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a b s t r a c t

Spinel Li4Ti5O12 thin film anode material for lithium-ion batteries is prepared by pulsed laser deposition.
Thin film anodes are deposited at ambient temperature, then annealed at three different temperatures
under an argon gas flow and the influence of annealing temperatures on their electrochemical perfor-
mances is studied. The microstructure and morphology of the films are characterized by XRD, SEM and
AFM. Electrochemical properties of the films are evaluated by using galvanostatic discharge/charge tests,
eywords:
echargeable lithium-ion battery
ithium titanate thin film
node
ulsed laser deposition

cyclic voltammetry and a.c. impedance spectroscopy. The results reveal that all annealed films crystallize
and exhibit good cycle performance. The optimum annealing temperature is about 700 ◦C. The steady-
state discharge capacity of the films is about 157 mAh g−1 at a medium discharge/charge current density
of 10 �A cm−2. At a considerably higher discharge/charge current density of 60 �A cm−2 (about 3.45 C)
the discharge capacity of the films remains steady at a relative high value (146 mAh g−1). The cycleabil-
ity of the films is excellent. This implies that such films are suitable for electrodes to be used at high

dens
discharge/charge current

. Introduction

Spinel lithium titanate Li4Ti5O12 has attracted great attention as
negative electrode (anode) material for rechargeable lithium bat-

eries because of the following attributes: ‘zero-strain’ effect, flat Li
nsertion voltage, excellent reversibility during charge–discharge
ycles, and good safety characteristics [1,2]. At 1.55 V, three lithium
ons per formula unit can be inserted into Li4Ti5O12 to give a theo-
etical capacity of 175 mAh g−1. One of the drawbacks of Li4Ti5O12
s the poor electrical conductivity which prohibits it from wide
ractical application.

Thin film electrodes are useful for the investigation of the
lectrochemical properties of active materials that have poor con-
uctivity. The thickness of thin films can be reduced to a value
t which the electrical conductivity does not significantly affect
he electrochemical behaviour [3]. Recently, Li4Ti5O12 thin films
or lithium-ion battery electrodes prepared by the spray pyrolysis
echnique, the sol–gel method, the radio frequency (RF) magnetron

puttering technique or the electrostatic spray deposition tech-
ique have been reported [4–7].

Pulsed laser deposition (PLD) technique is one of the more ben-
ficial methods for the growth of materials containing volatile
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components with complex stoichiometries. The technique has
many advantages over other deposition methods, such as high
deposition rate, precise control over film thickness, and less devi-
ation from the target composition [8,9]. By using PLD technique,
layered phase LiCoO2 and spinel phase LiMn2O4 cathodes with high
charge voltage and cycling stability for lithium-ion batteries have
been successfully prepared [10–13]. LiCoO2 and LiFePO4/Ag thin
film electrode materials have also been prepared by PLD technique
[14,15].

In this investigation, Li4Ti5O12 thin films are prepared via
the PLD technique. The effect of annealing temperature on their
electrochemical performance is investigated. The best annealing
temperature is around 700 ◦C, which produces an anode material
with high capacity and good cycle performances.

2. Experimental

2.1. Preparation of the Li4Ti5O12 thin film

Li4Ti5O12 thin films were deposited on Pt/Ti/SiO2/Si substrates
(supplied by the Institute of Microelectronics, Peking University)

at ambient temperature in an argon atmosphere of 6 Pa for 40 min
by PLD with a stoichiometric Li4Ti5O12 target. The thickness of Pt
current-collector layer and the Ti buffer layer was 150 and 100 nm,
respectively. The target was prepared from pure Li4Ti5O12 pow-
der mixed with an appropriate amount of polyvinyl alcohol (PVA)

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:appchung@cityu.edu.hk
dx.doi.org/10.1016/j.jpowsour.2009.03.074
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nd then dried at 80 ◦C for 12 h. The dried powders were ground
horoughly and pressed into pellet at a pressure of 392 MPa. Sub-
equently, the pellet was sintered at 950 ◦C for 6 h in air to yield a
i4Ti5O12 target with a density about 90% of that of dense Li4Ti5O12
3.5 g cm−3).

A Lambda Physik LPX 200 KrF excimer laser beam (248 nm,
50 mJ) was used for deposition with laser pulse frequency of 10 Hz.
he distance between the target and substrate was kept at 4 cm.
oth of the target and substrate holder were rotated continuously
o ensure uniform deposition of the anode film. Prior to deposition,
he vacuum PLD chamber was evacuated to a background pressure
f 1.3 × 10−3 Pa. The as-deposited thin films were then annealed
t various temperatures for 30 min in a quartz tube. The pressure
nside the quartz tube was maintained at 13 Pa by purging pure Ar
as before increasing the temperature.

