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ABSTRACT: TiO,(B), despite its high theoretical capacity, suffers from a
dramatic initial irreversible capacity loss (ICL), thus hindering its application as
an anode material in lithium-ion batteries (LIBs). In this work, we successfully
construct a Li,TisO}, nanoshell on TiO, nanofibers, in which the pristine TiO,
nanofibers are mixed phases of TiO,(B) and anatase TiO,. Benefiting from the o,
effective protection of the TiO, surface by the Li,TisO,, nanoshell and the
presence of abundant Li,Ti;O,,/TiO, nanointerfaces, the resulting Li,TisO,,—
TiO, nanofibers (LTO—TiO,) demonstrate negligible ICL with enhanced rate ;
capability and consistent performance over prolonged cycles. This work not only . X v
demonstrates that LTO—TiO, can be utilized as a viable LIB energy storage : :
material with high energy density (380 W h kg™") but also gives an insight into
the strategy of using Li,TisO, as a nanoshell to mitigate the SEI formation and
eliminate the initial irreversible capacity loss of other electrodes.
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B INTRODUCTION

TiO, polymorphs, including anatase, rutile, and TiO,(B)
(bronze), have been extensively studied for lithium-ion
batteries (LIBs) as titanium anode alternatives to the
commercialized Li,TiO;, (LTO)." These TiO, polymorphs
exhibit theoretical capacity [335 mA h g™' for TiO,(B); 168
mA h g_1 for anatase and rutile] and lithiation/delithiation
potential (1.4—1.8 V vs Li*/Li) comparable to that of LTO
(175 mA h g™!, 1.55 V vs Li*/Li), which is sufficient to provide
a high energy density without causing safety concern related to
lithium dendrite formation. However, these TiO, polymorphs
still have drawbacks. In general, TiO, suffers from the initial
irreversible capacity loss (ICL), due to the facile solid—
electrolyte interphase (SEI) formation by electrolyte reduction
on the TiO, surface.”” Such an electrically insulating SEI layer
limits the high-rate performance of TiO,. TiO,(B) in particular
can have significant ICL as high as 20—40%,"® while for
anatase and rutile TiO, is around 10%. In contrast, Li, Ti;0,
(LTO) has high stability toward the electrolyte, resulting in
minimal SEI formation and negligible initial ICL.” Although
LTO has a lower theoretical capacity (175 mA h g7'), it
provides excellent cyclability and delivers a flat voltage plateau
with negligible volume expansion (0.2%) during lithiation/
delithiation (cf. 4% for TiO,)."

One of the main applications of lithium-ion batteries (LIBs)
is grid energy storage, which demands not only high energy
density but also safe and stable cycling with little capacity
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depreciation over long-term operation. High power density
(related to fast charge/discharge ratio) is a relatively less
significant consideration for grid energy storage. Although
graphite anode can offer higher theoretical energy density than
typical TiO, and LTO anodes, its extremely low lithiation/
delithiation potential can cause excessive lithium plating and
uncontrollable growth of lithium dendrite during repeated
cycling and in turn increase the risk of fatal internal short
circuit and explosion. In comparison with graphite, TiO, and
LTO anodes have much higher lithiation/delithiation potential
with longer calendar life and cycle life and thus are more
suitable candidates as LIB electrode materials for grid-energy
storage application.

To address the demands for high-performance and stable
TiO, and LTO anodes, there are increasing efforts to develop
TiO,-based multiphase nanostructures with low-energy barrier
interfaces for charge transport.” Dual-phase Li,TisO;,/anatase
TiO,,'°™ " Li,TisO,,/rutile TiO,,"*™'® TiO,(B)/anatase
TiO,,'"™" and anatase/rutile TiO, nanostructures’ have
been reported for enhanced performance. However, no
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Figure 1. Synthesis and formation mechanism of the Li,Ti;O;, nanoshell on TiO, nanofibers (LTO—TiO,).

