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ABSTRACT: One of the key challenges toward high-power
Li-ion batteries is to develop cheap, easy-to-prepare materials
that combine high volumetric and gravimetric energy density
with high power densities and a long cycle life. This requires
electrode materials with large tap densities, which generally
compromises the charge transport and hence the power
density. Here densely packed Li,Ti;O;, (LTO) submicro-
spheres are prepared via a simple and easily up-scalable self-
assembly process, resulting in very high tap densities (1.2 g-
cm™?) and displaying exceptionally stable long-term high rate
cyclic performance. The specific capacities at a (dis)charge rate
of 10 and 20 C reach 148.6 and 130.1 mAh g, respectively.
Moreover, the capacity retention ratio is 97.3% after S00 cycles at 10 C in a half cell, and no obvious capacity reduction is found
even after 8000 cycles at 30 C in a full LiFePO,/LTO battery. The excellent performance is explained by the abundant presence
of grain boundaries between the nanocrystallites in the submicron spheres creating a 3D interconnected network, which allows
very fast Li-ion and electron transport as indicated by the unusually large Li-ion diffusion coeficients and electronic conductivity
at (6.2 X 1072 cm® s7! at 52% SOC and 3.8 X 107° S cm™, respectively). This work demonstrates that, unlike in porous and
nanosheet LTO structures with a high carbon content, exceptionally high rate charge transport can be combined with a large tap
density and hence a large volumetric energy density, with the additional advantage of a much longer cycle life. More generally,
the present results provide a promising strategy toward electrode materials combining high rate performances with high
volumetric energy densities and long-term cyclic stability as required for the application in electric vehicles and tools.
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H INTRODUCTION dendrite formation on the carbon anode will lead to severe
safety hazards.”~* This has motivated a myriad of investigations

The development of power sources for pure or hybrid electric
that have been hitherto conducted aiming at the development

vehicles (EVs) and renewable energy systems has been

considered as one of the most important issues to solve the of new electrode materiais having improved electrochemical
energy crisis in the 21st century.' In the pursuit to solve this and safety performances.”

issue, lithium-ion batteries (LIBs) have been intensively studied One of the most promising alternative anode materials for
due to their relatively high energy density. However, the high-rate LIBs is spinel Li,Ti;O,, (LTO) based on its excellent
relatively poor safety, limited cyclic life, inferior high rate cyclic reversibility (a consequence of almost zero structural
charge) and poor low temperature properties are often volume change during Li ion insertion/extraction), hlgh Safety,
considered as the most critical issues of LIBs to be solved. and good Li-ion kinetics at low temperatures.”” " In addition,
Conventional carbon-based anodes lead to accumulative

formation of irreversible lithium dendrites on the carbon Received: May 29, 2015

electrode surface, especially upon fast charging, long-term Revised:  July 8, 2015

cycling, or low-temperature charging conditions. In turn, the Published: July 8, 2015
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the very flat voltage plateau, close to 1.55 V versus Li*/Li, is
higher than the reduction potential of most organic electrolytes,
effectively deterring the formation of solid electrolyte interface
(SEI) films."" =" As a consequence, LTO is considered to be
much safer and stable than carbon-based anodes. Despite the
above-mentioned advantages, one of the major challenges is to
develop electrodes that combine a high power density with a
higher energy density. The poor electronic and ionic
conductivities of LTO'*~'® have initiated the development of
many types of nanostructured LTO materials, such as nanoscale
porous frameworks,'” nanosheets,'”'® arrays'”*’ and meso-
porous hollow spheres,”" aiming at larger reaction surface areas
and shortened Li-ion and electron transport lengths. However,
the large specific surface area of the nanostructured LTO
materials compromises the tap density of the LTO
powders,””*® which decreases the volumetric energy density
of the full cells. Besides, these nanostructured LTO materials
are normally synthesized on the basis of hydrothermal and
solvothermal synthetic methods, which hinder the practical
mass productions and applications.'>** Therefore, various
approaches have been developed to prepare secondary
microsized and porous LTO secondary spheres consisting of
nanosized primary particles to achieve high tap densities in
combination with high-rate electrochemical perform-
ance, 1872022 Up to date, this appears challenging, in
particular in combination with cheap and up-scalable
preparation methods as illustrated by Table S1, which presents
a summary of some of the reported preparation methods of
secondary LTO microspheres, typically using spray-drying and
hydrothermal processes,"®'” in combination with their
performances. It should be noted that also the electrode
loading influences the capacity retention at increased rates,” >’
which is however not often reported. Most of the reported
preparation strategies require high energy consumption and
high cost, which are unfavorable for mass production and
precise structural control. Therefore, it is urgently necessary to
develop methods to synthesize LTO materials that combine
small surface areas, high tap densities without compromising
the electronic and ionic conductivities.

