material. Also by combining
the Meso-LTO-C electrode with a small amount of CB (closed
circle, 80:10:10) extraordinary rate performance is observed,
115 mA h g! at 10 C-rate with the Bulk-LTO combined with
conductive additive (open triangles) exhibiting only 69 mA h g!
at the same rate.

The charge-discharge voltage profiles of Bulk-LTO and
Meso-LTO-C with 80:10:10 of active material:conductive
additive:binder at different C-rates are displayed in Figure 6.
There appears to be a larger capacity with sloping voltage pro-
files at 2.0-1.5 V and 1.5-1.0 V (vs. Li/Li*) for Meso-LTO-C com-
pared to Bulk-LTO. The contribution to this additional capacity
in the sloping voltage regions is not due to carbon as we have
confirmed that both the Meso-LTO-C and conductive additive
explain only ~4 mA h g™ of increased capacity. Rather, the
capacities in the sloping voltage profiles may be associated with
the solid solution domain, which is generally broadened for
nanosized particles.!'”32l The significantly better performance

Adv. Funct. Mater. 2011, 21, 43494357
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Figure 3. Electron energy-loss spectroscopy (EELS) mapping of Meso-LTO-C for the TEM

image in the upper left corner showing wormhole-like pores.

of the Meso-LTO-C compared to that of the Bulk-LTO is attrib-
uted to the unique mesoporous carbon-composite nanostruc-
ture that allows for facile transport of both electrons and Li-
ions. Most exceptionally, the Meso-LTO-C/Li cell also exhibits
excellent durability at extremely high current, 10 C-rate, corre-
sponding to only ~6 min for charge and discharge, as shown in

www.afm-journal.de

Figure 7. Remarkably, after 500 cycles, 90%
of the initial capacity is still retained, when
cycled versus lithium metal. This implies
that if ITO materials were employed in
electric vehicles, employing our technology
could enable the battery to be rapidly charged
without significant degradation.

It is generally accepted that LTO is negli-
gibly affected by surface side-reactions or the
formation of an SEI film.[">3] However, to our
knowledge there has not been an in-depth
study on the effect of kinetics whether or
not an SEI layer is formed on LTO. Thus the
Meso-LTO-C/Li cell with an electrode com-
position of 80:10:10 was deeply discharged
between 2.500-0.005 V for the first two cycles
to intentionally form a SEI layer as depicted
in Figures 5b and d. As observed for these
two curves in Figure 5, the Meso-LTO-C with
the SEI formed by pre-cycling with deep dis-
charge down to 0.005 V (vs. Li/Li*) (crossed
circles) exhibits significantly poorer perform-
ance than that without deep discharge pre-
cycling (closed circles). This is not a trivial
result as it indicates SEI formation can detri-
mentally affect battery operation and that, for
all materials, it is important to understand
the formation and stability of the SEI layer.

To wunderstand kinetic properties in
depth depending on the nanostructure and
the electrolyte-electrode interface as well
as the SEI formation, AC impedance data
for three different electrodes were compared: a) Bulk-LTO/Li,
b) Meso-LTO-C/Li half-cells (HCs) after two cycles between
1.0-2.5 V (vs. Li/Li*) with subsequent discharge to 60 mA g
at 0.2 C-rate as well as ¢) Meso-LTO-C/Li HC after two cycles
between 0.005-2.500 V (vs. Li/Li*) also with subsequent dis-
charge to 60 mA g! at 0.2 C. The Nyquist plots of the three
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Figure 4. a) Nitrogen adsorption-desorption isotherms for Meso-LTO-C and b) the corresponding pore size distribution.
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Figure 5. Cycling data with variable rate for (a) Bulk-LTO/Li and (b) Meso-LTO-C/Li cells cycled between 1.0-2.5 V (vs. Li/Li*) as a function of electrode
composition (active material:carbon black (CB):PVDF by weight) with the C-rate provided on the top axis. The charge capacity as a function of C-rate
is plotted in (c) and (d) for Bulk-LTO/Li and Meso-LTO-C/Li, respectively. The rate performance of a Meso-LTO-C/Li cell after pre-cycling between
0.005-2.500 V (vs. Li/Li*) at 0.2 C-rate for the first two cycles is also given for comparison to intentionally form a SEI layer in (b) and (d).

