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Unique Li,Ti50,,/TiO, multilayer arrays with advanced surface
lithium storage capability

Hao Ge °, Luxia Cui °, Zhijia Sun °, Denghu Wang °, Shengnan Nie °, Shuai Zhu °, Bryan Matthews ©,
Gang Wu *©, Xi-Ming Song ** and Tian-Yi Ma **

Nanostructured arrays grown on metal substrates have been attracting considerable attention as promising electrode
materials for energy storage system. Herein, unique LisTisO1,/TiO, multilayer arrays (LTO/TiO, MLA) featuring advanced
surface lithium storage capability are successfully synthesized for the first time via a facile substrate-free hydrothermal
method with subsequent calcination. The proposed substrate-free growth mechanism of the LTO/TiO, MLA is
demonstrated in detail. Compared to previously reported LTO and LTO/TiO, arrays grown on various substrates, novel
multilayer array structure and remarkable surface lithium storage capability have been clearly detected in our newly
prepared LTO/TiO; MLA. The unique framework of LTO/TiO, MLA can not only offer abundant grain boundaries and phase
interfaces for increasing the number of Li* storage sites but also provide rich and hierarchical channels to ensure more
lithium ions and electrons rapidly diffuse and migrate, contributing to advanced surface lithium storage capability. The as-
prepared LTO/TiO, MLA exhibit great practical potentials for further achieving both high-capacity and high-rate lithium
storage, delivering an ultrahigh reversible capacity of 193 mAh g'1 at 0.5 C and a superior rate capability of 148 mAh g'1 at
30 C between 1.0 and 2.5 V. Our present work provides a facile yet scalable and substrate-free approach for rational
design and fabrication of multilayer arrays with superior electrochemical performance. We believe that the multilayer

arrays structure with abundant

1. Introduction

Rechargeable lithium-ion batteries (LIBs) have been widely
used in our modern life due to their high energy density and
cycle Iongevity.l'4 However, current LIBs still cannot fulfill the
demand of certain energy storage applications, such as, power
electric vehicles, including hybrid electric vehicles (HEVs), plug-
in hybrid electric vehicles (PHEVs), and pure electric vehicles
(EVs).S'7 Conventional LIBs using graphite as the anode active
material generally suffer from a short high rate cycle life, and
have some serious safety concerns; Such as, the formation of
highly reactive dendritic lithium on the anode surface,
especially during high rate discharging, which may easily
penetrate through, or grow around, the porous separator and
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active

sites and diffusion channels will arouse intense interests.

thereby cause an internal short circuit.t Therefore, there is a
demand to develop alternative anode materials with improved
safety, cycling stability, and rate performance for power LIBs.
Spinel Li,TisO4, (LTO) is a promising carbon-free anode active
material that has attracted considerable attention.”™® It
possesses a insertion/extraction voltage of
approximately 1.55 V (vs. Li*/Li), which avoids the reduction of
the electrolyte on the electrode surface and the formation of
the solid electrolyte interphase (SEl) layer, thus offering
excellent safety. Furthermore, LTO exhibits a zero-volume
change and high thermal stability during the lithium
intercalation/deintercalation processes, ensuring outstanding
cycle stability. Unfortunately, low theoretical capacity (175
mAh g'l) and inferior reaction kinetics, originating from poor
electrical conductivity and a low lithium-ion diffusion
coefficient, impede its potential application for high-power
LiBs.* "’ Thorough attempts have been made to improve the
electrochemical performance of LTO, such as nanostructure
fabrication, morphological optimization, surface coating,
chemical doping, or a combination of aforementioned
strategies.s' 10,1820 Promisingly, TiO,, as a carbon-free material
with high theoretical capacity (336 mAh g'l) and superior
lithium-ion diffusibility, has been undoubtedly proven to be an
outstanding anode additive to augment the reversible capacity
and rate performance of LTO.2* Thereafter, a wide range of
LTO/TiO, composites have been spontaneously demonstrated

lithium
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with superior electrochemical performance over bare LTO
electrodes.”” ™