In this paper, a facile one-pot way is developed to synthesize
LTO compact submicrospheres by self-assembly of nanocryst-
als. The hexadecylamine (HDA) is used as a capping and
condensing agent to induce and promote the formation of TiO,
spheres impregnated with Li ions from the amorphous primary
TiO, particles and Li ions. Consequently, these spheres were
calcinated to form LTO spheres fortified by densely packed
primary LTO nanocrystals. No spray-drying or hydrothermal
processes are involved in this method, making this method
cheap and easy to scale up. The obtained highly compacted
LTO spheres are submicrosize, about 500 nm, and have a high
tap density. The as-prepared spheres show very large Li-ion
diffusion coefficients at 52% SOC (6.2 X 10™* cm® s™!) and
electrical conductivities (3.8 X 107 S cm™), responsible for
the exceptionally high rate capabilities and cyclic stability. As
shown in Table S1 in the Supporting Information (SI), the
LTO submicrosphere obtained in this work delivers signifi-
cantly improved specific capacities in combination with high tap
densities, especially at high (dis)charge current densities,
compared to other reported LTO electrodes. The nanosized
carbon coating and the abundance of phase boundaries in the
compact LTO spheres are expected to be responsible for the
excellent Li-ion and electron transport inside the LTO spheres.
Full batteries were assembled using LiFePO, (LFP) as cathode
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material and the prepared LTO spheres as anode material,
which achieve ultrahigh rate performance and excellent cyclic
stability. No significant capacity fading is found even after 8000
cycles at 30 C (dis)charge rate. The developed high volumetric
energy density LTO anodes, suitable for cheap mass
production, not only pave the way toward high-rate Li-ion
batteries with excellent cycle life, it additionally provides new
general insights for the synthesis of electrode materials
combining high tap density and high rate capabilities as
required for the lithium ion power batteries.

B RESULTS AND DISCUSSION

The LTO spheres were prepared by dissolving 16 mL of
titanium(IV) butoxide (TBT) into 200 mL of absolute ethanol
followed by magnetic stirring for 30 min. Subsequently, the
transparent TBT solution was added by 4.03 g of lithium
acetate (LiAc) and 2.0 g of hexadecylamine (HDA), where
HDA was used as a structure-guiding agent in the formation of
amorphous TiO,/Li* spheres. Next, 5.5 mL of NH;H,0
(25%) was dropwise added to the precursor solution under
constant magnetic stirring for the hydrolysis of TBT. After 2 h
of stirring, the transparent solution gradually turned into a
milky liquid. The solution was dried at 80 °C for 24 h to obtain
the white powder of amorphous TiO,/Li" spheres. Finally, this
white powder was further annealed at different temperatures of
600, 700, and 800 °C for 7 h in an Ar flow to obtain the final
gray LTO powder (denoted as LTO-600, LTO-700, and LTO-
800, respectively). The detailed synthesis procedures are
illustrated in Figure 1. First, the dissolved TBT in ethanol
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Figure 1. Schematic diagram of the formation process of the compact
LTO spheres.

was hydrolyzed to Ti(OC,H,),_.(OH), by adding NH;-H,0
and further hydrolyzed to Ti(OH),. During heating at 80 °C,
the Ti(OH), gradually was condensed into amorphous TiO,
particles, which were self-assembled to form amorphous TiO,/
lithium acetate secondary spheres with the aid of HDA. All
these growth and self-assembly took place in an one-step
process probably through a cooperative assembly process
involving long-chain alkylamine and Ti(OC,H,),_,(OH),
species/oligomers.”**” The precursor spheres were annealed
at different temperatures obtain LTO spheres.