previous reports utilize the SEI-free property of LTO by
coating it on TiO, to eliminate SEI formation. Either phase
separation between LTO and TiO,'"™"*'® or TiO, coating on
LTO particles'*">*” are reported. In our previous study,”" the
TiO,(B)/Li,TisO,, nanofiber (denoted as TB/LTO)
synthesized via one-step hydrothermal lithiation of pristine
TiO,(B) nanofibers. As for TB/LTO, Li,TisO;, (LTO) is only
preferentially grown at the both ends of TiO,(B) nanofibers,
resulting in dumbbell-like morphology; due to the preferred
lattice commensurability between the (020) plane of TiO,(B)
and Li,Tis0,,.”" To further reduce the SEI formation of TiO,,
it would be desirable to cover the pristine TiO, fibers fully with
Li,TisO,. Herein, for the first time, we develop a new strategy
to construct a Li,TisO;, nanoshell that fully covers TiO,
nanofibers. This will mitigate SEI formation and thereby
increase its stability and long-term capacity of TiO,. The LTO
nanoshell structure, the core TiO, nanofiber, and the interface
between them are analyzed, and electrochemical contributions
of each region are discussed.

B RESULTS AND DISCUSSION

Li,TisO;, nanoshell on TiO, nanofibers (LTO-TiO,) is
fabricated via a two-step postsynthesis of TiO, nanofibers
(TiO,) consisting of mainly TiO,(B). As illustrated in Figure
1, it first involves synthesizing an amorphous TiO, (a-TiO,)
layer entirely around TiO, nanofibers, followed by hydro-
thermal lithiation of the a-TiO, layer to form the Li,Ti;O,,
(LTO) nanoshell on TiO, nanofibers. Details of the synthesis
can be found in the Experimental Section.

Successful integration of LTO into TiO, is evidenced by
high-resolution XRD (HR-XRD) and microscopy results. With
the LTO coverage on TiO, (i.e, LTO—TiO,), the major XRD
diffraction peaks of spinel Li,Ti;O;, (JCPDS no. 49-0207)
clearly appear along with the monoclinic TiO,(B) peaks
(JCPDS no. 46-1238) and anatase TiO, peaks (JCPDS no. 75-
1537) as demonstrated in the Rietveld refinement (goodness-
of-fit: 1.5), as shown in Figure 2a. The composition of LTO—
TiO, derived from Figure 2a is determined to be 27.1 wt %
Li, TisO4y, 38.4 wt % TiO,(B), and 34.5 wt % anatase TiO,
using quantitative Rietveld refinement method (Table 1). The
lattice parameters and crystallite size with respect to TiO,(B),
LTO, and anatase TiO, are also calculated using the Scherrer
equation, and summarized in Table 1. The LTO-TiO,
composite shows only negligible change in lattice parameters
(a, b, c) of TiO,(B), suggesting Li, TisOy, is formed outside
the TiO, fibers without disturbing the entire lattice of
TiO,(B). However, there is still an increase in the crystallite
size of TiO, from its pristine form to LTO—TiO,, which can
be attributed to the crystal growth of TiO, fibers during the
hydrothermal lithiation under elevated temperature. The
intermediate amorphous TiO,-coated TiO, nanofibers (a-
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Figure 2. (a) HR-XRD patterns of Li,Ti;O;, nanoshell on TiO,
nanofibers (LTO—TiO,) with Rietveld refinement (goodness-of-fit:
1.5), and the corresponding peak decomposition into Li,TisOy,,
TiO,(B), and anatase TiO,. (b) HR-XRD patterns of Li,TiO,,
nanoshell on TiO, nanofibers (LTO—Ti0,), the intermediate phase
of amorphous TiO,-coated TiO, nanofibers (a-TiO,), and pristine
TiO, (TiO,).

TiO,) have similar XRD patterns of TiO,(B) and anatase as
that of pristine TiO, nanofibers (Figure 2b).

As shown by SEM images in Figure 3a,b, LTO—TiO, retains
the nanofiber morphology of pristine TiO, (Figure S1), but
with a larger fiber diameter of 200—350 nm (cf. 20—200 nm
for pristine TiO,) and a rugged surface due to the LTO
nanoshell. From the HRTEM analysis in Figure 3¢, LTO—
TiO, nanofibers are uniformly covered by jagged-shaped
nanocrystals with a thickness of 60 nm, forming a pseudocore/
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Table 1. Summary of the wt % Composition, Lattice Parameter (A), and Crystallite Size (nm) of the Samples Calculated Using

Rietveld Refinement from HR-XRD

composition (wt %) TiO,(B)
Li, Ti;Op,
anatase TiO,
lattice parameter TiO,(B) a
b
c
Li,Ti;O,, =b=c

a=b
anatase TiO, a=b

crystallite size (nm) TiO,(B)
Li,TisO15

anatase TiO,

Li,TisO,, nanoshell on TiO, amorphous TiO, on TiO, pristine TiO,
(LTO-TiO,) (intermediate phase, a-TiO,) (TiO,)
384 83.3 86.2

27.1 0 0
34.5 16.7 13.8
12.204 12.195 12.203
3.757 3.760 3.763
6.523 6.524 6.521
8.364 n/a n/a
3.788 3.786 3.778
9.509 9.518 9.497
8.7 7.3 5.6
119 n/a n/a
17.0 9.6 8.7

P 5
*“ds3;;=0.26 nm
LisTisO1s .