In addition, it is worth noting that the three-dimensional
(3D) nanosheet array electrode materials have aroused
considerable interest in enhancing the rate performance for
LIBs. These arrays have a large exposed effective surface,
which offer shortened lithium-ion diffusion paths, improved
electron transfer capability, more lithium-insertion channels,
and higher contact area between the electrolyte and active
materials.'’® ! Recently, self-supported LTO and LTO/TiO,
nanosheet arrays grown directly on substrates as 3D anode
electrodes, have been reported to demonstrate excellent
charge-discharge properties. For example, LTO nanosheet
arrays, with vertically aligned rectangular nanosheets of 14 nm
in thickness, were successfully synthesized through a
hydrothermal treatment of Ti foil in LiOH solution, followed by
a calcination process.32 These possess outstanding rate and
cycling capability with a reversible capacity of 163 mAh g'1 at
20 C and a capacity retention of 124 mAh g'1 after 3000 cycles
at 50 C. Porous LTO/TiO, nanosheet arrays were constructed
by a hydrothermal synthesis process,18 exhibiting a high initial
discharge capacity of 184.6 mAh g'1 and excellent
electrochemical stability. Additionally, rutile TiO, decorated
hierarchical Li,TisO;, nanosheet arrays have been reported for
lithium ion hybrid supercapacitor applications.31 The self-
supported Li,TisO,,-rutile TiO, nanosheet arrays possessed a
kind of hierarchical 3D interconnected nanostructure with
efficient lithium diffusion along the [011] direction of Li;TisO;,
and [001] of rutile TiO,, showing the outstanding energy
storage performance. Also, the black mesoporous LisTisO1,-5
nanowall arrays, with oxygen vacancies, were successfully
synthesized, which greatly improved electrode kinetics, rate
performance, and cycling stability, making them a promising
3D anode for advanced lithium-ion microbatteries.> However,
all the reported LTO and LTO/TiO,-based nanosheet arrays on
metal substrates involve the use of a variety of solvents and
relatively sophisticated processes. For instance, generally, Ti
foil substrates have to be treated in advance using ethanol,
acetone and deionized water. Then, to obtain the precursors,
the substrates must undergo a hydrothermal reaction with a
NaOH solution, followed by, immersing the substrates in a
diluted HCI solution or hydrochloric acid for ion exchange
between Na' and H'. Finally, the precursors are immersed into
a LiOH solution and go through a hydrothermal and annealing
treatment to obtain the resultant samples.18'31' 3 Additionally,
the growth of LTO and LTO/TiO, nanosheet arrays on the
substrate is strongly restricted by complicated strategy and
reaction conditions, resulting in a rather small loading of active
material on the electrode (~ 0.04 mg cm '2), and consequently
limiting the areal capacity for the LIB anode (theoretically ~7
MA h cm'z).a'z The challenge remains to synthesize high-
performance 3D LTO nanosheet array electrode materials,
with alternative fabrication technologies, in order to increase
the active material loading of nanosheet arrays for practical
application. To the best of our knowledge, there is still no
report on the substrate-free preparation of LTO and LTO/TiO,
arrays.

2| J. Name., 2012, 00, 1-3

Bearing in mind the above issues needed to be alleviated,
we developed a facile substrate-free hydrothermal strategy of
in-situ growth of unique LTO/TiO, multilayer arrays (LTO/TiO,
MLA). Compared to previous reported LTO or LTO/TiO, arrays
grown on substrates,lg' 332 our newly synthesized LTO/TiO,
MLA exhibited advanced surface lithium storage capability and
improved electrochemical performances for LIBs. The detailed
formation and improved mechanism of the LTO/TiO, MLA are
systematically studied in this paper.

2. Experimental details
2.1 Synthesis of LTO and LTO/TiO, MLA

Typically, 0.322 g of LiOH-H,O was dissolved into 80 ml of
deionized water and then 3.3 ml of tetra-n-butyl titanate
Ti(OC4Ho)s (A.R.) was slowly added into the above solution.
After magnetically stirring for 12 h to form a homogeneous
suspension, the mixture was transferred to a 100 mL Teflon-
lined stainless autoclave and was heated to 130 °C for 16 h.
Subsequently, the powders deposited at the bottom of the
reactor were collected by centrifuging and washing with
ethanol five times. Then, to remove the remaining solvents
and yield a precursor, the obtained powders were vacuum
dried at 80 °C for 6 h. Finally, the precursor was calcined at 500
°C for 2 h under atmospheric air to obtain the resulting
LTO/TiO, MLA. Pristine LTO MLA were also synthesized using
the same method as mentioned above, however, the molar
ratio of Li:Ti was adjusted from 4:5 to 4.5:5.

2.2 Instrumentation

The crystal structures of the obtained samples were
characterized by X-ray diffraction (XRD) performed on a Bruker
D8 Advance diffractometer (Germany) with monochromatic Cu
Ko (40 kV, 30 mA) radiation at a step size of 0.02° in the range
of 5-90°. Scanning electron microscopy (SEM, Hitachi SUS000
series) was performed to investigate the morphologies of as-
synthesized materials. The microstructures of the as-prepared
powders were further examined with a transmission electron
microscopy (TEM, JEM-2100) operating at 200 kV. Nitrogen
adsorption-desorption measurements at 77 K were performed
using a Micromeritics ASAP 2010 instrument to measure
Brunauer-Emmett-Teller (BET) surface areas and porous
structures. The pore size distribution was calculated from the
adsorption branch of the isotherms using the Barret-Joyner-
Halenda (BJH) method.

Electrochemical measurements were carried out using
CR2032 coin cells in which lithium metal was used as the
counter and reference electrode. The working electrode was
prepared by homogeneously mixing the active material,
acetylene black and polyvinylidene fluoride (PVDF) binder with
a weight ratio of 8:1:1 in N-methyl pyrrolidinone (NMP)
solvent and coated onto a copper foil at 10 MPa. The
electrodes were cut into disks typically with a diameter of 12
mm and vacuum dried at 120 °C for 24 h. The cell assembly
was completed in a glove box filled with pure argon. The
electrolyte contained 1 M LiPFg in a 1:1:1 volume mixture of
ethylene carbonate (EC), propylene carbonate (PC) and diethyl
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carbonate (DEC). The galvanostatic charge-discharge
experiments were conducted using a battery test system (Land
CT 2001A, Wuhan, China) at various current densities between
1.0 and 2.5 V vs. Li*/Li at 25 °C. Cyclic voltammetry (CV) curves
and electrochemical impedance spectra (EIS) were measured
on a CHI660E electrochemical workstation. CV curves were
produced at various scanning rates: 0.2, 0.4, 0.8, 1.6, and 2.0
mV s between 1.0 and 2.5 V. EIS measurements were
performed from 100 kHz to 0.01Hz with alternating voltage
amplitude of 5mV.