The X-ray diffraction (XRD) analysis was used to identify the
crystallographic structure of LTO spheres prepared at different
temperatures (Figure 2a). It is found that the phase purity of
products strongly depends on the annealing temperature. The
XRD patterns of both LTO-700 and LTO-800 spheres are
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Figure 2. (a) X-ray diffraction (XRD) patterns and (b) nitrogen adsorption/desorption isotherms at 77 K of LTO before annealing, LTO-700 and

LTO-800 spheres.

consistent with JCPDS card no. 49-0207 and can be indexed to
the spinel structure of LTO with the space group Fd3m. For
the 800 °C annealing temperature, the peak intensities clearly
augment, indicating more and larger LTO crystalline material.
In contrast, the LTO-600 spheres contain impure phases of
TiO, and Li,TiO; (Figure Sla in the SI), suggesting that the
annealing temperature must be 700 °C or higher to ensure full
transformation into highly crystalline LTO.

According to the nitrogen adsorption/desorption isotherms
(Figure 2b), the Brunauere—Emmette—Teller (BET) specific
surface areas are 24.4 and 25.5 m® g' for LTO spheres
precursors and the LTO-600, respectively, and their corre-
sponding pore volumes are 0.018 and 0.076 cm® g~'. When the
annealing temperature increases from 600 to 700 and 800 °C,
the BET surface areas of LTO-700 and LTO-800 remarkably
decrease to 8.6 and 6.2 m® g, respectively, and their
corresponding pore volumes reduce to 0.042 and 0.011 cm?®
g~'. These small BET surface areas and pore volumes
demonstrate very dense structures with nearly no pores inside
the LTO spheres before and after annealing resulting in very
high tap densities. It is noted that the above BET surface areas
are more than an order of magnitude lower compared to those
previously reported on LTO spheres (Table S1 in the SI).

The morphologies and structures of the LTO spheres before
and after annealing were examined by scanning electron
microscopy (SEM) and high-resolution transmission electron
microscopy (HRTEM), as shown in Figures 3 and 4. The
spheres before annealing are 400—600 nm in diameter and
contain much smaller (5—20 nm in diameter) primary
amorphous TiO, particles impregnated with lithium acetate
(Figure 3a,b). TEM images show that the precursor spheres are
not hollow but exist as a solid amorphous structure (Figure
3c,d). The spheres obtained after annealing at different
temperatures consist of densely packed primary LTO nano-
crystals while maintaining uniform overall sphere diameters in
the range of 400—600 nm (Figure 3e—h and S2a,b in the SI). It
is worth noting that the primary LTO particle size changes
drastically depending on the annealing temperature, growing
from 36 to 42 and SS nm in average diameter according to the
Debye—Scherrer equation when the annealing temperature is
increased from 600 to 700 and 800 °C, respectively. The
morphologies of these spheres with in situ grown spinel LTO
nanocrystals are very different from the secondary spheres
consisting of loosely packed primary particles reported
previously, as shown in Figure S3 in the SI In contrast, LTO
precursors without using HDA consists of irregular aggregates
containing smaller primary amorphous TiO, particles (Figure
S4 in the SI). After annealing, the obtained LTO is composed
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Figure 3. SEM (a, b) and HRTEM (¢, d) images of LTO spheres
before annealing and annealed at (e, f) 700 °C and (g, h) 800 °C.

of uniform single particles, which indicates that the HDA
effectively guides the formation of the compact LTO spheres.
We also used other organic amines and surfactants such as
cetyltrimethylammonium bromide (CTAB) in the preparation
of LTO, in which case single crystal lumps of LTO were
formed, as shown in Figure SS in the SI.