HCs are displayed in Figures 8a—c. To obtain a fair comparison,  characteristic features comprised of semicircles (*, #), followed
the resistance values are normalized by multiplying by the by a constant slope at low frequency (f) (A). The interpretation of
mass of the active material. The signals in Figures 8a—c show  the impedance signals is based on an equivalent circuit model

comprised of resistance (R), capacitance (C), and Warburg term

(W) related to the solid-state Li* diffusion into the bulk. Values
(a) Bulk-LT . .
2.5 b ) for R and C connected in parallel may be fitted to the semicircle
! ! ! in the Nyquist plot (e.g., * in Figure 8), and its radius corre-
20 ] ) /! I' sponds to the R value while W accounts for the constant slope
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Figure 6. Charge-discharge voltage profiles of (a) Bulk-LTO/Li and  Figure 7. Cycling performance of the Meso-LTO-C/Li half cell at 10 C-rate
(b) Meso-LTO-C/Li cells at different C-rates. between 1.0-2.5 V (vs. Li/Li*). The first two cycles were at 0.2 C-rate.
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Figure 8. Nyquist plots of LTO/Li half cells (HCs) (a,b,c) and LTO/LTO symmetric cells (SCs) (d,e,f). a,d) Bulk-LTO, b,e) Meso-LTO-C after cycling
between 1.0-2.5 V (vs. Li/Li*) and subsequent discharge up to 60 mA h g™' at 0.2 C-rate. c,f) Meso-LTO-C after cycling between 0.005-2.500 V (vs. Li/
Li*) and subsequent discharge up to 60 mA h g™' at 0.2 C-rate. The R terms are explained in the main text and Figure 6. The scale is same in all plots.
Enlarged views the high fregion for (d,e,f) are provided in the insets.

fashioned from HCs was cut in half, aligned oppositely, and
divided by a single sheet of separator.> Figures 8d—f show the
results of the LTO/LTO SCs. Surprisingly, the magnitude of the
high f'semicircles in the SCs in Figures 8d—f are not as intense
as those for the HCs in Figures 8a—c, which indicates that these
semicircles () are predominantly from the SEI on the Li metal,
and not the LTO electrode. Also, the three different LTO/LTO
SCs in Figures 8d—f exhibit quite different features. For Bulk-
LTO SC (Figure 8d), very small semicircles at high f (R;) and a
subsequent large semicircle at medium-low f(R,) are observed.
For Meso-LTO-C SC (Figure 8e), even smaller semicircles (R;)
than that from Bulk-LTO are observed with only the Warburg-
type diffusion term at medium-low f (). Considering that both
Bulk-LTO and Meso-LTO-C at normal cycling conditions up to
1V (vs. Li/Li*) do not have an SEI, the small semicircles at high
f(Ry) are most likely related to electrical contact resistance. The
second large semicircle for Bulk-LTO (&, R,) may be attributed
to charge transfer resistance. The absence of this term in Meso-
LTO-C in Figure 8e most likely explains the superior rate per-
formance of Meso-LTO-C compared to Bulk-LTO. Furthermore,

the Meso-LTO-C SC that was discharged to

0.005 V to allow SEI formation (Figure 8f),

region in the low frange (e.g., A in Figure 8).33 The equivalent
circuit displayed in Figure 9 is for the LTO/Li HC and is based
on the well-known Voigt-type model.?¥ Ry is the resistance of
the electrolyte solution, which is negligibly small in conven-
tional laboratory cells, R; and R, may be related to the SEI and/
or charge transfer resistance. Recently, some reports argue that
the semicircle at high f may be more related to the electrical
contact resistance rather than the resistance from the SEL% C,
accounts for finite diffusion length. Ry; is attributed to the SEI
on the Li metal counter/reference electrode in HC even though
this term is neglected in most previous reports.!'+-16:3¢]

The impedance data using HCs in Figures 8a-c show semi-
circles at high f which have similar sizes. Considering that
the LTO electrodes from the Bulk-LTO/Li and Meso-LTO/Li
HC (Figures 8a and b) at normal cycling condition above 1 V
(vs. Li/Li*) will not have an SEI, the signals may come from
electrical contact resistance, charge transfer resistance, SEI
on Li metal, etc. Thus we have eliminated the signal from the
SEI on Li metal by using a symmetric cell (SC) configuration
where two identical LTO electrodes are used. The LTO electrode

I_?E : _%_Rﬂk_ L _R1_=_z,_ ?1_'_ L Fii E _RZ_” L clearly shows a unique semicircle (R, ro.c) at
: Riix : | R, : LY | medium f compared to the Meso-LTO-C SC

Ro | . . . ",
[ [ [ ! without an SEI (Figure 8e). This additional
D_:—m | | Tﬁl semicircle (R, 11o.c), not clearly observed sep-
: (o : : o : : Gy | 3 arately in the Meso-LTO-C HC (#, Figure 8c),

is attributed to the SEI layer formed during

Figure 9. Equivalent circuit for LTO/Li half cell. deep discharge to 0.005 V. The difference in
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total R values for the Meso-LTO-C HC is not significant e.g.:
without the SEI, discharge to 1 V, (mostly, Ry; in Figure 8b) and
with SEI, discharge to 0.005 V (mostly, Ry; + R, 1to.c, Figure 8c).
However, for the SCs, the total R value for the Meso-LTO-C dis-
charged to 1V (R; = "3 mQ g) is much smaller than that for the
Meso-LTO-C discharged to 0.005 V to form an SEI (R; + Ry to.
¢ = =21 mQ g). This result clearly demonstrates that the SEI
formed below 1 V (vs. Li/Li*) will significantly contribute to the
kinetics properties and that it is especially relevant to nanos-
tructured systems.