3. Results and discussion

The overall substrate-free synthesis procedure for the
LTO/TiO, MLA is depicted in Fig. 1. LTO/TiO, MLA were derived
from the layered structure of the Li; g1Hg19Ti,05°xH,O material
(denoted as the precursor) after calcination treatment in
atmospheric air. Differing from other reported LTO and
LTO/TiO, arrays grown on substrates,ls’ 332 the obtained
LTO/TiO, MLA demonstrate the unique structure of multilayer
array stacking. Abundant grain and phase
interfaces in this special framework can not only significantly
increase the number of Li* storage sites but also facilitate Li*
transfer.” Furthermore, rich and hierarchical channels in the
unique framework can enable full exposure of the active

boundaries

materials to electrolyte and ensure more lithium ions and
electrons rapidly diffuse and migrate. These advantages giving
rise to promoted kinetic property of lithium ions and electrons
diffusion as well as advanced surface lithium storage capability
can effectively enhance the specific capacity and high rate
capability of the anode material during charge-discharge
processes. Moreover, this stacking structure largely increases
the loading of the active material, improving the areal capacity
for the LIBs anode.

T‘m | Hydrothermal

==

LiOH-H:0+H:0

Calcination

LTO/TiO: MLA

Fig. 1. Fabrication procedure of LTO/TiO, MLA without substrate in this
study.

3.1 Morphology and structure

The crystalline structure and nano-morphology of the
precursors obtained, by adjusting the molar ratio of Li:Ti from
4:5 to 4.5:5 during the substrate-free hydrothermal process at
130 °C for 16 h, are similar (Fig. 2 and Fig. S1). From X-ray
diffraction (XRD) analysis, all the diffraction peaks for the
precursors of LTO/TiO, and LTO MLA can be well indexed to
orthorhombic Li; g1Hg19Ti,O5xH,O (Fig. 2a and Fig. S1a). No

other unidentified signals are observed, indicating that the

This journal is © The Royal Society of Chemistry 20xx
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precursors synthesized are highly pure. SEM images clearly
show the structure of the arrays: vertically aligned nanosheets
with widths ranging between 200 and 300 nm (Fig. 2b and Fig.
S1b). The corresponding TEM images, shown in Fig. 2c and Fig.
Sic, further confirm that all of the nanosheets are vertically
aligned to form independent arrays with single deck. These
nanosheets show uniform thickness of ~10 nm. The high-
resolution TEM images (Fig. 2d and Fig. S1d) of a single spread
nanosheet, illustrate an observable lattice spacing of about
0.83 nm, which matches well with the (200) planes of
orthorhombic Li1,81Ho,19Ti205'xH20.32

Intensity (a.u.)

Li, ¢ Hy1oTi,05 xH,0 PDF#47-0123

Ll L
10 20 30 40 50 60 70 80 90
26 (Degree)

Fig. 2. XRD pattern (a), SEM image (b), TEM (c) and HRTEM image (d)
of the precursor Li;gi1Ho.19Ti,O5'xH,0 before transforming into LTO/TiO,
MLA product.

The layered Li;g;Hg19Ti,O5xH,0, as a kind of layered
hydrous lithium titanate, can be transformed into spinel LTO
by a facile heat treatment. Fig. 3a and Fig. S2a highlight the
XRD patterns of LTO/TiO, and LTO MLA converted by their
corresponding precursors after calcination, indicating that all
specimens are well crystallized. All of the well-defined
diffraction peaks observed from LTO/TiO, and LTO MLA can be
indexed to cubic spinel LTO (JPCDS card no. 49-0207),
suggesting that the layered hydrous lithium titanate,
Li; g1Hg.19Ti;O5'xH,0, has been transformed into spinel LTO.
Although the theoretical molar ratio of Li:Ti in spinel LisTisO4,
is 4:5, the Li source will slightly volatilize during the calcination
process. Therefore, the pristine LTO is formed when the
reactant ratio of Li source:Ti source is 4.5:5. Meanwhile, when
the reactant ratio of Li source:Ti source is 4:5 under the same
synthesis condition, the LTO/TiO, composite can be obtained
due to the excess amount of titanium source. Compared with
LTO MLA (Fig. S2a), additional diffraction peaks at 25.3°, 37.8°,
48.1°, 54.0° and 55.2°, can be clearly observed in LTO/TiO,
MLA; these attribute to the (101). (004). (200). (105) and
(211) facets of anatase TiO, (JCPDS card no. 21-1272),
confirming that the lower molar ratio of Li and Ti contributes
to the formation of Ti02.34 It is widely believed that the
introduction of TiO, can improve the rate capability and
reversible capacity of LTO for LIB applications. The SEM images