The HRTEM images in Figure 4 show that both LTO-700
and LTO-800 are neither hollow nor porous structures but
rather solid clusters grown by compact spinel LTO nanocrystals
(Figure 4a,c). They have a well-defined crystalline structure
with a lattice plane spacing of 0.48 nm, which is consistent with

DOI: 10.1021/acs.chemmater.5b02027
Chem. Mater. 2015, 27, 5647—5656


http://dx.doi.org/10.1021/acs.chemmater.5b02027

Chemistry of Materials

(@)

Figure 4. HRTEM images of LTO spheres synthesized at (a, b) 700
°C and (c, d) 800 °C. (e, f) Grain boundaries in the LTO-700 spheres
where the inset in (h) shows the corresponding SAED pattern of a
single crystallite grain. (g, h) The cross-sectional SEM images of LTO-
700.

the (111) facet of spinel LTO (Figure 4b,d). The outmost
nanocrystals of the LTO spheres are coated by a ~1 nm thin
carbon layer, which is probably originating from the HDA.
Because the capping agent of HDA controlled the hydrolysis
reaction of TBT and guided the self-assembly and condensation
of the LTO precursors, this played a key role in the formation
of uniform carbon layer on LTO nanocrystals. The cross-
sectional images of LTO spheres further clearly illustrate the
solid internal structure of the LTO spheres (Figure 4gh). The
electrical conductivity of LTO-700 spheres is measured to be
3.8 X 107 S cm™, which is much higher than the intrinsic
electronic conductivity 1073 S cm™! of LTO."**°

It may be anticipated that the uniform carbon layer is at least
partially responsible for the increase in the electrical
conductivity of the compact LTO spheres. In addition, we
expect that the grain boundaries will increase the intrinsic LTO
electrical conductivity, as will discussed below. The notably
high electrical conductivity is of extreme importance for fast
charge transfer throughout the surface of LTO spheres.
According to the thermogravimetric analysis (TGA) and
Raman spectra (Figure S6 in the SI), the carbon is in an
amorphous state, and its content in LTO-700 spheres are
estimated to be ~0.4 wt %, which is much lower than 3—7 wt %
for conventional carbon-coated LTO.'"®***! The carbon
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content of LTO-800 is slightly lower compared to that of
LTO-700. The values of the ratio Ip/I; in the Raman spectra of
LTO-700 and LTO-800 are 3.35 and 3.03, respectively, which
demonstrates that the graphitization degree of amorphous
carbon increases with increasing annealing 'cemperature.30’3'1
HRTEM and STEM images show that the nanocrystals are
tightly grown together creating an abundance of grain
boundaries (Figure 4e/f, Figure S7 in the SI) as opposed to
LTO-800 existing of larger crystallites. The corresponding
selected area electron-diffraction (SAED) pattern of a nano-
crystal in the inset of Figure 4f shows that the nanocrystal is a
single crystalline LTO grain with a well-defined crystalline
structure. No carbon coating layer is observed on the
boundaries of nanocrystals, which indicates that the carbon
coating layer is only formed on the surface of outmost
nanocrystals. Owing to the unique dense structure and the very
low carbon content leads to the high tap density of LTO-700
spheres reaching 1.2 ¢ cm ™, which is twice that of the carbon-
coated and nanoscale LTO (~0.6 g cm™3).*°

The electrochemical properties of the annealed LTO spheres
were evaluated using half-coin cells, as shown in Figure 5. Prior
to the rate-dependent cycling, the LTO-700 and LTO-800
electrodes are subjected to three formation cycles using a 0.1 C
rate (Figure S8 in the SI). The columbic efficiency of the first
cycle for LTO-700 and LTO-800 are 96.13% and 96.32%,
respectively. The relatively low columbic efficiency may be
attributed to lithium ions that are trapped within the grain
boundary regions during the initial (dis)charge cycles. The
(dis)charge profiles are presented of the LTO-700 electrode at
different current rates from 0.1 to 30 C in the voltage range of
1.0-2.5 V (Figure Sa). At a low C-rate (e.g, 0.1 C), the
electrode delivers a remarkable specific capacity of 174.8 mAh
g~!, which is very close to the theoretical capacity of 175 mAh
g™, As the current rate is increased from 1 to 5 and 10 C, the
specific capacities only slightly decrease from 170.1 to 158.5
and 148.6 mAh g™, respectively (Figure Sc). Even at very high
rates, 20 and 30 C, the specific capacities remain as high as
130.1 and 119.6 mAh g™/, respectively, corresponding to 74.4%
and 68.4% of that at 0.1 C. It is also worth noting that the
(dis)charge overpotentials for the LTO-700 at 10 and 30 C are
0.192 and 0.424 V respectively, very similar to that of LTO
nanosheets.'® This small polarization indicates very low internal
resistance for electron and Li-ion transport in the LTO-700
spheres in line with the excellent lithiation and delithiation
behavior during the high rate cycling.

