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Abstract

The lithium storage capability and high rate performance of nanocrystalline anatase TiO, electrodes are highly dependent on the particle sizes.
The electrode made from a very fine anatase powder of 6 nm exhibited the highest capacity even at high current rates. It is believed that increasing
the specific surface area of the nanocrystalline anatase electrodes has increased the weight ratio of the atoms resided near or on the surface layers
and hence improved the surface Li storage; whereas decreasing the particle size has reduced the transport length for Li insertion in the bulk of
anatase phase, and so made the Li insertion more efficiently. Besides that, it is found that the specific capacity contributed by the surface Li storage
was very stable upon cycling or increasing the current rate; whereas the short Li diffusion length could greatly facilitate the Li insertion/extraction
in/from the bulk of the anatase electrode. These two features of nanocrystalline anatase electrodes resulted in very good cycle performance.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Anatase TiO; is an interesting electrode material in recharge-
able lithium ion batteries, not only because it may reversibly
uptake 0.5 Li in per formula unit of TiO,, but also because it
is a fast Li insertion/extraction host [1-5]. Utilizing these two
features of anatase TiO; electrodes, lithium ion batteries with
high power and high energy densities can be anticipated.

The intercalation mechanism of Li ions into anatase has
been studied in a variety of experimental and theoretical works
[6-10]. The Li insertion/extraction in/from anatase TiO, can be
described by the following equation:

TiO; + xLit 4+ xe™ <> Li, TiO,
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Upon Li insertion, the anatase converts to a two-phase product,
including the Li-poor Lig 95 TiO; (space group /4|/amd) and the
Li-rich Lig 5 TiO> (space group Imma) phases [11]. The insertion
of positively charged Li ions has to be balanced with an uptake
of electrons to keep the overall charge neutrality. The Li ions are
randomly distributed over half of the available interstitial octa-
hedral sites, leading to a theoretical capacity of 167.5mAhg~!
[12].

For practical devices the extent, reversibility and speed of
Li insertion/extraction are of extremely important. An effective
way to meet these demands is to develop nanostructured elec-
trodes [13]. In recent years, nanostructured anatase electrodes
are being actively investigated [13—18], basically because of
their shorter length for both electronic and Li* transport, higher
electrode—electrolyte contact area, and better accommodation
of the strain of Li insertion/extraction. Besides that, due to the
very high specific surface area, the lithium reaction mechanism
in nanocrystalline anatase electrodes is somewhat unusual in
comparison to that of micrometer-sized electrodes, but not well
understood, such that they show an extra Li accommodation
[15]. Up to now, a systematic study of the particle size effect
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on the Li storage capability, especially the high rate perfor-
mance, in anatase electrode was still lack. With this concern,
we will present the results of such a systematic investigation
in this paper. Especially, the contribution of the short Li diffu-
sion length and the high specific surface area of nanocrystalline
anatase electrodes to the high capacity and high rate performance
were separately discussed, which may clearly reveal the advan-
tages of the nanostructured electrodes over the micrometer-sized
ones as the Li insertion hosts.

2. Experimental

Commercially available anatase nano-powders with parti-
cle (crystallite) size of 6 (hereafter denoted as A6), 15 (A15),
and 30nm (A30) (Tayca Corp., Japan) were used as obtained.
The detailed data of these powders, such as the crystallite size
and specific surface area, were listed in Table 1. To prepare
the electrodes, the anatase powders were mixed with acety-
lene black carbon (AB) and teflon (poly(tetrafluoroethylene))
in a weight ratio of 50:45:5 and ground thoroughly. The mix-
tures were then pressed onto nickel mesh (100 mesh) as the
working electrode. Li metal pressed on the nickle mesh was
used as the reference and counter electrodes. Galvanostatic
discharge—charge measurements were performed in 1 M LiCIlO4
in EC+DMC (EC/DMC=1/1, v/v) between voltage limits of
1.0-3.5V (Li*/Li) under constant current densities of 0.1, 1,
10 and 40 A g~'. The weight in specific capacity and current
density was calculated based on the active material (TiO;) only.