J. Name., 2013, 00, 1-3 | 3
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of LTO/TiO, and LTO MLA show that the 3D structures of
vertically, well-aligned, nanosheet arrays are well preserved
after calcination (Fig. 3b and Fig. S2b). This is highly desirable
for the materials' electrochemical applications because anode
materials with a 3D MLA structure, generally benefit from
significantly shortened transport lengths for both lithium ions
and electrons, and thereby possessing enhanced rate
capability. Through TEM, a thickness of ~10 nm is estimated
for typical vertical nanosheets of LTO/TiO, and LTO MLA (Fig.
3c and Fig. S2c). Being different from LTO MLA (Fig. S2d),
LTO/TiO, MLA, as seen from a HRTEM image (Fig. 3d), offer
distinct lattice fringes of 0.48 and 0.35 nm, attributing to the
(111) and (101) interplanar spacings of LTO and anatase TiO,,
respectively. These HRTEM results (consistent with the XRD
analysis) verify the formation of well-crystallized and closely
coupled LTO and TiO, domains in LTO/TiO, MLA (Fig. 3a).
Moreover, as seen in the HRTEM image (Fig. 3d), there are
abundant grain boundaries detected, which can act as
channels for lithium-ion transportation.ls’ 3

(@)

‘ * Anatase TiO,

|
h LTO/TiO, MLA

Intensity (a.u.)

‘ LTO PDF#49-0207

[T
10 20 30 40 50 60 70 80 90 §
26 (Degree)

70 d ;1= 0:48 nm

Grain boundaty

L
T A
/-

SralnbBundan g o

Anatase TiO;
d15=0.35 nm

Fig. 3. XRD pattern (a), SEM image (b), TEM (c) and HRTEM image (d)
of LTO/TiO, MLA.

BET measurements were taken to further characterize the
structure of LTO/TiO, and LTO MLA stacked by well-
interconnected ultrathin nanosheets. The typical IV type
adsorption-desorption isotherms can be identified according
to the IUPAC classification (Fig. S3),35' 3 showing a distinct
hysteresis in the range of ca. 0.5-1.0 P/P,, indicating the
presence of an accessible mesoporous structure.”’ Generally,
the mesoporous structure (Fig. 3b, c and Fig. S2b, c) formed by
closely interconnected standing ultrathin nanosheets, can
provide efficient transport pathways for Li* and e to interior
voids and increase the electrode-electrolyte interfacial area.
Further, it is worth noting that the specific surface area of
LTO/TiO, MLA (227.86 m> g') is larger than that of LTO MLA
(196.39 m? g'l), while the average pore size of LTO/TiO, MLA
(~5 nm) is smaller than that of LTO MLA (~10 nm). These
results confirm that the modification of TiO, can make the
surface of LTO/TiO, MLA rough (see Fig. 3d). Due to the

4| J. Name., 2012, 00, 1-3
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obviously enhanced specific surface area and decreased pore
size after modification by TiO,, the rough surface of LTO/TiO,
MLA consisting of LTO and TiO, should have abundant grain
boundaries and phase interfaces. The larger specific surface
area and smaller pore size of LTO/TiO, MLA, induced by the
introduction of TiO, on the surface of the LTO nanosheets (see
Fig. 3d), can offer more active sites for Li* insertion, thus
reducing electrode polarization and enhancing the utilization
efficiency of active materials.

3.2 Formation mechanism

} i (a)
N VWO 1
s\\ww;\w‘wduw“w\._g'&
“‘/‘,\ww*-" W\W(WW_E_
V\»-‘NW\M‘WKW_&
I R P T
Oh

[

Intensity (a.u.)

‘| PO NI O OO
10 20 30 40 50 60 70 80 90
26 (Degree)

Fig. 4. XRD patterns (a) and SEM images (b-f) of the precursors
obtained with different hydrothermal times: (b) O h, (c) 4 h, (d) 8 h, (e)
12 h, and (f) 20 h.

Since our reported LTO/TiO, MLA present the first 3D, well-
aligned, multilayer array structure that is synthesized without
a substrate, it is critical to get an insight into its formation
mechanism.The process of
Li; g1Ho.19Ti,O5'xH,0 MLA was explored by examining the time-

actual evolution
dependent crystal structure and morphology of the precursors
(Fig. 4). Before the hydrothermal treatment, amorphous
nanoparticle aggregates have already formed (Fig. 4a and Fig.
4b). After the hydrothermal treatment, the reactants are
completely transformed into the layered Lij g1Hg.19Ti»O5'XH,0
phase without any impurities. The precursors obtained from
various reaction times are all layered LijgiHg19Ti»O5xH50,
however, the typical XRD peaks are gradually intensified with
increasing  hydrothermal Additionally,
noticeable differences can be observed from the sequential
images of the precursors treated at different times (Fig. 4b-f,
Fig. 2b). With a 4 h reaction time, nanoparticle aggregates are

reaction time.

This journal is © The Royal Society of Chemistry 20xx
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first transformed into spreading irregular layers (Fig. 4b, c).
When the reaction time is increased to 8 h, decreased layer
thickness is observed, leading to smaller irregular nanosheets
(Fig. 4d). Extending the reaction time to 12 h, array structures
surrounded by disordered smaller nanosheets are clearly
observed (Fig. 4e). Finally, well-aligned nanosheet arrays are
formed when the hydrothermal reaction time was prolonged
to 16 h (Fig. 2b). The size and thickness of the self-standing
nanosheets clearly increase when the hydrothermal reaction
time was further extended from 16 h to 20 h (Fig. 4f).
Therefore, the
morphological evolution from nanoparticles to nanosheets to

aforementioned observations revealed

uniform nanosheet arrays.