Figure 5d clearly shows that the densely packed LTO-700
spheres deliver an exceptional specific capacity of 144.5 mAh
g~' — equivalent to 97.3% capacity retention—even after 500
cycles at a high current density of 10 C, proving their excellent
(de)lithiation kinetics and reversibility. The specific capacity
and capacity retention values obtained at 10 C are among the
highest ever reported for LTO spheres containing loosely
packed primary particles, as shown in Table S1. The
morphologies and the Fourier transform infrared spectra
(FTIR) of the LTO-700 electrodes before and after S00 cycles
at 10 C are shown in Figures S9 and S10 in the SI, which
demonstrates the high structural stability of the compact LTO
spheres during the high rate cycling tests. The Li,CO; (at 864,
1427, and 1497 cm™") and ROCO,Li (at 1624 cm™) species
were formed on the surface of the cycled LTO spheres, which
may be attributed to the interfacial reactions between the LTO
and electrolyte solution.”” ** The excellent rate and cycling
performance of LTO-700 suggests that the formation of Li
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Figure S. Electrochemical properties of LTO spheres annealed at 700 and 800 °C: (a, b) (dis)charge curves, (c) specific capacities at different C

rates, (d) cyclic performance at a rate of 10 C.

carbonate on the surface of the compact LTO spheres does not
influence their performance. As the annealing temperature
increases to 800 °C, the capacity of the LTO-800 electrode
reduces by 14% compared to LTO-700 at 10 C and further
drops to 91.1 mAh g™" at 30 C (Figure Sb). Similarly, the rate
capabilities and cyclic stability of the LTO-800 electrodes are
marginally inferior to the LTO-700 electrodes (Figure Sc,d).
The specific capacity of the LTO-800 electrode decreases from
132.3 to 104.5S mAh g~ with a capacity loss of 21.0% after 500
cycles at 10 C. The results indicate that the increase of LTO
nanocrystal size inside the compact submicron spheres is
detrimental for the rate and cycling performance. The
electrochemical performance of the LTO material calcined at
600 °C also has been evaluated. Compared to the LTO-700
material, LTO-600 shows poor electrochemical performance as
demonstrated by the low specific capacity at 10 C of only 43.8
mAh g~ (Figure S11 in the SI), which may be attributed to the
presence of Li,TiO; as impurity phase.

The cyclic voltammetry (CV) profiles were measured to
clarify the kinetic behavior of the annealed LTO spheres
(Figure S12 in the SI). The CV curve of LTO-700 has two
sharp, symmetrical redox peaks at 1.51 and 1.62 V,
corresponding to Li-ion insertion/extraction to and from the
LTO structure. The voltage gap between the anodic and
cathodic peaks (AE,) of LTO-700 is only 0.11 V, which is
much less than 0.22 V for LTO-800. In addition, the peak
current density of LTO-700 is almost twice that of LTO-800.
All these observations reflect the faster electrochemical reaction
of the LTO-700 material compared to the LTO-800 material.

The XRD patterns, TEM and STEM images results
demonstrate that the densely packed LTO-700 spheres consist
of self-assembled nanocrystals with an average diameter ~42
nm, significantly smaller than that of the longer annealed LTO-
800 spheres (~5S nm), resulting in a much higher grain
boundary density in the LTO-700 material and suggesting that
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this is responsible for the longer cycle life and better capacity
retention at high rates of the LTO-700 material.

