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ARTICLE INFO ABSTRACT

Keywords: Ti-based nanoplates with abundant phase boundaries have been synthesized via partial lithiation reaction and
LisTi5012/TiO> optimized heat treatment. Using phase boundaries (rather than free surfaces) to keep the crystalline domains
Phase boundaries small might have significant advantages, such as improved tap density (therefore volumetric energy density) and
High-rate

reduced loss of live Lithium to the solid electrolyte interphase (SEI) which only coats the free surfaces. As
lithium ion battery anode, the obtained LisTisO;2/TiO»(Anatase)/TiO»(Rutile) three-phase mixture shows a
capacity of about 170 mAh g™ at 4000 mA g™! (fully charged in ~150s), and undergoes more than one
thousand cycles with capacity fade of only 0.02% per cycle. It also demonstrates excellent cycling stability even
after 4000 cycles at 500 mA g~! in a Li-matched full cell vs. LiFePO,4 cathode in large pouch cell format, with
tolerable gassing behavior. Rather than relying on Ti®* defects or excessively large surface area, the present
material is prepared in fully oxidizing environment, with abundant phase boundaries as the main capacity

Full pouch cell
Lithium ion battery

enhancement mechanism, which simplify its industrial production.

1. Introduction

Ti-based materials, such as Li-titanates and various TiO» poly-
morphs, have received considerable attention as LIB anode materials
owing to their outstanding high-rate capacity and cycling stability, as
well as their improved safety over graphite [1]. Li4TisO;o (LTO) is
considered to be one of the most promising anode materials due to its
good structural stability with almost zero volume change despite
lithium insertion/extraction. It features a flat discharge and charge
plateau at 1.55 V vs Li/Li*, which could avoid reductive decomposition
of electrolyte and formation of lithium metal dendrites [2]. TiO»
polymorphs, especially anatase TiO» (TiO»-A), rutile TiO» (TiO»-R)
and TiO»-B, also have an appropriate operating potential range (1.0—
3.0 V vs. Li*/Li) and excellent Li-ion insertion/extraction reversibility
with low volume expansion (less than 4%) [3]. However, some aspects
of Ti-based materials impede their applications, including their poor
electronic conductivity and low lithium diffusion coefficient. Most
commonly adopted solutions to these problems are based on doping
or compositing with high electron/ion diffusion conductors in the bulk
or surface [2,4,5].

Reducing particle size and introducing multi-phase compounds will
increase interfacial areas, which can provide additional Li storage sites
and improve electronic and ionic conductivities [6,7]. Some research-
ers have reported the synthesis of binary LisTisO;5/TiO>-A or
LiyTi501,/TiO»-R composites by controlling the Li/Ti ratio [8—10],
with mostly spherical morphology. On the other hand, two-dimen-
sional (2D) layered nanomaterials might offer unique advantages in
transport and strain accommodation [11,12]. Wu et al. has synthesized
ultrathin anatase TiO,/TiO»-B nanosheets around the phase transition
temperature and the capacity was enhanced by phase boundaries [6].
According to the Gibbs phase rule, it is possible to obtain three-phase
co-existence, e.g. LisTis012/Ti0,-A/TiO,-R, if we tune the temperature
and Li/Ti ratio together, which should give more phase boundaries.
Using phase boundaries (rather than free surfaces) to keep the
crystalline domains small might have significant advantages, such as
improved tap density (therefore volumetric energy density) and
reduced loss of live Lithium to the solid electrolyte interphase (SEI)
which only coats the free surfaces. To our knowledge, this approach of
utilizing three-phase equilibrium and 2D nanoarchitecture to enhance
electrochemical performance was not reported before.
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Fig. 1. Schematics of the synthesis procedure. The insert in the white circle shows the
fast lithium insertion/extraction within the material.