Moreover, hydrothermal temperature and concentration
all have significant influence on the materials’ morphology.
Morphology of the precursors synthesized for 16 h at different
temperature were studied. As exhibited in Fig. S4, ill-defined
nanosheets arrays structure can be formed when temperature
is increased from 70 °C to 100 °C. The sample of 130 °C
displays the most well-developed nanosheets arrays structure
(Fig. 2b). When temperature reaches 160 °C, the thickness of
the nanosheets increases obviously. At 190 °C, the precursor
appears as aggregates of smaller and thicker nanosheets.
Morphology of the precursors synthesized for 16 h at different
concentration were also investigated. At lower concentration
of 0.01 M (Fig. S5a), only small and irregular nanosheets are
formed. When the concentration is 0.05 M, the hydrothermal
product with nanosheets arrays structure is preliminarily
formed (Fig. S5b). The well-alighed nanosheets arrays with
300~400 nm in width and ~10 nm in thickness are further
obtained at a LiOH-H,O concentration of 0.10 M (Fig. 2b).
However, at relatively higher concentration of 0.16 M and 0.32
M (Fig. S5¢c and d), serious aggregation has been observed.

Accordingly, the formation mechanism of LTO/TiO, MLA
via the substrate-free hydrothermal process is proposed as
follows. Initially, tetra-n-butyl titanate (TBT) is immediately
hydrolyzed by adding it dropwise to an aqueous solution of
LiOH, thus producing amorphous hydrous titanium oxide
nanoparticles. Similar to Ti foil, the hydrolysate yielded from
the hydrothermal treatment, plays significant roles as both the
3133 During
the hydrothermal treatment process, the soluble Ti**, from the

titanium source and the substrate in this system.

amorphous hydrous titanium oxide, can react with the Li* and
OH ions to form Lij g1Hg19Ti,05-XH,0 nanosheet arrays. The
growth process of the nanosheet arrays depends on the
dissolution kinetics of the hydrolysate. At the initial stage of
the reaction, irregular Li;yg1Hg.19Ti»O5-xH,0
nanosheets are grown. Because the irregular and disordered

dissolution

nanosheets have higher surface energy than well-aligned
the irregular precursors tend to be
spontaneous self-organization of regularized arrays structure

nanosheets arrays,

to improve the thermodynamic stability of the system when
38-40

Consequently, the
formed nanosheets dissolve into the solution and gradually

subjected to long hydrothermal time.

developed into smaller nanosheets to construct an array
structure through the Ostwald ripening process41 as the

This journal is © The Royal Society of Chemistry 20xx

dissolution reaction time progressed. Ultimately, the
calcination of the Li;giHp19TinO5'xH,O nanosheet arrays

produce LTO/TiO, nanosheet arrays.
3.3 Electrochemical performance

To gain an insight into the electrochemical performance of the
as-prepared electrodes, the galvanostatic charge-discharge
measurements were employed to explore the kinetic
processes at different current rates from 0.5 C to 30 C in the
potential window of 1.0-2.5 V vs. Li*/Li (Fig. 5a and b). Long
and flat charge-discharge plateaus around 1.55 V are detected
from both LTO and LTO/TiO, MLA electrodes, and correspond
to the lithiation/delithiation reaction of spinel LTO. Moreover,
a short charge-discharge plateau at around 2.00 V/1.75 V can
be observed from the LTO/TiO, MLA at low rates (0.5 C and 1
C), which is ascribed to the phase transformation from TiO, to
Li,TiO,. However, with increasing current rates, the charge-
discharge voltage plateaus of TiO, become ill-defined due to
the polarization and unsaturated insertion/extrusion of Lt.>
Compared with LTO MLA, the LTO/TiO, MLA exhibit elongated
charge and discharge plateaus, demonstrating a higher
utilization efficiency and lower electrode polarization. Notably,
LTO/TiO, MLA display an ultrahigh discharge capacity of 193.2
mA h g"1 at 0.5 C and a superior rate performance of 147.6 mA
h g'1 at 30 C between 1.0 and 2.5 V vs. Li*/Li; These values for
pure LTO MLA are 173.9 and 92.1 mA h g'l at the same rates,
respectively. Therefore, the reversible capacity and rate
performance of LTO MLA can be significantly improved after
being modified by TiO,.

(a) 25 (b) 25
= 3
] 2.0 ‘5 2.0
g 2
S z 1
o 15 < 159
S °
> B \

1.0 \ 10 \

0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180200
Capacity (mAh/g) Capacity (mAh/g)

210 d)180
© S 1 &5 (A)

180 aeww C 2150
) s 10C E
=~ e E 1201
Z 150 R LY =
z 3 90_\
2120 &
3 = Charge (LTO MLA) < 6or
g ©  Discharge (LTO MLA) re— o0
S 90t 4 Charge (LTO/TiO, MLA) <_§ 30F t$8/¥IéAMLA

v Discharge(LTO/TIO, MLA) 2 e
60 - a o
0 30 60 90 120 150 180 210 0 50 100 150 200 250 300
Cycle Number (n) Cycle Number (n)

Fig. 5 The galvanostatic charge-discharge voltage profiles of pristine
LTO (a) and LTO/TiO, MLA (b). Rate capabilities of pristine LTO and
LTO/TiO, MLA at different rates from 0.5 to 30 C (c). The long-term
cycling performances of pristine LTO and LTO/TiO, MLA at 30 C for 300
cycles (d).