To understand the origin of the improved performance, the
electrochemical impedance spectra (EIS) of the electrodes at
various SOC after 0.1 C and 10 C were measured (Figure 6a—
d), which were simulated by the Z-view software using the
equivalent circuit models (Figure S13 in the SI). The
calculation of the Li-ion diffusion coefficients (Dy;) is shown
in the SI (Figure S14 and Table S2). The obtained charge
transfer resistance (R,) and Dy; are shown in Figure 6e—h. It is
seen that during the initial stage of lithiation at 0.1C, the R
decreases rapidly when the voltage of the electrodes decreases
from 1.9 to 1.6 V, an effect that appears stronger for LTO-700.
From 5% to 95% SOC, R, decreases slightly for LTO-700,
reaching a smaller value before it increases again toward 100%
SOC (Figure 6g). In comparison to LTO-800, the Dy; of LTO-
700 displays a large increase between 5% and 20% SOC,
declining slightly between 20% and 95% SOC before it finally
decreases again (Figure 6e). The Li-ion diffusion coefficient in
LTO-700 at 52% SOC amounts 6.2 X 1072 cm* s after 0.1C
cycling and 18.4 X 107" cm” s™" after 10C cycling, significantly
larger than that of the LTO nanosheets reported previously
(4.0 x 107 cm? s71)."® The large Dy; of LTO-700 suggests a
high ionic conductivity as can be derived by the Nernst—
Einstein equation.’>® The present Li-ion diffusion coefficients
derived from the EIS are in good agreement with those found
by NMR, at room temperature 2.7 X 1072 cm* s™! *”*% and 4.0
X 1072 cm? s7'.*” We anticipate that the small difference may
be ascribed to the difference in the NMR and EIS techniques
and/or differences in the LTO materials.

It is well-known that R, is affected by both D;; and the
electronic conductivity.”>*" It is observed from Figure 6e that
Dy; increases only marginally when the SOC is below 5%. This
suggests that the large decrease in R, below 5% SOC is due to a
dramatic increase of the electronic conductivity, in agreement
with recent research in the initial stages of lithiation of LTO.*
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Figure 6. EIS of LTO-700(a, b) and LTO-800 (c, d) electrodes, and the Dy; (e, f) and R (g, h) electrodes after lithiation to various SOC using 0.1

Cand 10 C.

The thin carbon coating is expected to enhance the electronic
transport between different submicron spheres, but the superior
rate of densely packed LTO spheres suggests that the electrons
can also easily enter the inside of the densely packed LTO
spheres. It is well established that ion diffusion along the grain
boundaries can be orders of magnitude faster than bulk
diffusion through the grains*' and that for LTO deviation from
the end member compositions (Li,TisO;, and Li;TisOy,)
results in a dramatic increase in both Li-ion and electron
mobility due to the availability of vacancies at the interfaces of
Li 8a and 16c occupation.”® *>** A similar situation can be
expected to occur at the grain boundaries, providing faster Li-
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ion and electron transport as compared to bulk LTO.*>* This
suggests that in the initial stages of lithiation the grain boundary
regions are lithiated first, as illustrated by Figure 7, creating a
better electronically conducting network throughout the
abundant grain boundaries in the compact LTO-700 spheres,
explaining the larger decrease in R, at low SOC. The mobile Li-
ions in the grain boundary region initially form only a small
fraction of the total amount of Li-ions, most of which will reside
on bulk 8a sites having poor mobility,” explaining the small
increase in the average Dy; at low SOC. Between 5% and 95%
SOC, this 3D charge transport network can be expected to
induce more nanocrystals to transform within the compact
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carbon layer

LisTisOx2 LirTisOx2

Lithiation reaction

Figure 7. Schematic illustration of lithium ion diffusion along the grain boundaries in highly compact LTO spheres (red arrows: Li ion diffusion,
black arrows: grain boundaries) and lithiation reaction process in LTO-700 and LTO-800 spheres (blue: Li,TisO,, yellow: Li;TisO;,).
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spheres and (d) the specific capacity vs voltage curves in full LFP/LTO batteries at various (dis)charge rates from 0.5 to 80 C, (e) cyclic performance

at a rate of 30 C/30 C.