In this paper, LisTis0,,/TiO>-A/TiO»-R (abbreviated as LTO/A/R)
three-phase nanoplates with abundant phase boundaries have been
obtained via partial lithiation and optimized heat treatment.
LiLSlHO.lgTi205'XH20 (LHTO) nanosheets with HgTi205'XH20 (HTO)
domains were designed as the precursors via incomplete lithiation of
protonated titanate (see the schematic in Fig. 1). During the subse-
quent dehydration process, LisTisO1» and TiOs-A grains grew from
LHTO and HTO nanodomains, respectively, which preserved the rich-
boundary and 2D nature of the precursor structure. Besides, the
uniformly distributed nanocrystallites of LHTO and HTO precursors
can be beneficial in restricting the growth as well as preventing the
aggregation of LiyTisO;, and TiO, nanograins. Thereafter, at the
anatase—rutile phase transition temperature, TiO»-A can partially
change to TiO»-R which can further increase phase boundary density.
The resultant triple-phase Li4Tis012/TiO2-A/TiO2-R nanoplates exhib-
ited enhanced rate performance compared with previously reported Ti-
based anode materials (including those modified with carbon), and still
shows a capacity of about 139 mA h g™! after 1000 cycles when fully
charged at high current density of 4000 mA g™'. In a Li-matched
LiFePO, vs. Li4Tis015/TiO> full cell battery (large-format pouch cell),
the as-obtained electrode also manifests stable cycling for 4000 cycles
at 500 mA g”!, making it a promising material for applications in
quick-charging consumer electronics, electric vehicles and stationary
energy storage.

2. Experimental section
2.1. Materials synthesis

The preparation of lithium titanate hydrates consists of three steps.
First, layered protonated titanate was prepared via hydrothermal
reaction between anatase TiO, powders and concentrated NaOH
solution at 150 °C for several hours, following the ion substitution
progress of Na* with H" in 0.5 M HNO3; solution. Second, layered
LHTO/HTO precursor was obtained by chemical lithiation of hydrogen
trititanate in a 0.8 M LiOH solution heated at 120 °C for 12h in a
Teflon-lined stainless steel autoclave. Lastly, LTO/A/R and LTO/A
were synthesized by heating in air for 3h at 500 °C and 400 °C,
respectively. For the preparation of LTO for benchmark purposes, the
LHTO precursor was obtained by complete chemical lithiation of
hydrogen trititanate in an excessive LiOH solution with the same
concentration (0.8 M). And then, LTO sample was calcined at the same
heat treatment condition of LTO/A/R.

2.2. Materials characterization

Powder X-ray diffraction (XRD) was recorded on a Bruker D8
Advance with Cu Ka radiation (A=1.5418 A). Thermogravimetric and
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differential scanning calorimetry (TG-DSC) analysis was carried out
using NETZSCH-STA 449 F3 with a heating rate of 2 °C min~! in air.
Inductively coupled plasma mass spectroscopy (ICP-MS) analysis was
carried out using iCP QC (Thermo Fisher Scientific, US) for lithium and
titanium content. Nitrogen adsorption—desorption isotherms were
obtained using an Automated vapor sorption analyzer (Autosorb-iQ2-
MP (Quanta Chrome)) at 77.4 K under vacuum. The specific surface
area was calculated by the Brunauer-Emmett-Teller (BET) method.
The morphology, size and crystal structure of the as-prepared samples
were characterized by MERLIN VP Compact for scanning electron
microscope (SEM), Hitachi-HT7700 for transmission emission micro-
scopy (TEM), JEM-2100F for high resolution transmission electron
microscopy (HRTEM) and selected-area electron diffraction (SAED).