3. Conclusions

A simple block copolymer assembly route was successfully
employed to synthesize a mesostructured LTO-carbon com-
posite with inorganic precursors. During heat-treatment at
700 °C employed for the crystallization of the amorphous metal
oxide to form the spinel LTO structure, part of the polyisoprene
was converted to a conductive carbon matrix that not only main-
tained the mesostructure but also provided electrical conduc-
tivity to the insulating LTO framework. Pore size was calculated
to be 20.4 nm, large enough for facile diffusion of electrolyte
to the LTO framework. The excellent rate capability of the mes-
ostructured LTO-carbon composite, with 500 cycles demon-
strated at 10 C and a capacity of =115 mA h g, is attributed
to the outstanding electrical conductivity of the mesoporous
nanoarchitecture combined with the SEI-free surface as sup-
ported by the EIS analyses. This simple self-assembly method
employing block copolymers with a sp-hybridized carbon-con-
taining hydrophobic block can be extended to other active mate-
rials in order to enable improved rate performance for a variety
of LIB electrodes.

4. Experimental Section

Synthesis of Mesoporous LTO: Poly(isoprene) -b-poly(ethylene oxide)
block copolymer (PI-b-PEO) was synthesized by anionic polymerization.
The M, value and PEO fraction of PI-b-PEO used were found to be
30,000 g mol™ and 0.06, respectively. PI-b-PEO has narrow weight
distributions with a polydispersity index of 1.13. This PI-b-PEO block
copolymer was used both as a structure directing agent as well as
carbon source. Initially, 0.2 g of PI-b-PEO was dissolved in a mixture of
4 ml of THF. The inorganic precursor solution was prepared by mixing
1.287 ml of TTIP (titanium tetraisopropoxide) and 0.181g of lithium
ethoxide (3.48 mL of 1 m LIOC,Hs in THF stock solution). 0.39 g of
Oxalic acid was then added to the inorganic precursor solution. Block
copolymer solution and inorganic precursor were mixed and stirred
for 2 h. Films were cast by evaporation of the solvents on a hot plate
at 50 °C, and further dried at 130 °C in a vacuum oven for 1 h. The

as-synthesized films were heat-treated to 700 °C under N, and held
for 2 h. To prepare bulk the LTO sample, a typical solid-state method
was employed using a stoichiometric amount of TiO, (anatase) and
Li,CO;. The mixture powder was heat-treated at 800 °C for 20 h under
atmosphere. (Supporting Information, Figure S2: XRD pattern of bulk
LTO, Figure S3: SEM of bulk LTO)

Characterization: TEM and HRTEM characterizations were carried
out using an EM-2010 microscope (JEOL Ltd.). The XRD study was
performed with an X'Pert diffractometer (Cu Ko radiation; PANalytical)
with an X'Celerator detector (PANalytical). Nitrogen adsorption
experiments were carried out using Micromeritics Tristar | 3020 system
(Micromeritics Instrument Corporation). SAXS data were collected with
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an apparatus consisting of an 18-kW rotating anode X-ray generator (Cu
Ko wavelength = 1.542 A, Rigaku Co.) and a one-dimensional position-
sensitive detector (M. Braun Co.).

Electrochemical Characterization: The mesoporous LTO/C composite
electrodes were prepared by spreading LTO/C powders, CB (super C65,
TIMCAL Ltd.), and PVDF on a piece of Cu foil. 2032-type coin cells
with two-electrodes (Mesoporous LTO/C)/Li were assembled in an
Ar-filled dry box. 1.0 m LiPFg in a mixture of ethylene carbonate (EC) and
diethyl carbonate (DEC) (1:1 volume ratio) was used as the electrolyte.
Porous 25 um thick polypropylene (PP)/polyethylene/PP trilayer film
(2325, Celgard) were used as separators. Unless specifically specified,
galvanostatic charge-discharge cycling was performed between 1.0-2.5 V
(vs. Li/Li*) at different C-rates at room temperature. In this report,
lithiation was expressed as discharging and de-lithiation as charging
because Li foil was used as the counter electrode in the HCs. The
electrochemical impedance spectroscopy (EIS) study was performed
using a 1280C Solartron instrument. The AC impedance measurements
were recorded using a signal with an amplitude of 5 mV and a
frequency range from 500 kHz to 5 mHz. The first measurement was
performed using the LTO/Li half cells after pre-cycling between 1.0-2.5 V
(vs. Li/Li*) or 0.005-2.500 V (vs. Li/Li*), and subsequently discharging
up to 60 mA h g'. After the measured LTO/Li HCs were disassembled,
the collected LTO electrodes were reassembled as LTO/LTO SCs inside
the glove box. Then, the second measurement was performed using
the LTO/LTO SCs. The composition of the electrodes used for the EIS
measurements was 80:10:10 (LTO:CB:PVDF weight ratio). The specific
capacity is based on the total weight of LTO and carbon. In this report,
lithiation is expressed as discharging and delithiation as charging
because Li foil is used as the counter electrode in the HCs.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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