3. Results and discussion

Fig. 1 depicts the second discharge and charge curves of
the anatase electrodes with different particle sizes cycled at
0.1A g™ ' (~0.6C,1C=167.5mA g~ "). The Li storage capabil-
ity of anatase electrode is strongly dependent on the particle size,
namely, the smaller the particle size, the higher the capacity. For
example, the specific discharge capacity of A6 is 234 mAhg™!,
corresponding to x=0.7 in Li, TiO;; whereas these values are
210 and 203 mAh g~! for A15 and A30, respectively. Clearly,
using ultrafine anatase electrode can effectively improve the Li
storage capability. In a very recent work, Subramanian et al. [18]
also reported that a nanocrystalline anatase powder of 10 nm
showed a second discharge capacity of 180mAhg~! at a con-
stant current density of 0.13 mA cm™2. And also, the capacity
decreased with increasing the particle sizes. In our experiments,
0.1 A g~ ! approximately corresponds to 0.4 mA cm™2. Even the
higher mass ratio of carbon black used in our study may decrease

Table 1
Detailed information of the used commercial anatase nano-powders

Sample Product Lotno. Particle (crystallite)  Specific surface
name name size (nm) area (m2 g’l)
A6 AMT-100  0134) 6 258

Al5 TKP-102 1204 15 83

A30 AMT-600 6530 30 57
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Fig. 1. The second discharge—charge profiles of the nanocrystalline anatase
electrodes with different particle sizes cycled at 0.1 Ag~".

somewhat the real current density, the capacity data presented
here is still higher than that reported in ref. [18].

Seeing more closely to Fig. 1, we may find that the Li
insertion/extraction processes in anatase were also influenced
by particle sizes. For example, the Li insertion plateau (at ca.
1.78 V (Li*/Li)) of A6 is shorter than those of A15 and A30. A
large part of the high discharge capacity of A6 is due to the long
sloped-region from 1.78 to 1.0V (Li*/Li). This plateau indi-
cates the phase equilibrium between anatase TiO, and anatase
Lig 5TiO,, within which half of Ti** is converted to Ti’* along
with the insertion of Li ions. The length of this biphasic region
corresponds to the number of lithium ions inserted into the crys-
tal lattice of anatase (hereafter we call it bulk anatase) based
on the Faradaic mechanism. The shorter biphasic region of A6
suggests that although it has the smallest particle size, i.e., the
shortest Li diffusion length for the easiest Li insertion, the Li
ions inserted into the bulk anatase are less than that in A15 and
A30. In other words, the available interstitial octahedral sites for
Li insertion have been reduced by decreasing the crystallite size
of the anatase electrode.

The short biphasic region of A6 is thought to be related to
its very high specific surface area (258 m> g~!). Li ions can be
inserted into both the surface and bulk of the nanostructured
anatase electrode, but based on different mechanisms [10]. For
a given amount of anatase powders, increasing the specific sur-
face area will inevitably increase the proportion of the total
number of atoms lies near or on the surface, which subsequently
decrease the available interstitial octahedral sites for Li insertion
in the bulk anatase. Since A6 has the largest specific surface area
among all these powders, its larger amount of surface atoms thus
reduced the octahedral sites for Li insertion, hence shortened the
biphasic region on the discharge curve.

Based on the discharge curves, the process of Li insertion
into nanocrystalline anatase electrodes can be divided into three
stages. First, very small amount of Li ions (such as 0.07 Li per
TiO, for A6) are associated with the initial monotonous potential
decrease before the plateau (at ca. 1.78 V (Li*/Li)). In fact, the
capacity within this potential window is very large in the first dis-
charge (0.22 Li per TiO; for A6, see Fig. 2), but decreases rapidly
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Fig. 2. The discharge—charge curves of (a) A6 and (b) A30 at various cycles that
cycledat 0.1 Ag~!L.

from the second cycle and is almost constant thereafter. Taras-
con and coworkers [16] ascribed this region to the formation of
solid solution domain of anatase TiO, and Li, TiO,. However,
the capacity loss of this region in the first cycle suggests that
the Li ions resided in this solid solution domain are mostly irre-
versible. A capacitive-like surface effect, i.e., EDLC, rather than
the formation of solid solution domain, might be more plausi-
ble to explain the stable small capacities within this potential
window from the second cycle since these small capacities are
proportional to the specific surface areas of different electrodes
and highly reversible.