500nm

Figure 3. SEM images of (a) LTO—TiO, and (b) the respective enlarged region highlighted in yellow box in (a). (c¢) TEM image of LTO—TiO,
showing the core of TiO, uniformly covered by Li,Ti;O;, nanoshell, and (d) HRTEM image of the enlarged yellow square region in (c), showing
the jagged-shaped nanocrystals on LTO—TiO, nanofibers, with the respective FFT images taken on the region of (e) Li,Ti;O,, nanocrystals and

(f) TiO, nanofibers from figure (d).

1o =10.58 nm

dygs = 0.58 nm/

::/ anatase TiO5

anatase TiO,

anatase TiO,

(200)

Figure 4. (a) HRTEM image of the interface between the TiO, core and Li,TisO}, nanoshell of the LTO—TiO, nanofiber, and the respective FFT
images taken on the region of the (b—d) core: (b) isolated TiO,(B), (c) isolated anatase TiO,, (d) overall, and (e) Li,TisO;, nanoshell.
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shell nanostructure. These jagged-shaped nanocrystals are
composed of LTO, as indicated by the LTO(111) and (311)
lattice fringes in HRTEM (Figure 3d) and the corresponding
diffraction spots in the fast Fourier transform (FFT) image
(Figure 3e). The core of the nanofiber remains as TiO,, as
identified by the TiO,(B)(200) lattice fringes (Figure 3d) and
diffraction spots (Figure 3f) of TiO,. Further SAED analysis is
performed to identify anatase TiO, and TiO,(B) in the
nanofiber of LTO—TiO,. As shown in the SAED of the LTO—
TiO, in Figure S2, clearly there is no overlap of the diffraction
spots of TiO,(B) and anatase TiO,, corresponding to d-
spacing of (200), (101) TiO,(B) planes, and (101) anatase
TiO, plane in agreement to HR-XRD results.

Additional HRTEM analysis is performed on the interface
between the jagged-shaped LTO nanoshell and the nanofiber
core. As observed in Figure 4a, there is a clear boundary
between the Li,Ti;O,, nanoshell and the TiO, core. From the
lower region of Figure 4a, the LTO nanoshell on the TiO, core
is composed purely of LTO with d-spacing of 0.16 and 0.26
nm, corresponding to the (333) and (311) lattice fringes,
respectively, and their respective diffraction spots can be clearly
observed in Figure 4e. Meanwhile, the nanofiber core (upper
section of Figure 4a) consists of both TiO,(B) and anatase
TiO,, as confirmed by their corresponding lattice fringes and
diffraction spots (Figure 4d)—(110) and (200) for TiO,(B),
and (101) for anatase TiO,. This overall FFT image of the
TiO, core (Figure 4d) is further isolated into individual
components as TiO,(B) (Figure 4b), and anatase TiO,
(Figure 4c). Again, anatase TiO, and TiO,(B) show different
specific patterns of diffraction spots that do not overlap. Thus,
anatase TiO, and TiO,(B) can be distinguished. Anatase TiO,
is not detected in the nanoshell, but is present in the core of
the nanofibers locally adjacent to TiO,(B) particles. Such a
zigzag pattern of TiO,(B) and anatase TiO, is commonly
observed in the TiO,(B) nanofiber because of the perfect
lattice matching between certain lattice planes of TiO,(B) and
anatase TiO,.”” As evident from Figure 4a, zigzag interfaces
between the planes of TiO,(B)(;0) and anatase TiO,(yq;) are
mainly observed in the TiO, core. By calculating the lattice
mismatch of TiO,(B)(110) and anatase TiO,(101) between
these two planes using the general definition given by (drz —
drp)/drs, [where d is the interplanar spacing (nm) of the
corresponding plane], the lattice mismatch is small (mere 3.1%
from Table 2a). This is in agreement with literature results.

