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Atomic layer deposition was used for the synthesis of ternary

spinel Li4Ti5O12 compounds on nitrogen-doped carbon nano-

tubes, featuring its accurate tunability of elemental compositions.

The quest for alternative energy sources is urgent while fossil fuels
as our main sources are depleting and causing a series of
environmental issues. Among the potential alternatives, lithium-
ion batteries (LIBs) are the most promising.1,2 For next-generation
use in hybrid or pure electric vehicles (HEVs, or EVs), however,
LIBs require new materials to address the current issues in energy
density, safety, cost and service-life.3–6 Li4Ti5O12 (LTO) is an
attractive anode material, offering LIBs with reliable safety, having
negligible volume change, no electrolyte decomposition and no
formation of a solid electrolyte interphase.3,7,8 Consequently,
many efforts were conducted for developing LTO and its
composites, including sol–gel,9–11 solid-state,12,13 cellulose-assisted
combustion,13–15 microwave,16 hydrothermal,17 solvothermal,18

spray pyrolysis,19 and molten salt processes.20

In this work, we report the first attempt in synthesizing
nanostructured Li4Ti5O12 using atomic layer deposition (ALD),
demonstrating that ALD enables the precise control of elemental
compositions and shows exceptional flexibility. As a thin film
deposition method for semiconductor manufacturing, only in the
past decade was ALD recognized as a route for new nanostructured
materials,21–24 featuring its advantages in atomic-scale control,
excellent uniformity and conformality and low deposition
temperature. ALD has achieved extensive successes for metals,
binary oxides and even organic polymers.23,25 Recently, there has
been an increasing interest in ALD for developing ternary or more
complicated compounds26,27 and the thrust mainly lies in the fine-
tunability of ALD in the composition of compounds. In this work,
we present our successful fabrication of the nanocomposites of
Li4Ti5O12 based on nitrogen-doped carbon nanotubes (N-CNTs)

and have paved a new route for developing ternary LTO
nanocomposites using ALD.

N-CNTs have proved their exceptional physical properties,
ascribed to the doped-N atoms. The N-CNTs in this study were
grown via chemical vapor deposition (CVD) and their N contents
were around 8.4 at.%, as detailed in our earlier work.28 The
N-CNTs could facilitate ALD via their N-related defects.29 The ALD-
Li4Ti5O12 process in this work was performed through combining
two sub-ALD systems, i.e., Ti–O from titanium isopropoxide (TTIP,
Ti(OCH(CH3)2)4) and deionized water,30,31 and Li–O from Li(OtBu)
and deionized water.32 Through tuning the ratio between Ti–O
and Li–O to an optimal value via adjusting their ALD cycles, we
deposited an amorphous Li–Ti–O compound on N-CNTs and the
compound was transformed to the crystalline Li4Ti5O12 by
annealing. We found that the desirable ratio for the sub-ALD
systems (i.e., Ti–O : Li–O) was 5 : 4, in terms of their ALD cycles.
Apparently, the ALD-Li4Ti5O12 process is a stoichiometric route for
fabricating the Li4Ti5O12 compound, as schematically illustrated in
Scheme 1.

In the ALD-Li4Ti5O12 process, the N-CNTs grown on carbon
papers (Fig. ESI-1 in the ESI3) were first loaded into a commercial
ALD reactor (Savannah 100, Cambridge Nanotechnology Inc., USA)
preheated to a certain temperature which was set at 250 uC in this
work. Then, the two sub-ALD systems were run one by one, as
illustrated by Scheme 1. After 5 cycles of the sub-ALD of Ti–O, 4
cycles of the sub-ALD of Li–O followed. The two sub-ALD systems
ran in an alternating manner. For the sub-ALD of Ti–O, TTIP was
heated to 70 uC while water was kept at room temperature in order
to provide sufficient vapors. The procedures for the sub-ALD of Ti–
O were set as follows: (1) a 1.0 s supply of TTIP; (2) a 3.0 s extended
exposure of TTIP to the N-CNTs; (3) a 10.0 s purge of oversupplied
TTIP and any by-products; (4) a 2.0 s supply of water vapor; (5) a
3.0 s extended exposure of water vapor to N-CNTs; (6) a 10.0 s
purge of oversupplied water and any by-products. The aforemen-
tioned six-step sequence constituted one sub-ALD cycle of Ti–O.
The sub-ALD of Li–O took the same procedures as the sub-ALD of
Ti–O, except for a preheated temperature of 170 uC for Li(OtBu).
Thus, a 5-cycle Ti–O and 4-cycle Li–O constituted one ALD cycle of
Li–Ti–O. Additionally, the delivery lines were heated to 200 uC in
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order to prevent the precursors from condensing. Nitrogen was
used as the carrier gas with a flow rate of 20 sccm and the ALD
reactor was sustained at a low level of pressure (typically 0.4 Torr)
with a vacuum pump (Pascal 2005 I, Adixon).