2.3. Electrochemical measurements

The electrochemical measurements were conducted by using 2032-
coin half cells and full batteries in large pouch cell format. The working
electrode consisted of active material, Super P and binder (polyviny-
lidene fluoride) in a weight ratio of 80:10:10 in N-methyl-2-pyrrolidene
(NMP) solution. The obtained slurry was coated onto 16 pm thickness
Al foil via scraper machine and dried at 120 °C in a vacuum oven for
12 h. Roll squeezer was used to enhance the contact between material
and foil, together with increasing the compaction density (resulting in
the porosity of electrodes less than 50%). The 2032-coin-type cells were
assembled in an argon-filled glove-box using pure lithium foil as both
the counter electrode and reference electrode, and a microporous
membrane (Celguard 2400, USA) as a separator. 80 uL of 1.0 M
LiPFg in a mixture (1:1vol ratio) of ethylene carbonate (EC) and
dimethylcarbonate (DMC) was added as the electrolyte. The mass
loading of the anode (12 mm diameter) in this work is ~1.0 mg cm™2.
IM6 (Bas-Zahner, Germany) electrochemical workstation was used for
cyclic voltammetry (CV) with the scan scope of 1.0-2.5 V and also for
electrochemical impedance spectroscopy (EIS) from 100 kHz to
10 MHz, with a perturbation of 5 mV applied. For pouch-cell batteries,
LiFePO, vs. LTO/A/R with a capacity of 30 mAh were assembled using
the same electrodes, electrolyte, and separator as the half cells. Both
the substrates of LiFePO,4 cathode and LTO/A/R anode are Al foils. The
LiFePO, cathode has 30% excess capacity compared to the anode. All
the cells were conducted on a battery test (LAND 2001 A Cell test
system) and cycled between 1.0-2.5V (half cells) and 1.2-2.4 V (full
cells) at room temperature.

3. Results
3.1. Synthesis and characterization

We set out with layered protonated titanate with a formula of
H,Ti,,05,,41-H50, such as H,Ti»O5-H,O and H,Tiz0-, which are well
known to form nanotubes and nanosheets [5]. 2D Li; g1Hg 19Ti>O5-
xH,O precursor is usually prepared by hydrothermal lithiation of
layered protonated titanate in lithium hydroxide solution [13]. In this
work, we first reported the synthesis of a dual-phase Li; gHg 19Ti>Os-
xH>0 and H»Ti»05-xH-0 precursor (hereinafter referred to LHTO and
HTO, respectively) via incomplete lithiation of protonated titanate.
Inductively coupled plasma emission spectroscopy (ICP) revealed the
Li/Ti mole ratio of LHTO/HTO precursor to be 0.71, which means
HTO would not be fully converted to LHTO due to the lack of LiOH.
Owing to the advantage of homogeneous reaction between solid and
fluid for hydrothermal processing [14], residual HTO domains can be
uniformly distributed with LHTO domains on the nanosheets at
nanoscale (Figs. S1 and S2), which is key for creating abundant
interfaces in the dehydration process afterwards. Due to the low
crystallinity and relatively small amount of protonated titanate in the
precursor, HTO phase in the LHTO/HTO precursor is not apparent
based on the XRD pattern (Fig. 2a). That is why most of the broad
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Fig. 2. (a) XRD patterns of LTO/A/R, LTO/A, LTO and LHTO/HTO with Li;Tis015 (JCPDS No. 49-0207, red), anatase TiO, (JCPDS No. 89-4921, green) and rutile TiO, (JCPDS No.
21-1276, blue). (b) Rietveld refinement analysis for XRD patterns of LTO/A/R (purple: observed intensities; black: calculated intensities; orange: difference plot; red, green and blue
makers indicate the position of the LisTisO;2, TiO»-A and TiO»-R diffraction lines). (¢) Ti 2p XPS spectra of LTO/A/R (red: observed data; black: background; blue and green: fitting
data). (d) TEM and (e)-(f) HRTEM images of LTO/A/R. The insert in (d) SAED pattern of LTO/A/R.

peaks are consistent with Li; g;Hg 19Ti205-xH,0 (JCPDS No. 47-0123).
TG-DSC analysis (Fig. S3) of LHTO/HTO precursor revealed that the
dehydration process came to an end above 500 °C, with only one tiny
and broad peak around 510 °C associated with phase transition from
TiO,-A to TiO»-R. According to the analysis above, 500 °C might be an
optimal temperature to create LisTisO12/TiO»-A/TiOo-R three-phase
materials (hereinafter referred to LTO/A/R) with abundant phase
boundaries, at the same time, the 2D nanoarchitecture of LHTO/
HTO precursor can also be inherited. The XRD pattern of the as-
prepared LTO/A/R sample (Fig. 2a) shows the diffraction peaks
consistent with spinel LizTisO;» (JCPDS No. 49-0207) and anatase
TiOy (JCPDS No. 89-4921) and rutile TiO, (JCPDS No. 21-1276) with
the individual sets of planes indexed respectively. To quantify the
amount of these phase components, Rietveld refinement was con-
ducted (Fig. 2b). The results showed the mass contents for LiyTi5O1o,
TiO»-A and TiO»-R are 83%, 11% and 6%, respectively.