LTO-700 spheres, creating more phase boundaries where the
Li-ion mobility is higher, rationalizing the much larger average
diffusion coeflicients observed in Figure 6Ge. In addition, the
very steep increase in Dy; upon lithiation starting at 5% SOC
can be explained by recent NMR measurements that indicate a
dramatic increase in Li-ion diffusivity already at very low Li
compositions*” as compared to the poor diffusivity of the end
member phases Li,TisO;, and Li,Tis0,;,”>" —>>*

The EIS after 10 C cycling, Figure 6f and 6h, reveals a
remarkable increase in Dy; and a decrease in R, for the LTO-
700 material, not observed for LTO-800. It should be noted
that after the 0.1 C and 10 C cycling to each SOC, the
electrodes were rested for 2 h before the EIS was measured, and
hence, the large difference in Li-ion diffusion coefficients
between 0.1 C and 10 C implies a different distribution of Li-
ions throughout the electrode materials resulting in more
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mobile Li-ions after 10 C cycling. A possible explanation is that
more LTO grains are actively transforming at higher rates, as
was recently shown to occur for LiFePO,, a cathode Li-ion
insertion electrode material.** More transforming grains will
lead to extra interfaces between the end member phases
resulting in more mobile charge carriers,>”** giving an
explanation for the large diffusion coefficients after fast (10
C) cycling.

We conclude that the much better ionic and electronic
transport properties of LTO-700 as compared to LTO-800 may
be attributed to the grain boundary density. The more
abundant grain boundaries in LTO-700 compared to LTO-
800 will form a better interconnected 3D network for electron
and Li-ion transport, explaining the much better performance at
large (dis)charge rates. Compared to the much more porous
nanosized LTO/Carbon composites, the present strategy leads
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to significantly larger tap densities and hence volumetric energy
density, while maintaining efficient Li-ion transport. We believe
that the concept of polycrystalline materials densely assembled
by primary nanograins for combining large volumetric energy
density and high rate performance provide a valuable and
general strategy to enhance the performance of Li-ion electrode
materials.

In order to evaluate the actual performance of LTO spheres
in full battery, soft packed full LFP/LTO batteries were
assembled using commercial LFP as cathode (Figure S1S in the
SI) and LTO-700 spheres as anode. Figure 8 presents the
photographs of LFP/LTO batteries and their rate performance
and cyclic performance under same (dis)charge rates. It is
observed that the specific capacities of the LTO spheres in
LFP/LTO batteries at 0.5, 5, 10, 30, 60, and 80 C are 145.7,
129.3, 125.1, 110.1, 90.0, and 75.8 mAh g™'. The specific
capacities at 10 and 60 C remain to 85.9% and 61.8% of that
achieved at 0.5 C. Again the LTO spheres exhibit excellent rate
performance at ultrahigh (dis)charge rates in full LFP/LTO
batteries. Interestingly, Figure 8c indicates that the LFP/LTO
batteries almost do not show any capacity decay even after
8000 cycles at a (dis)charge rate of 30 C (the specific capacity
of LTO at 30 C changes from 111.0 to 108.8 mAh g') and the
(dis)charge polarization does not increase during cycling
(Figure S16 in the SI). These results indicate that the LTO-
700 spheres poses remarkable cycling stability. In addition, it is
observed from Figure 8a,b that the LFP/LTO batteries hardly
causes gassing, most likely due to the minimization of the
electrode—electrolyte interface.”* This can be attributed to its
unique structure with lower specific surface area and uniform
carbon coating. The excellent electrochemical behavior in
combination with the high volumetric capacity make the
prepared compact LTO spheres a highly promising material for
electric-powered vehicle applications.