The ALD coatings of Li–Ti–O on N-CNTs were observed using
field emission scanning electron microscopy (FE-SEM, Hitachi
4800 S) and transmission electron microscopy (TEM, JEOL 2010
FEG), as shown in Fig. 1. In comparison with the pristine N-CNTs
(Fig. 1(a)), the ALD-coatings of Li–Ti–O enlarged the diameters of
N-CNTs after 20 (Fig. 1(b)) and 30 (Fig. 1(c)) cycles. It is worth
noting that the Li–Ti–O coatings on N-CNTs were uniform and
conformal. The TEM image (Fig. 1(d)) revealed that the Li–Ti–O
coating was a uniform thickness of around 22 nm after 40 cycles.
Thus, the Li–Ti–O coating accounted for an average deposition
rate of 5.5 Å/cycle. By itself, ALD-TiO2 could produce a growth rate

of 0.4 Å/cycle on CNTs at 250 uC.31 ALD-LiOH was reported with a
growth rate of 12.7 ng cm22/cycle,32 standing for a growth rate of
0.87 Å/cycle. Consequently, the combination of 5 individual sub-
cycles of Ti–O and 4 individual sub-cycles of Li–O offers a growth
rate of 5.48 Å/cycle, very consistent with our observation of 5.5 Å/
cycle for the Li–Ti–O compound. In other words, the combined
ALD for the Li–Ti–O compound showed little change in its growth
rate with respect to the addition of individual Li–O and Ti–O sub-
cycles. A further evaluation revealed that the resultant Li : Ti ratio
is 2.0. The characterization of X-ray diffraction (XRD, Inel multi-
purpose diffractometer) revealed the amorphous nature of the Li–
Ti–O coating (see Fig. ESI-1 in the ESI3), and there was no evident
difference observed from the XRD patterns before and after Li–Ti–
O coating.

To confirm that the ALD route enabled the synthesis of the
spinel Li4Ti5O12 through precisely controlling elemental composi-
tions, we annealed the 40-cycle Li–Ti–O coated N-CNTs under two
high temperatures, 850 and 950 uC in Ar. The received composites
were characterized by XRD, as shown in Fig. 2. Besides the two
peaks of graphite (002) and (004) (JCPDS PDF No. 41-1487) from
the N-CNTs, the two annealed samples additionally disclosed a
series of strong peaks being characteristic of spinel Li4Ti5O12

(JCPDS PDF No. 49-0207) as well as several weak peaks for rutile
TiO2 (JCPDS PDF No. 04-0551). Obviously, the ALD route was
successful for synthesizing the ternary spinel Li4Ti5O12 compound
in a controllable manner. The effects of the two annealing
temperatures on XRD patterns were comparable. We further
examined the morphological changes due to the annealing effects,
as shown in Fig. 3 and Fig. ESI-2 in the ESI.3 Fig. 3(a) and (c) reveal
that the uniform and conformal Li–Ti–O coatings changed into
bean-like Li4Ti5O12 nanoparticles chained by N-CNTs after 3 h
annealing at 850 uC. In comparison, Fig. 3(b) and (d) disclose that

Fig. 1 SEM images of (a) pristine N-CNTs and (b,c) ALD Li–Ti–O coated N-CNTs by (b)
20 and (c) 30 cycles; (d) TEM image of 40-cycle ALD Li–Ti–O coated N-CNTs.

Fig. 2 XRD patterns for the ALD of Li–Ti–O of 40 cycles. (a) The as-deposited sample
in addition to the annealed samples at (b) 850 and (c) 950 uC for 3 h in Ar. ( )
identifies the peaks of the spinel Li4Ti5O12 and ( ) signifies the peaks of the rutile
TiO2.

Scheme 1 Schematic illustration of the ALD of Li–Ti–O compound.
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a higher annealing temperature of 950 uC produced more integral
networks of Li4Ti5O12 supported by N-CNTs. The morphological
changes due to the annealing effects at different temperatures
were probably due to different reaction rates between the Li–O and
Ti–O component. Further examination with high-resolution TEM
(HR-TEM, JEOL 2010 FEG) is shown in Fig. 3(e) and (f). The HR-
TEM image in Fig. 3(f) clearly reveal the characteristic lattices of
(111) planes of spinel Li4Ti5O12. We also observed a few rutile TiO2

nanoparticles as impurities in the N-CNT-supported Li4Ti5O12

composites, as shown in Fig. ESI-3 in the ESI.3 Based on the
information from the XRD patterns in Fig. 2 and our HR-TEM
observation, we propose that the TiO2 impurity is secondary to the
spinel Li4Ti5O12 and in a trace amount in the received compound.
It is worth noting that the Li : Ti ratio in Li4Ti5O12 is 0.8, far less
than the Li : Ti ratio of 2.0 in the ALD-deposited Li–Ti–O
amorphous compound. Thus, it is reasonable to conclude that
there was much Li loss in the annealing process. The reason lies in
the vaporization of Li–O33,34 during the annealing process. The
most recent effort35 for ALD-LixTiyOz claimed the success of
Li4Ti5O12 after annealing 110 nm thick films in N2. The authors
deposited the films on Pt-coated Si wafers with a 2 : 3 cycle ratio of
Li–O : Ti–O, accounting for a Li : Ti ratio of 1.5. However, their
XRD peaks for Li4Ti5O12 were too weak and little, in contrast with
the peaks from substrates. In comparison, our XRD patterns and
TEM showed more evidence for Li4Ti5O12. The main difference lies
in a higher Li : Ti ratio used in our study, being advantageous for
mitigating Li loss. Even so, in the future it deserves a further
improvement on the Li4Ti5O12 synthesis. In this way, annealing a
Li–Ti–O compound in a sealed container may help reduce Li loss
and thereby produce pure Li4Ti5O12 compound from Li–Ti–O

compounds with a Li : Ti ratio close to 0.8. In addition, the use of
Ar is important in this study. Besides protecting N-CNTs from
oxidation, Ar might also have mitigated the vaporization of Li–O
during annealing.

In summary, this work has demonstrated that ALD is viable for
developing ternary spinel Li4Ti5O12 nanostructured composites.
This method features its precise control of elemental composi-
tions of Li4Ti5O12. We expect that more interest will be inspired by
this timely report on ALD-Li4Ti5O12 and our further efforts will be
on investigating the performance of the synthesized N-CNT–
Li4Ti5O12 composites as battery anodes and on other complicated
battery compounds, especially lithium metal oxides as battery
cathodes.
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