Field emission scanning election microscopy (FESEM) and TEM
characterize the morphology of LTO/A/R nanoplates (Figs. S4 and 2d,
respectively), and the thickness of the nanosheets is about 5-10 nm. In
selected area electron diffraction pattern (SAED), the material is
represented by some rings corresponding to (111) and (400) planes
of Li4Tis012, (101) planes of TiO»-A and (110) planes of TiO»-R. Just
as shown in the schematic Fig. 1, Li4TisO1, and TiO, crystallites about
several nanometers in size were dispersed on nanosheets (high
resolution transmission electron microscopy image (HRTEM, Fig.
S5)). Lattice fringes of TiO»-A (112) plane and TiO,-R (111) plane
with a 90° angle are clearly observed (Fig. 2e). The interfaces and the
lattice mismatch (m) can be calculated to be 4.44% using the following
Eq. (1):

_ ldising —

T 05x (dsin@ + dy) @

Similarly, lattice fringes of TiO»-A (004) plane and TiO»-R (111)
plane with a 60° angle (Fig. 2f) are also discovered, with m of 16.84%.
It is worth mentioning that a large amount of obvious lattice distortion
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and disorder at the interface among LisTi501,/TiO5-A/TiO,-R are
observed, which may provide more active sites for Li storage and more
crystal defects for conductivity improvement [6,7].

For comparison, two other materials were synthesized. One is
LisTi501,/TiO»-A obtained from 400 °C heat treatment using the same
LHTO/HTO precursor as LTO/A/R (hereinafter referred to LTO/A).
All the diffraction peaks for LTO/A can be assigned to Li;TisO;» and
TiO,-A (Fig. 2a), which suggests the transformation from TiO,-A to
TiO,-R has not begun. The other is pure Li4Ti5O» (hereinafter referred
to LTO) with less phase boundaries, which can be confirmed by TEM
(Fig. S6). We choose Li; giHg 19Tio05-xH,O (LHTO) obtained from
complete lithiation of protonated titanate as precursor. All the diffrac-
tion peaks for LTO can be assigned to Li;Ti5sO;5 (Fig. 2a). Based on the
Brunauer-Emmett-Teller (BET) measurement (Fig. S7), LTO, LTO/A
and LTO/A/R sample has a specific surface area of 52m?g’,
71 m?g! and 64 m?g!, respectively. The specific surface area of
LTO/A higher than that of LTO/A/R, due to the coarser nanostructure
of LTO/A/R obtained at higher temperature. As the heating process
was conducted in air, Ti 2p X-ray photoelectron spectroscopy (XPS,
Fig. 2¢) spectra shows similar features of Ti** ions due to the Ti 2ps,»
(=458.3eV), Ti 2p;;» (=464.0eV) [15], and no Ti* signal was
detected. The capacity enhancement mechanism in this work is thus
quite different from many Ti** defects enhanced Ti-based materials
obtained in inert or reducing atmosphere [15,16], which can greatly
simplify the heat treatment and save cost for practical production.

3.2. Electrochemical performance

Fig. 3a shows the first five CV scan curves of LTO/A/R with a scan
rate of 0.1 mV s~!. The main redox peaks at about 1.73/1.44 V and two
minor peaks at 2.0 V/1.7V correspond to the diffusion-controlled
processes in LiyTisO;» phase and TiO, phase, respectively. After the
second cycle, both the peak position and curve shape of the following
cycles are almost unchanged, which indicates a good stability of the
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200

o "

= T

< T

£ 150 | 8\ 4

> —~

E \%O\

© ©

Q —m - This work - [23]

&) -Q-017] -9-[24)

o 100 F-5-[9) A~ 25

= ~3-[18] 126]

i} -O-(9  -m-[27]

3 -O-[16] -A-[28)