B SUMMARY AND OUTLOOK

We have developed a facile one-pot in situ synthetic approach
to produce compact spheres tightly grown by spinel LTO
nanocrystals. The compact LTO spheres were formed after a
simple hydrolysis reaction followed by a low temperature heat
treatment, which does not require the more complex spray-
drying or hydrothermal processes. The LTO spheres exhibit
remarkable rate capabilities (e.g., 148.6 and 130.1 mAh g~' at
10 and 20 C, respectively) and very stable long-term capacity
retention (e.g.,, 3% capacity loss after 500 cycles at 10 C in half
cell and almost no capacity fading after 8000 cycles at 30 C in
LFP/LTO batteries). Owing to the unique structure of the
compact LTO spheres, consisting of densely packed primary
LTO nanocrystals with a very low carbon content (~0.4 wt %),
the LTO spheres possess an exceptionally high tap density of
1.2 g cm™ and a small specific surface area of 8.6 m* g™', which
are of considerable significance in achieving the LTO-based
batteries with high volumetric energy densities. These findings
highlight that high rate Li-ion and electron transport,
comparable to that of porous or nanosheet structures with
high carbon contents, can be achieved without compromising
the volumetric energy density. The remarkable performance at
fast cycling rates is due to the excellent electronic and Li-ion
transport properties of the compact LTO spheres, explained by
the large abundance of grain boundaries between the
nanocrystals creating an interconnected 3D network for Li-
ion and electron transport. Thereby, this study presents a
universal method to design and prepare Li-ion electrode
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materials combining high rate performance with low carbon
content and high tap density. These findings are of extensive
general interest for the development of compact electrode
materials as required for lithium ion power batteries with high
volumetric energy densities.

B METHODS

The phase compositions of the prepared LTO spheres were measured
by X-ray diffraction (XRD, Rigaku D/max 2500/PC using Cu Ka
radiation with 1 = 1.5418 A). The morphologies and structures were
examined by a field emission scanning electron microscope (FESEM,
HITACH $4800) at S kV and a high resolution and scanning
transmission electron microscope (HRTEM, STEM TECNAIG2 F30)
at an accelerating voltage of 300 kV. The cross-section of LTO spheres
was obtained by model E-3500 ion milling system. The Raman spectra
were collected on a Raman Spectrometer (HORIBA Labram HR
Evolution) with a 532 nm Ar-ion laser. The Fourier transform infrared
spectroscopy (FTIR, Nicolet iS10) was measured in the near-infrared
region. The carbon content was determined by a NETZSCH
STA449F3 thermal analyzer. The electrical conductivities of LTO
powders were measured using the four-point probe method
(LORESTA GP, MCPT610). The nitrogen adsorption/desorption
isotherms were obtained at 77 K by using an automated adsorption
apparatus (Micromeritics ASAP 2020). The surface area was calculated
on the basis of the Brunauer—Emmett—Teller (BET) equation.

Electrochemical measurements were performed by using CR2032
coin half-cells and full LFP/LTO batteries. The LTO electrodes were
prepared by mixing the as-prepared LTO spheres with Super-P as
conducting agent and polyvinylidene fluoride in an N-methylpyrroli-
dinone solution with an 80:10:10 weight ratio. The LTO electrode
loading was 1.5 mg cm™2 for half cells and 3.68 mg cm™2 for full LEP/
LTO cells. For the half-cell test, metallic lithium was used as the
anode. The 1 M LiPFq solution in ethylene carbonate (EC)/diethyl
carbonate (DEC)/ethyl methyl carbonate (EMC) (volume ratio:
1:1:1) was used as the electrolyte. Microporous polyethylene (Celgard
2500) served as the separator. The assembled half cells were
galvanostatically cycled between 1.0 and 2.5 V (on a Land 2001A
battery testing system) at different current densities (the current
corresponding to 1 C is 175 mA g™' for LTO half and full cells) at
room temperature. The electrochemical impedance spectra (EIS) of
electrodes after lithiation to various SOC were obtained on a VMP3
multichannel electrochemical station in the frequency range of 1072~
10° Hz. A perturbation of S mV was applied. Cyclic voltammograms
(CVs) were recorded using the same electrochemical workstation at a
scan rate of 0.1 mV s™' in the range of 1.0—-2.5 V.

In order to examine the performance of compact LTO spheres in
practical full batteries, soft packed LEP/LTO batteries with a capacity
of 60 mAh were assembled using the same LTO electrodes, electrolyte,
and separator as the half cells. The LFP cathode consisted of 84 wt %
commercial LiFePO,, 10 wt % Super-P, and 6 wt % polyvinylidene
fluoride. The rate and cycling performance of soft packed LFP/LTO
batteries were tested between 1 and 2.3 V at 25 °C using a Land
battery tester. The batteries were charged with a constant current-
constant voltage (CC—CV) mode and discharged with CC mode. The
cutoff current at CV charge is 12 mA (0.2 C).
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