The rate performances of pristine LTO and LTO/TiO, MLA
at different current densities were characterized to further
confirm the enhanced rate capability of LTO/TiO, MLA (Fig.
5c¢). Compared with LTO MLA, the capacity degradation of
LTO/TiO, MLA is much alleviated upon increasing current
density. The capacity retention of LTO/TiO, MLA is about 76.4

J. Name., 2013, 00, 1-3 | 5
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% at 30 C vs. 0.5 C, while LTO MLA is only about 53.0 %. When
the current density is returned to 0.5 C after cycling at various
rates, the cells have complete capacity recovery, which
suggests the excellent cycling stability of LTO and LTO/TiO,
MLA. The long-term cycling performances of pristine LTO and
LTO/TiO, MLA at 30 C are displayed in Fig. 5d. The LTO/TiO,
MLA deliver higher capacity of 141.5 mAh g"l after 300 cycles
with slight capacity decay during the cycling. However, the
value is only 72.6 mAh g"1 for pristine LTO MLA. Moreover, the
capacity retention ratio of 95.9 % after 300 cycles for LTO/TiO,
MLA as compared with the initial capacity at 30 C, which is
obviously higher than that of pristine LTO MLA (78.8 %),
indicates its extremely superior cycle stability and excellent
high rate performance. These results confirm that the
modification of TiO, greatly enhances the cycle performance,
especially at high current density. The detailed comparisons of
LTO/TiO, MLA with previously reported state-of-the-art
LTO/TiO, arrays further reveal the improved
capacity and rate performance of our synthesized composite
anodes for power LIBs (Table 1).

reversible

3 V4552
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Fig. 6 Electrochemical impedance spectra of pristine LTO and LTO/TiO, MLA
(a). Graphs of Z,. plotted against w™ata low-frequency region for pristine
LTO and LTO/TiO, MLA (b).

The excellent electrochemical performance of the
synthesized LTO/TiO, MLA anode materials can be attributed
to both the unique multilayer array structure and the TiO,
incorporation. To further study the promoting effect of TiO,
incorporation on the kinetics of electrode process,
electrochemical impedance spectroscopy (EIS) was performed

(Fig. 6). Typically, both the Nyquist plots of pristine LTO and
LTO/TiO, MLA consist of a pair of depressed semicircles in
high-middle frequency regions, and inclined lines at the low
frequency (Fig. 6a). An equivalent circuit model (the inset) is
employed to analyze the EIS data, in which R, is the resistance
of the electrolyte, and R, represents the charge-transfer
resistance at the electrode/electrolyte interface. The fitting
parameters extracted from the Nyquist plots of pristine LTO
and LTO/TiO, MLA, on the basis of the corresponding
equivalent circuit, are shown in Table 2. R, values normally
reflect the series resistance (resistance of the electrolyte,
separator and electrodes). As compared to LTO MLA, LTO/TiO,
MLA exhibit a smaller Ry value of 4.3 Q, which indicates that
LTO/TiO, MLA possess improved electron conductivity. The
major contributor to the charge-transfer resistance (R) is the
overall resistance of the electrode, which is evaluated to be
87.6 and 32.0 Q for the pristine LTO and LTO/TiO, MLA,
respectively. As revealed by the calculated lithium-ion
diffusion coefficients (Table 2), LTO/TiO, MLA display a
lithium-ion diffusion coefficient of 9.37x107*> cm? s'l, which is
a surprising increase in comparison with that of LTO (2.39x10
Bem? s'l). The following equations are used to calculate these
values: * %

Z.=R,+R + o0 (1)

e
22

e = T @)
240" F'Clo

where o denotes the Warburg impedance factor based on the
slopes of the lines in the graph of Z, vs. w? (Fig. 6b), w
denotes the angular frequency in the low-frequency region, R
denotes the gas constant, T denotes the absolute
temperature, n denotes the number of electrons transferred in
the half-reaction for the redox couple, F denotes the Faraday's
constant, A denotes the surface area of the electrode, and C;
denotes the molar concentration of Li*. From equation (2),
increasing the lithium-ion diffusion coefficient and electron
conductivity, decreases the charge-transfer resistance.
Analyzing for LTO/TiO, MLA confirms the promoted reaction
kinetics induced by TiO, incorporation.

