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The lithium storage capabilities of ultra-fine rutile TiO, nanoparticles have been studied. Ultra-fine rutile
TiO, nanoparticles with only several nanometers in size have been prepared by a modified wet-chemical
method with a high yield. Unexpectedly, the rutile TiO, nanoparticles with 3 nm in size exhibit superior
lithium storage properties. Specifically, they show long term cycling stability upon extended cycling for

at least 300 cycles with a capacity loss of only 0.17% per cycle, and good rate capability up to a 30 C rate.
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insertion.

The excellent reversible lithium storage capabilities could be attributed to the ultra-fine size giving rise
to a very short diffusion path, and the relatively large surface area which provides more sites for lithium

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Nanostructured materials are intensively studied as electrode
materials for lithium-ion batteries (LIB) [1-10]. Titanium oxide
(TiO,)is agood candidate for high-power anodes because of its low-
cost, ready availability in large scale, and environmental benignity
[4,11-13]. Among all the TiO, polymorphs, anatase is generally con-
sidered as the most electroactive host for lithium insertion, while
the rutile counterpart is said to be only able to intercalate negligi-
ble amount of lithium at room temperature [14-19]. A lot of efforts
have been devoted to understand the nature of lithium insertion
into the rutile crystal structure [13,15,19-21]. It has been found that
Li insertion into microsized rutile particles is kinetically restricted
at room temperature [22,23], and full insertion is only possible at
120°C[24]. This is largely due to the highly anisotropic diffusion of
Li* ionsin the rutile 3D crystal structure. Specifically, the tetragonal
rutile is composed of TiOg octahedra which share edges along the
c-direction and corners in the ab-plane [21]. In order to reach the
preferred insertion sites at the oxygen octahedral vacancy [25], Li*
ions have to migrate through the ab-plane. However, the diffusion
coefficient for Li* along the ab-plane is only 10-15 cm? s, which
is 9 orders smaller than that in the c-direction [23]. This results in
the nearly one-dimensional diffusion of Li* ions in rutile [20,21].
Consequently, the diffusion into 3D volume is greatly restricted,
leading to poor performance for bulk rutile TiO, materials.
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Recently, a number of reports suggested that nanosized rutile
TiO, possesses significantly improved lithium intercalation capa-
bility [22,26]. This statement was further reinforced by the
experimental observations that nanostructured rutile TiO, exhibits
enhanced lithium storage performance [13,27-29]. In this commu-
nication, we report that ultra-fine rutile TiO, nanoparticles with
only 3nm in size, synthesized by a simple wet-chemical method
followed by annealing in air, manifest superior lithium storage
properties with long term cycling stability and high rate perfor-
mance. While considering the ease of preparation in large scale,
these ultra-fine rutile TiO, nanoparticles are very promising as the
anode material for high-power LIB.

2. Experimental
2.1. Materials preparation

Ultra-fine rutile TiO, nanoparticles were synthesized by a wet-
chemical method reported previously [30,31]. In a typical synthesis,
4 ml of titanium tetrachloride was added dropwise into a solution
containing 100 ml of ultra-pure water and 4 ml of 37% HCI under
vigorous stirring. Afterwards, the solution was kept at 60°C for
3 h then at room temperature for approximately 15 h. The white
product was then collected via centrifugation and washed thor-
oughly with ultra-pure water before being dried at 60 °C overnight.
Thus obtained nanoparticles have a mean crystallite size of about
2nm (denoted as TO-RT). To generate rutile nanoparticles with
larger sizes, the as-prepared white powder was annealed in air at
200°C (TO-200) and 400 °C (TO-400) for 1h, using a ramping rate
of 5°Cmin—1.
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Fig. 1. (A) XRD patterns of the as-prepared rutile TiO, nanoparticles: TO-RT (I), TO-200 (II) and TO-400 (III). FESEM images of TO-RT (B), TO-200 (C), and TO-400 (D). The
insets show the corresponding low-magnification FESEM images. (E-G) TEM images of TO-RT, TO-200, and TO-400 respectively.

2.2. Materials characterizations

Samples were characterized using X-ray power diffrac-
tion (XRD; Bruker, D8-Advance X-ray Diffractometer, Cu Ka,
A=1.5406A), field-emission scanning electron microscopy
(FESEM; JEOL, JSM-6700F, 5kV), Brunauer-Emmett-Teller (BET;
Quantachrome Instruments, Autosorb AS-6B).