The mechanism leading to the formation of a preferential
LTO-TiO, core—shell morphology is proposed. During
synthesis, the TiO, core are uniformly covered by an
amorphous TiO, layer, as an intermediate step, prior to the
formation of LTO—TiO, (Figure 1). The major (020), (200),
and (001) lattice planes of the TiO, core observed in XRD are
not exposed. Instead, the amorphous TiO, buffer layer
prevents the preferential growth of LTO on the (020) lattice
plane of TiO,(B). LTO is converted via lithiation from the
amorphous TiO, coating, leading to a core/shell TiO,/
Li, TisO,, configuration, as demonstrated by the interface (i)
between Li TisO 311y and anatase TiO,(;o;) planes and (ii)
Li,TisO1y(333) and TiOZ(B)(“O) planes (observed in the
HRTEM image in Figure 4a). The corresponding lattice
mismatch between Li,TisOjy3;;) and anatase TiO,( oy is
calculated to be 27.7% (Table 2b). This lattice mismatch is
significantly lower than that of the anatase TiO,(101) plane
intersecting with other individual planes of Li,TisO;, [ie.,
(333), and (111)] as demonstrated in Table 2b and thus

Table 2. (a) Summary of Lattice Mismatches of TiO,(B)/
Anatase TiO, Interfaces in the Core of LTO-TiO,
Nanofibers; (b) Summary of Lattice Mismatches of Anatase
Ti0,/Li,Tis0;,, and Ti0,(B)/Li,TisO,, Interfaces of
LTO-TiO,"

a -
@) Lattice mismatch w.r.t. TiO, anatase
T'OO;(B) (101) (200) (211) (004)
(%) /0.347 | 70189 | 70.167 | /0.238
(110)
/0,358 3.1 47.2 53.3 33.5
Tio,(B)
(200) 405 67.6 71.4 51.5
/0.583 : : ‘ .
b o
(b) Lattice mismatch LisTis04
w.r.t.(;;l)oz(B) (333) (311)
° /0.16 | /0.251
Tio, (101)
anatase /0.347 53.9 21.7
] (110)
TiOy(B) /0.358 55.3 29.9
] (200)
TiOAB) | 583 72.6 56.9

“The interplanar spacing (unit in nm) is shown in italics underneath the
corresponding lattice planes. The green-shaded boxes are the major
interfaces detected in LTO—TiO, using HRTEM analysis, while the
green italic fonts represent planes observed in Figure 4a.

thermodynamically favors the nucleation and crystal growth of
LTO from the (101) anatase TiO, lattice plane. As a result, the
(311) plane of LTO tends to preferentially grow from the
(101) anatase plane, while the interface between Li,TisO 15333
and TiO,(B)(110) demonstrates preferential growth of the
(333) plane of LTO from the (110) TiO,(B) plane (as evident
in Figure 4a). The LTO product is of high crystallinity with a
well-defined morphology. The (111) plane of Li, TisO, is not
observed at the interface between the TiO, core and Li, Ti;O,
nanoshell, but rather at the outer diameter of the LTO
nanoshell (as shown in Figure 3d). Since the (200) TiO,(B)
plane is perpendicular to the interface boundary, it is not a
preferred direction to grow LTO, as evidenced from the larger
lattice mismatch with Li,TisO,,, as shown in Table 2b.

The Li,Ti;O;, nanoshell on the TiO, nanofiber (LTO-
TiO,) demonstrates superior performance as an anode for
lithium-ion batteries, and its performance is summarized
(Table 3) and compared to that of pristine TiO, (TiO,) and
bulk Li,TisO,, (LTO). Bulk LTO is synthesized by conven-
tional solid-state method. The cyclic voltammetry (CV) curve
of LTO-TiO, (Figure Sa) shows a major reversible redox
peak at 1.53/1.62 V versus Li'/Li, corresponding to a
combined peak of Li,TisO;, and TiO,(B). Another minor
redox peak at 1.74/2.00 V versus Li'/Li, corresponding to
anatase TiO,. The overall lithiation/delithiation process of
LTO-TiO, nanofiber can be described as

Anatase TiO, + 0.5Li" + 0.5e~

dischar
=— Li, TiO, E:1.74V/2.00V
charge ’ P (1)