) ~0-[20] 29]
~%-21]  —q-[30]
=122 -&—[15]

50 [15] ;

1 10 1

Fig. 4. Comparison of the rate performances of the as-prepared LTO/A/R with
previously reported Ti-based anode materials. The details are listed in Table S1.

electrode reaction. The first five CV scan curves of LTO/A under the
same condition were exhibited in Fig. S8. On one hand, the peaks of
LisTisO1, phase in LTO/A/R are sharper than LTO/A, which is due to
the higher crystallinity and coarser nanostructure of LTO/A/R ob-
tained at higher temperature. On the other hand, the peaks of TiO»
phase in LTO/A/R are broader and more flat than LTO/A, which might
be caused by the reduced particle size of TiO,-A and TiO»-R as well as
the increased phase boundaries between them. Fig. 3b shows the steady
discharge/charge profiles of LTO/A/R anodes at various current
densities of 200, 500, 1000, 2000, 4000 and 8000 mA g ! in the
voltage range of 1.0-2.5V. At a relative low current density
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(200 mA g1), the electrode delivers a stable specific capacity as high
as 179.5 mA h g™, As the current increased from 500 to 4000 mA g2,
the specific capacities only slightly decreased from 171.3 to 168.2,
164.2 and 157.5 mAh g™}, respectively. Even at very high current
density of 8000 mA g™!, the specific capacities remain as high as
155.6 mAh g™!, corresponding to 86.7% of that at 200 mA g™'. For
comparison, when the current density increases from 200 to
1000 mA g™', the rate capabilities of LTO/A and LTO electrodes drop
quickly from 165.4 to 147.2 mA g™! and from 151.6 to 139.2 mA g2,
respectively. At higher current density, the capacities of LTO/A and
LTO tend to be similar, which are about 79% (at 4000 mA g™!) and
71% (at 8000 mA g™) of those for LTO/A/R (Fig. 3c). The results
indicate that the decrease of interfaces is detrimental to the rate and
cycling performance. Furthermore, we compared LTO/A/R electrode
with other Ti-based materials (including LisTisO;», various TiO,
polymorphs and their composites) reported recently (see the compar-
ison in Fig. 4 and Table S1) [9,15-30]. It manifests better rate capacity
than the other electrodes (even including those modified by carbon),
which suggests superior fast transport capability of lithium ion and
electron during charging/discharging.

A plot of log(i) versus log(v) from 0.05 to 0.6 mV s7! for the
cathodic peaks (Fig. 3d) was presented assuming that the current obeys
a power-law relationship with the sweep rate (Fig. S12) [31,32]:

i=av’ e))
where a and b are adjustable parameters and the value of b provides
insight into the charge storage mechanism. For LTO/A and LTO
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electrodes, b-values are 0.57 and 0.55, respectively, which are close to
0.5, indicating that the kinetics are mainly diffusion-controlled. LTO/
A/R, as surface-controlled redox reaction caused by small particle size
and interfacial storage in Li;TisO15/TiO2-A/TiO2-R three-phase, pre-
sents b-value of 0.69, and leads to exceedingly excellent high-rate
capacity. The low frequency Warburg contribution of the impedance
response has been used to determine the Li-ion diffusivity (Dy;) at
various charge of state (SOC) in the electrodes (Fig. 5a—c). The
expression for Dy; can be written as [33—-35]:

(F)E] ®

where V,, is the molar volume (we defined V,, as 45.73 cm® mol™*
(Li4Ti5015) for simplification), F is the Faraday constant, A is the total
contact area between the electrolyte and the electrode, and o, is the
Warburg coefficient which was obtained from the Warburg region of
impedance response. The o, values at different discharge depths
(different potentials) can be obtained from the slope of lines in Z~ vs.
™2 plots (w is the angular frequency) for the Warburg region (Fig.
S13). The Z* vs. @'/ plot for the low frequency Warburg region can be
summarized as:
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Table 1
Li-ion diffusivity in LTO/A/R, LTO/A and LTO electrodes. The depths of discharge were
marked in Fig. 5d—f.