2.3. Electrochemical measurements

The electrochemical measurements were performed using two-
electrode Swagelok-type cells with lithium serving as both the
counter and reference electrodes under ambient temperature. The
working electrode was composed of 70 wt% of active material (e.g.,
ultra-fine rutile nanoparticles of different sizes), 20 wt% of con-
ductivity agent (carbon black, Super-P-Li), and 10wt% of binder
(Polyvinylidene difluoride, PVDF, Aldrich). The electrode slurry was
then casted on a copper disc which serves as the current col-
lector. In each electrode, the loading of active material is about
1-2 mg. The electrolyte used was 1M LiPFg in a 50:50 (w/w) mix-
ture of ethylene carbonate and diethyl carbonate. Cell assembly
was carried out in an Argon-filled glovebox with both moisture
and oxygen contents below 1 ppm. Cyclic voltammetry (CV, 1-3V,
0.5mVs~1) was performed using an electrochemical workstation
(CHI 660C). Galvanostatic charge/discharge was performed using a
battery tester (NEWAER). Various current densities were used for
charge-discharge tests with 1 C equivalent to 170 mAg-!.

3. Results and discussion

The XRD pattern shown in Fig. 1A confirms that the as-prepared
nanoparticles annealed at different temperatures contain phase-
pure tetragonal rutile TiO, (JCPDS No. 21-1276, S.G.: P4,/mnm,
a0=4.5933A, c,=2.9592A). It can be clearly seen that the TiO,
nanoparticles without annealing (denoted as TO-RT) show much
lower peak intensities compared to the other two samples, indi-
cating its very small crystallite size. While the sample annealed
at 400°C (denoted as TO-400) has much sharper peaks compared
to the one annealed at 200°C (denoted as TO-200), suggesting
its much larger particle size. Calculating the crystallite size using
Scherrer’s formula based on the (110) peak gives 2 nm, 3 nm, and
5.8 nm for samples TO-RT, TO-200, and TO-400, respectively. It is
apparent that the annealing favors the crystallization process. From
the FESEM images (Fig. 1B-D), it can be observed that three sam-
ples are shown with similar morphologies as large agglomerates.
Even though the calculated sizes are only about a few nanometers,
the particles displayed in the images are generally in the range of
10-20 nm. This is likely due to aggregation of ultra-fine primary
nanoparticles caused by their high surface energy, which makes it
difficult to distinguish the difference in size. These large aggregates
of small rutile nanoparticles are also observed in the TEM images
(Fig. 1E-G), where indeed the difference in primary crystallite size
can be clearly revealed.

Electrochemical measurement was then performed to investi-
gate the lithium storage properties of the as-prepared samples.
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Fig. 2. Electrochemical measurements of the as-prepared rutile TiO, nanoparticles (TO-200). (A) Cyclic voltammograms at scan rate of 0.2 mVs~'. (B) Charge/discharge
voltage profiles of the first (I) and second (II) cycle at 4 C. (C) Cycling performance at different charge/discharge rates. (D) Cycling performance at a constant current drain
of 3.5C, and the corresponding Coulombic efficiency. All measurements were performed with a voltage window of 1-3 V. The discharge capacities (lithium insertion) are

shown in both C and D.

Fig. 2A shows the representative cyclic voltammograms (CV) of
TO-200. Generally, they are consistent with previously reported
data [15,30], even thought the first set of current peaks at about
1.8V (cathodic sweep) and 2.1V (anodic sweep) seems to be more
pronounced in the present study [13]. A more prominent cathodic
peak at about 1V can be clearly observed, which can be attributed
to the lithium insertion into the rutile structure. The peak current
decreases significantly in the subsequent cycles, showing the irre-
versible formation of LiTiO, phase from the rutile phase [13]. Its
corresponding anodic peak can then be identified as a broad peak
at about 1.6 V.

Fig. 2B shows the charge/discharge profile of the first two cycles
of TO-200 at a current drain of 4 C. In agreement with the CV anal-
ysis, a small plateau region is observed at about 2 V during the first
discharge, and the second less-defined plateau starting at about
1.4V marks the insertion of Li*. A high capacity of 380.2 mAh g~ is
delivered at the end of the discharge, and this is probably related to
the high surface area (112 m2 g~1) of the rutile nanoparticles which
provides more sites for lithium insertion. A much lower capac-
ity of 190.6 mAhg-! is obtained in the following charge process,
leading to an irreversible capacity loss of 49.9%. Comparable initial
irreversible loss was commonly observed in nanosized rutile TiO,
[22,28,29], which is due to the large volume strain induced during
lithium insertion causing trapping of Li* inside the structure [32].
A discharge capacity of 248.1mAhg~! is delivered in the second
cycle, followed by a charge capacity of 215.1 mAh g1, giving rise
to a much lower irreversible loss of only 13.3%.