Table 1. Comparison of cycling and rate performances of LTO/TiO, MLA with other LTO/TiO, arrays reported recently.

s | Capacity (mAh g'l) Retention (%)
amples
P 1C 2C 5C 10C 30C 2C 5C 10C  30C
LTO/TiO, MLA® 186.1 179.5 167.2 156.3 147.8 96.2 89.8 839 796
LTO/Rutile TiO, NSA®* 185.2 - 158.3 150.8 142.9 - 85.4 811  77.2
Porous LTO-TiO, NSA'® 184.3 150.1 125.6 103.2 - 81.3 67.7 55.7 -
Mesoporous-LTO/Ti0," 161.3 152.8 143.5 130.6 - 94.9  88.8 80.7 -
LTO-TiO, NWA** 150.6 142.3 135.5 129.4 115.5 94.7 90.3 863  77.0
LTO/TiO, Lamellas™ 178.5 - - 154.9 142.3 - - 828 787

a: Present work; MLA: Multilayer arrays; NSA : Nanosheet arrays; NWA: Nanowire arrays
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Table 2. Fitted Results from EIS.

Samples LTO MLA LTO/TiO, MLA
R/Q 4.5 33
Ra/Q 87.6 320

Dy/cm*s™ 2.39x10°2 9.37x10™"

A kinetics analysis (Cyclic voltammetry) was undertaken to
supplementary demonstrate the lithium storage behavior of
LTO/TiO, MLA (Fig. 7). The larger oxidation and reduction peak
areas of LTO/TiO, MLA, especially seen at high scan rates,
confirm that LTO/TiO, MLA have higher specific capacities than
those of LTO MLA at various current rates. The redox peaks of
LTO and LTO/TiO, MLA at approximately 1.5/1.7 V is assigned
to the two-phase reaction between spinel structure of Li;Ts01,
and rock-salt structure of Li7T5012.44 Compared to LTO MLA,
extra pairs of redox peaks of LTO/TiO, MLA, located around
1.71V and 2.10 V, are observed, which indicates the existence
of the anatase TiO, phase in the composite.23 More
interestingly, a splitting cathodic peak is detected in CVs, at
every scan rate tested, of LTO/TiO, MLA. It is well-known that
the relationship between peak currents and scan rates is
reaction
characteristics, including solid phase diffusion-controlled or
5% |n the insert of
Fig. 7, a linear relationship between the peak current (i) and
the square root of the scan rate (vl/z) is exhibited for the
cathodic peaks of LTO MLA (Fig. 7a) and cathodic peaks at
higher potentials of LTO/TiO, MLA (Fig. 7b), revealing a
classical reaction mechanism. The
pseudocapacitive effect is presented according to the linear
relationship between the peak current and scan rate for the
lower potential peaks in the cathodic process of LTO/TiO,
MLA, indicating that the electrode reaction of the LTO/TiO,

MLA is controlled by a mixed process of diffusion-limited
46, 49

closely associated with various electrochemical

surface-confined charge-transfer processes.

diffusion-controlled

reaction and surface-confined charge-transfer processes.
Generally, surface lithium storage reaction is a quick lithium-
ion insertion process, yielding an extra capacity and improved
rate performance.“' 9 As shown in Fig. 7b, the cathodic peak
areas at lower potentials of LTO/TiO, MLA greatly increase the
total areas of cathodic peaks especially at high scan rates. The

contribution from the capacitive effect and diffusion-
controlled charge can be quantitatively characterized
according to the following relationship: 2052

i= kyvt kou'? (3)

Enhanced surface lithium storage (capacitive effect) with
increasing scan rate is normally proceeded for insertion-
desertion mechanism anode. Fig. 8a compares the
contribution of capacitive effect and diffusion-controlled
charge between the LTO/TiO, and LTO MLA. As shown in Fig.
8a, the capacitive effect contribution of LTO/TiO, MLA is

always higher than that of LTO MLA at each scan rate. With the

This journal is © The Royal Society of Chemistry 20xx

scan rate increasing, the differences of the capacitive effect
contribution between the LTO/TiO, and LTO MLA become
more and more large. These results affirm that LTO/TiO, MLA
electrode possess advanced surface lithium storage capability.
There should be more active sites for the lithium storage on
the surface of LTO/TiO, MLA than on LTO MLA. The detected
increased active sites on the surface further verify that there
are abundant grain boundaries and phase interfaces on the
surface of LTO/TiO, MLA.
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Fig. 7 Cyclic voltammograms of pristine LTO (a) and LTO/TiO, MLA (b)
at different scan rates between 1.0 and 2.5 V.LTO/TiO, MLA

It should be noted that the LTO/TiO, and LTO MLA display
obvious polarization with enhanced scan rates (Fig. 7). This
phenomenon can also be observed from the charge-discharge
curves (Fig. 5a and b). Generally, the potential difference
between the anodic and cathodic peaks can reflect the
polarization degree of the electrode.”® However, the splitting
cathodic peaks of LTO/TiO, MLA make it difficult to compare
the polarization degree between LTO/TiO, and LTO MLA
electrode according to the CV results. Consequently, the
polarization of AE versus rate plots driven from the charge-
discharge curves are employed to discuss the detailed
polarization mechanism of the LTO/TiO, and LTO MLA. The
value of AE is defined as the difference between the potentials
of charge plateaus and discharge plateaus, which represents