Diffusivity LTO/A/R LTO/A LTO
(ecm2s™1) (em?s™1) (em2s™1)

Depth of discharge

25% 1.49x1071° 2.73x1071° 7.59x10713

50% 4.39x1071 1.28x1071° 7.57x10712

75% 6.15x107 ! 4.26x107! 5.32x107 !

100% 3.48x1078 1.31x107° 1.04x10~°

of the discharge curve at 25%, 50%, 75% and 100% respectively
(Fig. 5d-f). The Li-ion diffusivity (Dy;) of the three electrodes at
different discharge depths are shown in Table 1. It should be noted that
the Li-ion diffusivity of LTO/A/R (4.39x10711-3.48x1078 em?s7!) is
about 1 order of magnitude higher than that of LTO. Although the
LTO/A has higher specific surface area and less damaged 2D nanos-
tructure, the Li-ion diffusivity is comparable to that of LTO/A/R. This
demonstrates again the conductivity enhancement by abundant phase
boundaries. As a result, the LTO/A/R electrode exhibits superior
cycling capacity of about 170mAhg™! at a high current rate of
4000 mA g~! (fully charged within ~150s) and sustains more than
one thousand cycles with a capacity fading rate of only 0.02% per cycle
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Fig. 5. EIS analysis of (a) LTO/A/R, (b) LTO/A and (c) LTO electrodes measured at different depths of discharge. Discharge curve at a current density of 50 mA g™* of (d) LTO/A/R, (e)

LTO/A and (f) LTO electrodes.
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Fig. 6. TEM images of LTO/A/R (a) before and (b) after 1000 cycles.

(Fig. 3e). Moreover, nearly intact nanoplate morphology after 1000
ultrafast cycling of LTO/A/R was observed via TEM (Fig. 6), proving its
outstanding accommodation of ultrafast lithium ions insertion/ extrac-
tion in LIBs.

4. Discussion

The “Coulombic inefficiency” (CI) is a measure of solid electrolyte
interphase (SEI) stability for use in full cell batteries. CI is defined as =
1 — Coulombic efficiency (CE), and is plotted on logarithmic scale (if CI
is positive, it will be plotted in red; if CI is negative, |CI| will be plotted
in green). In battery industry, if the CI of one electrode in half cell can
get stably within < 1072 in the first 10 cycles, it is more possible for it to
be used in full batteries because the formation of stable SEI does not
consume too much “live” lithium ions. Fig. 7a illustrates calculated CI
for LTO/A/R electrode at 4000 mA g~!. The CI value for the first cycle
is 1071, and then it dropped to ~1072 after 7th cycle, followed by
fluctuating values distributed between 1072 and 10™* for the following
thousand cycles. We note that after the 7th cycle, there are more
number of negative (green) CIs than positive (red) CIs, which means if
a running-window average is done, the average CE actually exceeds 1
by a little. This may be explained by the reversible shuttling of soluble

redox mediators in the electrolyte [36]. This result illustrated LTO/A/R
electrode could posses excellent SEI stability and highly reversible Li-
ion insertion/extraction properties, because if the SEI were to fall off /
regrow repeatedly with cycling, the average CE should be less than 1
(average CI should be positive). To further verify this, we assembled
LiFePO,4 cathode vs. LTO/A/R anode in soft package batteries and test
their performances. The full battery delivered specific capacity of 128.1,
127.2, 126 and 118.6 mA h g~! in the 2nd, 5th, 10th and 100th cycles.
After 1000th cycles, only 17% of the initial capacity is lost in this
lithium-matched full cell and the (dis)charge polarization did not
increase during cycling (Fig. 7b). It also exhibits stable cycling
capability above 85 mAhg™! even after 4000 cycles at 500 mA g™ .
In addition, even though Ti ion is known to catalyze electrolyte
decomposition, the gassing problem is not excessive and seen to be
totally manageable after 4000 cycles in this large-format pouch full cell
(Fig. 7¢). This is due to the stable and inert SEI film (Fig. 6b) formed
around the three-phase electrode in the first few charge/discharge
cycles, which suppresses the Ti-catalyzed decomposition of electrolyte.
From XPS, we know that Li,CO3; and ROCOOLI species were formed on
the surface of the LTO/A/R electrodes (Fig. S14), due to the interfacial
reactions between the LTO/A/R and electrolyte solution in the first few
charge/discharge cycles, but making no influence on their performance
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Fig. 7. (a) Coulombic inefficiency of LTO/A/R at 4000 mA g~*, the insert magnifies CI for the first 10 cycles. (b) The charge-discharge voltage profiles at different cycles and (c) Cycling
stability and Coulombic efficiency at 500 mA g™! for LiFePO,4 vs. LTO/A/R full batteries. The inserts in (c) show the photographs of full batteries (left) before and (right) after 4000