The second stage is the Li insertion into the interstitial octa-
hedral sites of the bulk anatase crystals, corresponding to the
horizontal plateau at 1.78 V (Li*/Li). This is a classical Faradaic
process. The surface layer generates surface states at potentials
negative from the flatband [5]; so in the third stage, after all the
available interstitial octahedral sites inside the anatase crystals
are filled, Li ions are further inserted into the surface layer under
the external force of the electric field (the sloped region from
1.78 to 1.0V (Li*/Li)). Because decreasing the crystallite size
can broaden the energy levels accessible in the materials, a wide
voltage distribution at which the electrochemical reaction take
place appears [16], which leads the discharge curve at the third

stage to a long sloped region. From Fig. 1 it is clearly seen that
the capacity of this sloped-region is increased with increasing
the specific surface area of the anatase electrodes, confirming
that the third stage of Li insertion is mainly a surface effect.

To investigate the capacity loss in anatase electrodes, Fig. 2a
and b shows the voltage profiles of A6 and A30 at various cycles
at the current density of 0.1 A g~!. Let us study the charge curves
only. For both electrodes, the sloped-region between 1.0 and
1.89 V (Li*/Li), which is the reverse Li extraction process of the
Li insertion between 1.78 and 1.0 V (Li*/Li) during discharge,
only changes slightly upon cycling. This indicates that the Liions
inserted into the surface layer are highly reversible except those
being trapped in the initial insertion. The capacity decays are
mainly caused by the shortening of the plateau in both electrodes.
That means the Li ions inserted into the bulk of the anatase phase
are gradually trapped and lose their reversibility with cycling.
The length of the Li extraction plateau decreases much faster in
A30 than that in A6, indicating that decreasing the particle size,
i.e., reducing the Li diffusion length, has effectively improved
the reversibility of the Li ions inserted into the bulk anatase,
which in turn leads to a good capacity retention.

Besides the high capacity, nanocrystalline anatase electrodes
also exhibit very promising high rate performances. Fig. 3
presents the current density dependence of the discharge capac-
ities of different anatase electrodes. The data is extracted from
the second discharge curves. Clearly, with decreasing the particle
size, the high rate performance of nanocrystalline anatase elec-
trode is significantly improved. The specific discharge capacity
of A6 remains 209, 181 and 139 mAh g~! at the current densities
of 1Ag™! (~6C), 10Ag™! (~60C) and 40A g~! (~239C),
corresponding to 0.62, 0.54 and 0.41 mol Li in per mol of TiO;,
respectively. Even we restrict the cut-off voltage between 3.5
and 1.4V (Li*/Li), similar to that used in ref. [17], the specific
discharge capacities of A6 are still 131 and 72mAhg~! at 10
and 40 A g1, respectively, being the best high rate performance
ever reported in anatase TiO; electrodes.

Fig. 4a and b respectively shows the potential-capacity pro-
files of A6 and A30 at different current rates. Again, we study the
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Fig. 3. The current density dependence of the discharge capacities of different
anatase electrodes. The data is extracted from the second discharge process.
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Fig. 4. The second discharge—charge curves of (a) A6 and (b) A30 that cycled
at different current rates. Letter a to d label the transitions between different
regions on the charge curves.