Li,Ti;O,, + TiO,(B) + 4Li* + 4e”

discharge
= Li,Ti;0,, + LiTiO,

E :1.53V/1.63V
charge P

()
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Table 3. Summary of the Electrochemical Performance of LTO—TiO, and Pristine TiO,

Discharge
" . First-cycle capacity Charge
Discharge c_a:pacnty irreversible retention | Energy resiitEalnce transfer | Capacitance | Li-ion diffusion
Samples (mAhg) capacity loss after 1000 | density [ ) resistance (Cq) coefficient
cycles | (Whkg™) ((S)E)' (Rev) (F) (cm?s™)
Q
0.175Ag" | 1.75Ag" | 0.035Ag” | 1.75Ag" | 1.75Ag" @
LTO-TiO, 188 152 3% 4% 96 % 380 0 100 - 107 9.4x10% 2.6x108 - 2.8x108
TiO, 169 123 15 % 17% 75 % 263 98 - 120 103 - 128 7.1%103 1.0x10-10 — 2,8x1010
(a) (b) 2]
. 1750 1750 175 175 35 35
600 —LTO-TiO, ——LT0-Tio, ; ; ;
~ —Tio 24
‘-'0, 400 2
< - LTO
E
2
[}
c
Q
o
€
4
5
(5]
1.0 N Y o
Current density(mA/g"): 1750 1750 175 175 35 35
10 12 14 16 18 20 22 24 038 ————————T————T————
N 0 25 50 75 100 125 150 175 200 225
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cycles.

As observed from the cyclic voltammograms in Figure Sa,
LTO-TiO, has sharper redox peaks and higher peak current
density than that of pristine TiO,. This can be attributed to the
reduced pesudocapacitive contribution from TiO,(B) due to
the Li,TisO, coverage on the TiO, core. As a result, the
integrated peak area of LTO-TiO, is larger, suggesting a
higher lithium storage capacity of LTO—TiO,. The redox peak
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potential separation observed for the major peak (1.53/1.62 V)
is 0.09 V for LTO—TiO,, which is smaller than that of pristine
TiO, (0.17 V) and bulk LTO (0.18 V) and hence lower
polarization for LTO-TiO,.

The discharge plateau for LTO—TiO, is flat and stable at all
C-rates (Figure Sb). However, its capacity is not of equal
contributions from anatase TiO,, TiO,(B), and Li,Ti;O;, and
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Figure 6. Nyquist plots (symbol) of (a,c) LTO—TiO, and (b,d) pristine TiO, at 1.00 V (i.e., at the end of each discharge cycle), over the initial five
discharge/charge cycles, fitted by the respective equivalent circuit model shown in inset (solid line) with minimal fitting error.

highly dependent on the current applied. Capacity contribu-
tion from anatase TiO, is only apparent at low current density
(low C-rate), whereas the combined effect of TiO,(B) and
Li,TisO,, accounts for the major capacity contribution and
stable discharge plateau at ~1.5—1.55 V.

At low C-rates (35 and 175 mA g™'), two discharge plateaus
corresponding to anatase TiO, (1.74 V), and the combined
effect of TiO,(B) and LTO (1.53 V) can be observed in Figure
Sb. The reverse charging plateau occurs at 1.63 V for the
combined effect of TiO,(B) and LTO, and at 2 V for anatase
TiO,, respectively. With increased current density, one
discharge/charge voltage plateau is observed at 1.53 V/1.63
V corresponding to the combined effect of TiO,(B) and LTO.
As demonstrated by the disappearance of voltage plateau (1.74
V/2 V) corresponding to anatase TiO, in both charge and
discharge curves of LTO—TiO, at high rate of 10 C (1.75 A
g™") (Figure 5b), the lithiation and delithiation of anatase TiO,
do not contribute to the capacity of the composite at high rate.
Since anatase TiO, lithiates/delithiates through Faradic
diffusion-controlled intercalation mechanism instead of the
pseudocapacitive mechanism as observed for TiO,(B); most of
the capacity for LTO-TiO, is contributed from TiO,(B)
rather than anatase TiO,, particularly at high C rates, despite
the presence of anatase TiO, in LTO-TiO,.