J. Name., 2013, 00, 1-3 | 7
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the degree of electrode polarization.34' % As displayed in Fig.
8b, the AE value of LTO/TiO, MLA are smaller than those of
pristine LTO MLA at various rates from 0.5 to 30 C, revealing
that LTO/TiO, MLA has lower electrode polarization and better
reaction kinetics. At low current rates (corresponding to low
scan rates), both LTO/TiO, and LTO MLA exhibit little electrode
polarization due to the long transportation time for lithium-
ions and electrons. With the current rates increasing, the
transportation time for lithium-ions and electrons is
decreased, thus leading to obvious electrode polarization.
However, the difference value of AE between LTO/TiO, and
LTO MLA becomes more and more large with the current rates
enhancing. Obviously, advanced surface lithium storage of
LTO/TiO, electrode induced by TiO, modification is beneficial
to reduce electrode polarization, especially at higher current
rates (corresponding to high scan rates). These systematical
kinetics analysis afford solid evidence that the advanced
surface lithium storage process is responsible for the
remarkable improvement in reversible capacity and high rate
performance of the LTO/TiO, MLA anode. Extra lithium storage
in grain boundaries and phase interfaces, as well as, lower
charge-transfer resistance induced by the synergistic effect
between TiO, incorporation and well-aligned MLA structure,
result in the promoted reaction kinetics and advanced surface
lithium storage capability of LTO/TiO, MLA.
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Fig. 8 Normalized contribution ratio of capacitive and diffusion-controlled
capacities at different scan rates for pristine LTO and LTO/TiO, MLA (a). The
polarization of AE versus rate plots of pristine LTO and LTO/TiO, MLA (b).

It is worth noting that surface manipulation demonstrates
important influence on the rate performances of LTO/TiO,
MLA. Yang et al. have reported well-defined Li,TisO;,/TiO,
nanosheet and nanotube composites synthesized by a
solvothermal process.44 Although our work and the mentioned
paper44 all study the morphology and electrochemical
performances of Li,TisO,,/TiO, composites, there are two
significant differences between the two works. (1) Surface
morphology: Our work reports LisTisO4,/TiO, multilayer arrays,
whereas the mentioned paper exhibits LisTisO4,/TiO,
nanosheet and nanotube composites. This difference can be
attributed to the different synthesis process employed in the
two works. (2) Electrochemical performance: Different from

8| J. Name., 2012, 00, 1-3

the
composites,

reported Li,TisO1,/TiO, nanosheet and nanotube
newly prepared LisTisO,,/TiO, multilayer
arrays display remarkable surface lithium storage capability.
Different morphology of the two composites contributes to
this difference. Fig. 9 compares the rate capabilities of samples
driven from precursors of different hydrothermal times and
different ratios of the Li:Ti at varied current rates. As exhibited
in Fig. 9a and Table S1, the well-aligned LTO/TiO, MLA driven
from the precursor of 16 h show the best rate performance.
We have also tried more different ratios of the Li:Ti (such as
3.8:5; 3.5:5). Because the concentration of OH™ has markedly
influence on the morphology of the precursors (Fig. S5), the
percentage of the vertically aligned nanosheets tends to be
decreased when the ratio of Li:Ti is low (Fig. S6). It is supposed
that low OH concentration can result in the stack of
nanosheets. Transforming from stacked nanosheets to well-
aligned nanosheets arrays, the effective area and utilization
efficiency of the electrode materials will be enhanced, thus
leading to high reversible capacity and excellent rate
retention. The electrochemical results indicate that LTO/TiO,
MLA with Li/Ti=4:5 has superior performance at all current
rates (Fig. 9b and Table S2). These results reveal that well-
aligned and regularized arrays morphology can effectively
enhance the reversible capacity and rate performance of
electrode materials. We believe that well-aligned LTO/TiO,
MLA with ultrahigh reversible capacity and super rate
performance have a great practical application value in both
the power and energy storage systems.

our

(b) 200
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—— Li/Ti=38/5

—~— Li/Ti=35/5

0 5 10 15 20 25 30 OS5 TH0 15 20 25 30
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Fig. 9 Rate capabilities of samples driven from precursors of different
hydrothermal times (a) and different ratios of the Li:Ti (b) at varied current
rates from 1 to 30 C.

Conclusions

In summary, we demonstrate that the unique Li,TisO4,/TiO,
multilayer arrays (LTO/TiO, MLA) display advanced surface
lithium storage capability. For the first time, a facile substrate-
free hydrothermal approach to synthesize LTO/TiO, MLA was
developed in our work. Four advantages of LTO/TiO, MLA
collectively contribute to the ultrahigh reversible capacity and
superior rate performance: (i) Rich and hierarchical channels in
the multilayer array structures can offer large contact area
between active materials and the electrolyte, and significantly

facilitate the transfer of lithium ions and electrons; (ii)

This journal is © The Royal Society of Chemistry 20xx
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Abundant grain boundaries and phase interfaces in the
framework of LTO/TiO, MLA can not only increase the number
of Li" storage sites but also facilitate Li* transfer; (iii) Ultrathin
nanosheets greatly shorten the insertion distance of lithium
ions and electrons; (iv) Advanced surface lithium storage
capability remarkably improves the reversible capacity and
rate performance. This work may open new opportunities for
large-scale fabrication of multilayer arrays electrode materials
with superior electrochemical performance for energy storage
system. We anticipate that developing multilayer arrays with
advanced surface storage capabilities would be a novel and
effective strategy to improve reversible capacity and rate
performance for high-power applications.
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