charge curves only. The charge capacity can be roughly divided
into three parts, as labelled by a to d in Fig. 4: the sloped-region
below the plateau (Cyp), the plateau (Cy) and the sloped-region
above the plateau (Ccq). Because the capacity above the plateau
(Ccq) is rather small and almost does not change with the cur-
rent rate, here we only consider Cy, and Cy. Fig. 5 plots the
Cap and Cpe of A6 and A30 as a function of the current densi-
ties. Because no clear transitions between different parts on the
charge curves can be found, the data of that cycled at 40 A g~!
is not included. As seen in Fig. 5, Cap of A6 is much higher
than that of A30, which is consistent with its larger specific sur-
face area. Despite of that, Cy}, of both electrodes only decrease
slightly with increasing the current density, indicating that the
capacity contributed by the surface Li storage is very stable and
almost does not change with the current density. This means the
surface Li storage only depends on the surface area while not on
the diffusion time. On the contrary, the Li insertion/extraction
in/from the bulk atatase is highly dependent on the diffusion time
since it is a solid-state diffusion process. As seen in Fig. 5, Cpcs
of both electrodes decrease upon increasing the current density.
From this point of view, the surface Li storage has played a very
important role on the high rate performance of the nanocrys-
talline anatase electrodes. From Fig. 5 we also note that Cps of
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Fig. 5. The specific capacities of the sloped-region below the plateau (C,p,) and
the plateau (Cyc) of A6 and A30 as a function of the current densities.

A30 are higher than those of A6 at 0.1 and 1 A g~!. This sug-
gests that A30 has a higher ratio of interstitial octahedral sites
than A6 for Li insertion/extraction inside the particles within the
initial cycles at low current rates. However, with increasing the
cycle number (see Fig. 2) or current density (see Fig. 4), Cpc of
A30 drops much faster than that of A6. This indicates that the
Li insertion/extraction only occurs in the outer layers of the par-
ticles at a high current rate due to the very short diffusion time.
Because of the shorter Li diffusion length, most of the intersti-
tial octahedral sites are still available for Li insertion in a very
short time, so A6 shows a much slower decrease of Cy. with the
current density. Our results demonstrate that besides increas-
ing the specific surface area, reducing the Li diffusion length
of the electrode materials is also important to facilitate the Li
insertion/extraction and improve the high rate performance.

What we should point out here is the excellent high rate per-
formance of the nanocrystalline anatase electrodes might be
partially ascribed to the very low specific current density of
the active material because of the very large surface area. For
instance, the specific surface area of A6 is 258 m? g~!. If the
apparent area of the anatase electrode is 0.25 cm?, for 1 mg active
material, the effective current density of the active material is
only about 10~* of the applied current density of an electrode
(here we even did not consider the effect of AB in the reduction
of the current density) [13]. Such a low specific current den-
sity can effectively stabilize the electrode and preserve a high
capacity at the high rate discharge—charge current density.

As discussed above, Cyp, is very stable upon cycling in all the
electrodes. Meanwhile, decreasing the Li diffusion length may
greatly stabilize Cyc. These two features of the nanocrystalline
anatase electrodes are expected to yield a good cyclability. Fig. 6
shows the cycle performance of different anatase electrodes at
10 A g~ 1. After 100 cycles, the discharge capacity of A6 s still of
125mAh g~!, corresponding to 0.37 Li in per TiO,. This value
is 80mAhg~! in A15 and 71mAhg~" in A30, respectively.
The capacity retention of A6 is higher than 95% from the third
cycle, and higher than 99% after the tenth cycle. The stable cycle
performance of A6 even at high discharge—charge current rate
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Fig. 6. Cycle performance of the nanocrystalline anatase electrodes with differ-

ent particle sizes cycled at [0A g~

is well consistent with its high specific surface area and short Li
diffusion length. The excellent high rate capacity and cyclability
render nanocrystalline anatase a promising anode material for
Li-ion battery for high power and high energy density use.

4. Conclusion

A systematic study of the particle size effect of nanocrys-
talline anatase TiO; electrodes on the lithium storage capability
and high rate performance was conducted. The results indicated
that using ultrafine anatase powders like 6 nm as the electrode
materials can effectively improve the surface Li storage and
facilitate the Li insertion/extraction in/from the interstitial octa-
hedral sites in the bulk anatase phase. The capacity contributed
by the surface Li storage is very stable upon cycling and increas-
ing the discharge—charge current densities, so it plays a very
important role on the high rate performance and cyclability. Our
results are well consistent with the concept that the rate perfor-
mance and cyclability of Li-ion batteries can be significantly
improved by reducing the Li diffusion length and increasing the

specific surface area of the active materials by using nanostruc-
tured electrodes.
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