LTO-TiO, shows a superior rate capability and reversibility
than pristine TiO, and bulk LTO. As shown in Figure Sc, at
low applied current density of 35 and 100 mA g~!, LTO-TiO,
has a reversible discharge capacity of 226 and 210 mA h g7,
respectively, a 6 and 10% higher than pristine TiO,. When
subjected to high-rate discharge at 1.75 and 2.63 A g, the
discharge capacity of LTO—TiO, can reach 152 and 133 mA h
g_l, respectively, which leads to a significant improvement of
24 and 35% compared to pristine TiO, at the same discharge
rates. LTO-TiO, clearly demonstrates superior high-rate
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capability and reversibility. It should be noted that at the
first cycle, the capacity of LTO—TiO, is lower than that of
TiO,, due to the lower theoretical capacity of LTO. There is a
significant irreversible capacity loss observed in the first cycle
of TiO, at 35 mA g' (from 263 to 223 mA h g/, i.e, 15%
drop).

The initial irreversible capacity loss (ICL) of pristine TiO,
can be effectively mitigated in LTO—TiO,, so the discharge
capacity of LTO-TiO, is consistently high. As shown in
Figure 5d and inset, at 1.75 A g_l, LTO-TiO, maintains a
discharge capacity retention of 96% over 1000 cycles,
equivalent to a mere 4% initial ICL (cf. 17% for TiO,). At
35 mA g, the initial ICL is slightly smaller at 3% (cf. 15% for
TiO,), and the discharge capacity retention of LTO-TiO,
over 1000 cycles is 97%. This indicates that the uniform LTO
coating on TiO, is effective in reducing the ICL to a negligible
level. The initial irreversible capacity loss for the first five cycles
is further studied for both LTO—TiO, and the pristine TiO,
nanofiber (Figure Se). When charge/discharge at a constant
current of 35 mA ¢! and 1.75 A g”!, LTO-TiO, shows the
respective discharge capacity retention is 97 and 96% (Figure
Se), corresponding to the first cycle irreversible capacity loss of
3 and 4%. After five cycles, the capacity retention of LTO—
TiO, is around 93% for both currents, corresponding to an
initial irreversible capacity loss of 7%. Compared to the pristine
TiO, nanofiber (TiO,), the respective discharge capacity
retention is 84 and 83% (Figure Se) under constant charge/
discharge currents of 35 mA ¢! and 1.75 A g™, corresponding
to the first cycle irreversible capacity loss of 16 and 17%. After
five cycles, the capacity retention of TiO, nanofiber is around
79 and 77% under constant charge/discharge currents of 35
mA g™ and 1.75 A g7, corresponding to an initial irreversible
capacity loss of 21 and 23%, respectively. Clearly, the first cycle
irreversible capacity loss of LTO—TiO, is significantly reduced
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to 4% at a high current density of 1.75 A g' due to the
introduction of LTO coating which prevented SEI formation
of TiO,. This aligns with the results from the EIS study in the
latter section.

The Li,Ti;O,,—TiO, core—shell structure can lead to
negligible SEI formation and enhanced charge transfer, as
evident from the electrochemical impedance spectroscopy
(EIS) for the initial five charge/discharge cycles. As shown in
Figure 6a,c, only one depressed semicircle is observed in the
Nyquist plots of LTO—TiO, at the end of each discharge cycle
over five cycles, and these impedance data can be well-fitted by
equivalent circuit model (I) (shown as inset of Figure 6a,c)
with Ohmic resistance (R, ), charge transfer resistance (R¢r)
and capacitor component (Cy) contributed from TiO,, but no
SEI impedance (Rgy) component, under minimum and
negligible fitting error. Hence, the Rgy for LTO-TiO,
maintains 0  over the initial five cycles (Table S1), aligns
with the negligible decrease in initial capacity observed in
experimental charge/discharge (inset of Figure S5d). In
contrast, the Nyquist plots of TiO, (Figure 6b,d) show two
depressed semi circles, which can only be fitted by equivalent
circuit model (II) (shown as inset of Figure 6b,d) with
additional component ascribed to SEI. The additional
semicircle observed is ascribed to the SEI formed on the
electrode. The Rgg; for TiO, is 110 Q at the end of the first
cycle discharge (derived from Figure 6b), which is significantly
higher than that of LTO—TiO, (0 Q). Over five cycles, Rgg; of
TiO, is unstable with large fluctuations (Figure 6d) (108.4 Q
+ 10.1%); such unstable SEI on TiO, can be readily removed,
resulting in immediate re-exposure of TiO, surfaces to the
electrolyte for new SEI formation aggregated upon subsequent
discharge, thereby larger initial capacity loss accumulated.