cycles.
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[26,37]. The outstanding electrochemical performance reveals the as-
prepared LiyTisO;5/TiO, nanoplate to be a promising anode for real
applications in fast-charging electronics and electric vehicles.

5. Conclusions

We successfully synthesized 2D LiyTisO1o/anatase TiO»/rutile TiO»
nanocomposites with plentiful phase boundaries via incomplete lithia-
tion reaction and optimized heat treatment. The multiple boundaries
on the nanoplates exhibited obvious advantages in enhancing capacity
and conductivity. We implemented two simple approaches in obtaining
Ti-based nanocomposites with a large amount of interfaces without
coarsening: (i) to create layered LHTO/HTO precursors via partial
lithiation of protonated titanate; (ii) to create abundant interfaces
around the phase transition point, but trying to maintain the 2D
morphology of precursors. Through this materials design, the obtained
materials exhibited superior power rate and long cycle life for half coin
cells as well as soft package full batteries. Furthermore, one can draw a
conclusion that Ti** defects and carbon coating may not be the only
approaches for the conductivity enhancement. Therefore one can
produce Ti-based electrode materials with superior electrochemical
performances in air instead of in inert or reducing atmosphere, which
would simplify the heat treatment and save cost in industrial produc-
tion. This three-phase, 2D composite designed strategy could be useful
for other oxide electrodes in energy storage and conversion applica-
tions as well.
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Figure S3 TG-DSC analysis of LHTO/HTO precursors.
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Lattice fringes of LiaTisO12 (111) plane and TiO2-A (004) plane can be observed in Figure
S6a, which are in accordance with the result of XRD (Figure 2a). By contrast, Figure S6b
demonstrates only one type of lattice fringes of Li4TisO12 (111) plane with less phase boundaries

for LTO.
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Figure S7 N, adsorption/desorption isotherms of LTO/A/R, LTO/A and LTO samples.
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Note that when CV scan curves of LTO/A/R and LTO/A varied from 0.05 to 1.6 mV s!
(Figure S12a and S12b), each redox peaks became higher and broader; similarly, when the
charge-discharge voltage profiles varied from 200 mA g! to 8,000 mA g! (Figure 3b and Figure
S9), the voltage plateau became more slant and curved, but the features mentioned in the

manuscript remain unchanged.
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Figure S9 The charge-discharge voltage profiles of LTO/A at different current densities.



Table S1 Comparison of the rate performances of the as-prepared LTO/A/R with previously reported
Ti-based anode materials. Their electrode compositions are listed using the mass ratio of active materials:

conductive carbon: binder.