Fig. 2C shows the cycling performance of TO-200 at various
charge/discharge rates. Large initial capacity losses can be observed
for the first few cycles, and a reversible capacity of 198.2mAh g1 is
obtained at the end of 20 charge/discharge cycles at 1 C. As shown
in the figure, the capacity drops steadily with the increasing cur-

rent rate up to 30C. A capacity of 76.5mAhg-! can be delivered
at a high rate of 30C. Remarkably, after cycling at 30C, a high
capacity of 187.2mAhg~! can be resumed when the current rate
is reduced back to 1 C. This rate behavior is indeed comparable to
that of graphene-supported nanostructured rutile TiO; [27,28]. The
greatly enhanced lithium storage properties can be attributed to the
ultra-fine particle size which leads to a very short diffusion path and
a large surface area for lithium insertion/deinsertion.

Fig. 2D displays the cycling performance of TO-200 at a constant
current drain of 3.5 Cfor 300 cycles. After a gradual loss in the course
of the first 10 cycles, the capacity levels off at about 170 mAhg-!
throughout the cycling. At the end of 300 charge/discharge cycles,
a reversible capacity of 161.1 mAhg-! can still be retained with
an almost 100% Coulombic efficiency throughout the cycling. The
average capacity loss is thus calculated to be 0.17% per cycle, which
can be considered negligible upon extended cycling. To the best of
our knowledge, such a superior cycling behavior is unprecedented
for rutile TiO, tested under similar conditions.

Post-mortem XRD analysis was carried out in order to
understand the crystallographic changes induced by the lithium
insertion/extraction. As shown in Fig. 3, the intensities of the two
dominant peaks decrease substantially after the first discharge pro-
cess, indicating that the insertion of Li* ions greatly affects the host
structure. After the 5th discharge, the (11 0) peak completely dis-
appears while the (101) peak is hardly visible. At the end of 500
charge-discharge cycles, no diffraction peaks can be identified, sug-
gesting the loss of long-range crystal ordering. Nevertheless, local
sub-1 nm ordering might still exist. More sensitive techniques are
required to characterize the state of these “amorphous” LixTiO,
materials.

The electrochemical properties of the other two samples were
also examined. Fig. 4A shows the cycling performance of TO-RT at
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Fig. 3. XRD analysis of TO-200 after charge-discharge tests: (I) before test; (II) after
1st discharge; (III) after 5th discharge; and (IV) after 500 charge-discharge cycles.
Measurements were conducted at a current rate of 1C with a voltage window of
1-3V.
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Fig.4. (A) Cycling performance of TO-RT at a current rate of 3.5 C. (B) Rate behavior
of TO-RT (O) and TO-400 (O) at different charge/discharge rates. The capacities
shown are discharge capacities (lithium insertion).

3.5C for 200 cycles. Compared to TO-200, a similarly large initial
loss can be observed, and it delivers a slightly lower capacity with
good capacity retention and a nearly 100% Coubombic efficiency
throughout the cycling. This could be due to the fact that both sam-
ples have similar particle sizes with a very small diffusion length,
allowing easy insertion/extraction of lithium. Fig. 4B compares the
rate performance of TO-400 and TO-RT at various charge/discharge
rates. Interestingly, TO-RT is able to give a similar rate behavior

as TO-200, while TO-400 which possesses much large particle size
conveys much lower capacities at all rates.

4. Conclusions

Ultra-fine rutile TiO, nanoparticles have been prepared follow-
ing a modified simple wet-chemical method. After annealing at
different temperatures in air, rutile nanoparticles with different
crystallite sizes can be obtained with greatly enhanced lithium stor-
age capabilities. Specifically, the rutile TiO, nanoparticles annealed
at 200 °C with a mean crystallite size of only 3 nm exhibit excellent
cycling performance at a high current drain of 3.5 C with a capacity
loss of 0.17% per cycle over 300 cycles, as well as a good rate perfor-
mance up to 30C. The rutile TiO, nanoparticles obtained without
annealing shows a comparable performance as the particle sizes of
both samples are similar. Considering the ease of large-scale syn-
thesis, these ultra-fine rutile nanoparticles have great potential to
serve as the anode material for high-power lithium-ion batteries.
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