To further demonstrate that LTO—TiO, does not show any
SEI resistance, we fit the Nyquist plot of LTO—TiO, using the
equivalent circuit model (II) of TiO, which has an SEI
component. As shown in Figure S3, the fitted line, with SEI
component (red curve) does not match the corresponding
impedance data of LTO—-TiO,, with an error of 26.7%,
showing an additional semicircle (Rgg; = 31.5 Q) and the low
frequency slope cannot be modeled properly. In contrast, this
equivalent circuit model (II) can perfectly fit the Nyquist plot
of TiO, with a minimum error (0.07%) (Figure 6b). We also
perform extra EIS study on bare LTO. No SEI component is
observed for the Nyquist plot of bare LTO and LTO-TiO,,
suggesting the LTO nanoshell does prevent the growth of SEI
from TiO,. As shown in Figure S4, the Nyquist plot of bare
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LTO shows one semicircle, which can only be well-fitted by
equivalent circuit model without capacitor (c;) and SEI
impedance (Rgp;) components (fitting error: 0.04%).

In addition, over cycling, as demonstrated in Tables S1 and
S2, LTO-TiO, has lower charge transfer resistance (Rcr)
(110 Q), and more than 250 times higher lithium-ion diffusion
coefficient (Dy;) (2.56—2.81 X 107° cm® s7') than pristine
TiO, (1.04 X 107*° cm? s™") shown in Tables S1 and S3. This
demonstrates that the LTO coverage can eliminate the SEI
formation of TiO,, including TiO,(B) to a negligible level,
leading to a significant reduction in ICL, thereby enhanced
capacity and high-rate cyclability. Also, the presence of
Li,Ti;O,,/TiO, interfaces in LTO—TiO, can serve as low-
energy barriers for charge transport and hence reduces Rcr.
The presence of the SEI layer on TiO, hinders the lithium-ion
transport, resulting in large Rcr and small Dy

The electrochemical performance of LTO—TiO, nanofibers
and pristine TiO, are summarized in Table 3, and their energy
density, power density, and initial irreversible capacity loss are
compared to the LTO-TiO, composites and TiO,(B)
reported in the literature™®'°~'® (Figure 7). As shown in the
Ragone plot in Figure 7a, LTO-TiO, shows the highest
energy density (250—400 W h kg™") within the power density
range sufficient for grid energy storage (<1000 kW g_l).
LTO-TiO, in this work can achieve the lowest initial
irreversible capacity loss even at a high current density of
1.75 A ¢! or as low as 35 mA g, as shown in Figure 7b.
Among the irreversible capacity loss reported in literature, only
low discharge current performance below 250 mA g~ are
reported for TiO,-based materials. This suggests that LTO—
TiO, can cater to the need of high-performance electrode
materials for energy storage. In principle, the electrochemical
performance of LTO-TiO, can be further optimized by
varying the composition ratio between Li,TisO, and TiO,,
and the thickness of the LTO nanoshell, depending on
application.

B CONCLUSIONS

We have developed a synthesis strategy to achieve uniform
Li, Ti;O,, (LTO) coverage on TiO, nanofibers (LTO—TiO,)
consisting of a mixed phase of anatase TiO, and TiO,(B).
LTO is formed by the lithiation of the amorphous TiO, bridge
layer on pristine TiO, fibers. The bridge layer promotes
growth of the preferential LTO plane from the respective TiO,
planes. When applied as an anode material for Li-ion batteries,
LTO-TiO, exhibits stable high rate capability and cyclability
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with negligible initial irreversible capacity loss compared to
pristine TiO,. The uniform LTO coverage can effectively
protect TiO, from SEI formation, leading to negligible SEI
resistance. The presence of abundant Li,TisO,,/TiO, nano-
interfaces can facilitate charge transfer. Both factors contribute
to the enhanced electrochemical performance and stability,
leading to a high energy density of LTO—TiO, nanofibers.
This work demonstrates that our Li,TisO,, nanoshell on TiO,
nanofibers can be utilized as a viable energy storage material
with superior performance and high energy density. It also
gives insights into the strategy of using Li,Ti;O,, coating to
eliminate the initial irreversible capacity loss of other electrode
materials.
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