Electrode Loading

Materials compositio density Ref
ns (mg cm?)
Li4Tis012/TiO2 Nanoplates 80:10:10 1.0 this work
Amorphous carbon coated e
Li4TisO12-anatase TiO2 80:10:10 - (7
- ted LisTi tile Ti
Carbon-decorated 14. 15012/rutile TiO2 20:10:10 12 [9]
mesoporous microspheres
LisTisO12-anatase TiO2 nanowire arrays 100:0:0 -- [18]
Petal-like LisTi - Ti
etal-like LisTisO12-anatase TiO2 20:10:10 13 [19]
nanosheets
LisTisO12 nanow1r§s without carbon 100:0:0 B [16]
coating
LisTisO12 nanosheets \.mth N-doped 100:0:0 B [20]
carbon coating
Self-supported Li4TisO12-C nanotube 100:0:0 042 21]
arrays
Porous Li4Ti5012.without carbon 85:10:5 0.8-1.0 22]
coating
Mesopor(?us LisTisO12 holl(?w spheres 70:20:10 B 23]
without carbon coating
Mesoporous LisTisO12 with carbon 80:10:10
. - [24]
coating 90:0:10
P Li4Ti h ith N-
orous LisTisO12 sp! ere§ Wi doped 20:10:10 B [25]
carbon coating
Li4Ti it ith
Compact LisTi5012 s.p eres with carbon 20:10:10 15 [26]
coating
LisTisO12 with mesjoporous carbon 90:2:8 B [27]
matrix
LisTisO12 micro-spheres/ carbon textiles 80:12:8 -- [28]
A TiO2(B it ith
natase/ TiO2(B) nanO? eets without 70:10:20 46 [29]
carbon coating
Gel-like TiO2-based nanotubes 100:0:0 0.3-0.5 [30]
Ti** self-doped rutile TiO2 nanorods 75:15:15 1.0-1.2 [15]




Note that the loading density of Ref. [29] is much higher than that of our work and other
references, we then illustrate the electrochemical performances of our materials with the same

loading density to make the comparison relatively fair (see Figure S10-11).

225

9
~ F 199 200 500 400 100
"m0 MY MAGT mAg mag? 200 mAg
< % mA g-1
%0 309000090 4,000 0333'&5
Brsl 039309930090 mag' 3
2 | 33329 a”“m
S 150 -oo“gm D233 @00
S | M"W C e
(&)
125
= @ LTOAR 2133
S
2100 @ LTOA
w @ LTO
75 + 1 " 1 ) L X .
0 10 20 30 40

Cycle number

Figure S10 Rate capabilities among LTO/A/R, LTO/A and LTO samples at current densities from 100 to
4,000 mA g with loading density of 4~5 mg cm™.

At a relative low current density (100 mA g'), the electrode delivers a stable specific
capacity as high as 190 mAh g'!. As the current increased from 200 to 2,000 mA g™, the specific
capacities only slightly decreased from 184 to 175, 168 and 162 mA h g’!, respectively. Even at
very high current density of 4,000 mA g, the specific capacities remain as high as 150 mA h g*!,
corresponding to 79% of that at 100 mA g!. For comparison, when the current density increases
from 100 to 2,000 mA g, the rate capabilities of LTO/A and LTO electrodes drop quickly from
183 to 142 mA g and from 149 to 132 mA g’!, respectively. At higher current density of 4,000
mA g!, the capacities of LTO/A and LTO tend to be similar, which are about 80 % of that for
LTO/A/R. This phenomenon might be caused by unsatisfactory electron conductivity of LTO/A
with lower crystallinity compared to LTO.
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Figure S11 Graph of cycling stability and Coulombic efficiency of LTO/A/R at 1,000 mA g™ with loading
density of 4~5 mg cm2.

The LTO/A/R electrode exhibits superior cycling capacity of about 167 mA h g! at a high
current rate of 1,000 mA g!, and capacity retention after 300 cycles is above 91%, which could

prove our statement in a more persuasive way.
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Figure S12 Cyclic voltammetry curves from 0.05 to 1.6 mV s™! for comparison among (a) LTO/A/R, (b)
LTO/A and (c) LTO electrodes.
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Figure S14 O 1s XPS spectra of LTO/A/R after 4,000 cycles. Red: observed data; black: background; blue
and green: fitting data.

The possible SEI formation mechanisms are as follows: i) hydrolytic decomposition of
electrolyte because of trace amounts of water: the formation of a SEI like layer in the first cycle
might be caused by the processes such as proton recombination [S1]. ii) intrinsic catalysis by Ti*"

species: during the discharge process, Ti** is oxidized to Ti*', whereby the latter species may



have a catalytic influence on the electrolyte decomposition. Passivating the surface would
effectively rule out the influence of this reaction [S2]. iii) electrolyte reduction from lithiated
LTO: The formation of both inorganic Li2CO3 and organic (CH2CH20Li)2 is mainly triggered
from the reduction of EC [S3, S4].
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