.2. Physical characterization

X-ray diffraction (XRD) analyses of the anode films were carried
ut with a SIEMENS D500 diffractometer with Cu K� radiation at
oom temperature. Data were collected in the 2� range of 10–90◦ at
scan rate of 0.02◦ s−1. The surface morphology and cross-section
f each film were examined by scanning electron microscopy (SEM,
oel JSM-820) and atom force microscopy (AFM, Thermomicroscope
P Research scanning probe microscope).

.3. Electrochemical characterization

The electrochemical properties of Li4Ti5O12 thin films were
nvestigated by cyclic voltammetry (CV) and galvanostatic dis-
harge/charge tests. The geometric electrode area was 1 cm2. A
hree-electrode cell with lithium metal foil as the counter and ref-
rence electrodes was used in the electrochemical characterization.
ll experiments were conducted in an Ar-filled glove box in which

he O2 level was kept below 0.1 ppm. The electrolyte was 1 M LiClO4
n propylene carbonate (PC) (battery grade, water content: 30 ppm).
he electrochemical properties of the anode film were character-
zed by means of an automatic Versa-Stat EG&G system. Cyclic
oltammetry was conducted between 1.0 and 2.0 V versus Li/Li+

t different scan rates. Galvanostatic discharge–charge cycle tests
ere performed between 1.0 and 2.0 V using different fixed cur-

ent densities. Analysis by a.c. impedance spectroscopy was carried
ut in the frequency range of 100 mHz–100 kHz with a CHI-660C
lectrochemical workstation. The a.c. amplitude was 5 mV with an
pen-circuit potential of 1.56 V.

. Results and discussions

.1. X-ray diffraction

A main peak corresponding to the plane (1 1 1) was observed
n the XRD spectra of the films annealed at 600, 700, and 800 ◦C
or 30 min. This indicates that the Li4Ti5O12 films grown on the
t/Ti/SiO2/Si substrates have a spinel type structure and the pre-
erred plane is (1 1 1). The XRD patterns of the Li4Ti5O12 target and
he anode film annealed at 800 ◦C are shown in Fig. 1. The major
eaks corresponding to the planes (2 2 2), (3 3 3) and (4 4 4) are rela-
ively low, see Fig. 1(a). The average lattice constant of the Li4Ti5O12
lms calculated from the XRD peaks is 8.375 Å. The value is slightly

arger than that of bulk Li4Ti5O12 (8.359 Å) [1]. It has been reported
hat the average lattice constant of thin films prepared by the RF
agnetron sputtering technique is less than that of bulk Li4Ti5O12
7]. Full width at half-maximum (FWHM) of the strongest peak, i.e.
1 1 1) plane, is 0.331◦, 0.314◦ and 0.303◦ for thin films annealed
t 600, 700 and 800 ◦C, respectively. According to the inverse rela-
ionship between FWHM and grain size, this implies that the grain
Fig. 1. XRD spectrum of Li4Ti5O12 thin film and target: (a) thin film deposited on
Pt/Ti/SiO2/Si and annealed at 800 ◦C; (b) corresponding target material.

size is larger with increase in annealed temperature. This is consis-
tent with the SEM and AFM results. Similar results have also been
reported by other researchers [5].

3.2. Scanning electron microscopy and atom force microscopy

Scanning electron micrographs of the Li4Ti5O12 films annealed
at different temperatures are shown in Fig. 2. The micrographs
reveal that the films exhibit different surface roughness and dis-
persed island-like grains. The grain size is larger with increase in
annealing temperature. The SEM images of the cross-section of the
films are shown in Fig. 2(c–e). Films annealed at 700 ◦C or above
exhibit a disordered porous morphology composed of individual
nanoparticles with a narrow size-distribution, as evidenced by the
film annealed at 800 ◦C (Fig. 2(e)). The cross-section images reveal
that the thickness is about 230, 290 and 410 nm for the thin films
annealed at 600, 700 and 800 ◦C, respectively. This can be attributed
to a transformation to a porous structure on high temperature
annealing (Fig. 2(e)).

Atom force microscopic analysis also reveals a rough mor-

phology. Typical three-dimensional AFM images of the surface
topography of Li4Ti5O12 thin films annealed at 700 and 800 ◦C are
given in Fig. 3. The Li4Ti5O12 thin film annealed at 700 ◦C, as shown
in Fig. 3(a), has relatively smaller grains and a slightly rougher sur-
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ig. 2. SEM images of Li4Ti5O12 thin films annealed at different temperature. (a) S
ross-section image of film annealed at 600 ◦C, (d) cross-section image of film anne

ace. For the 800 ◦C annealed film (Fig. 3(b)), larger and coarser
rains with a much rougher surface are obtained. This is consistent
ith the XRD and SEM results. The surface root-mean-square (rms)

oughness determined from randomly selected regions is 24 and
9 nm for the thin films annealed at 700 and 800 ◦C, respectively.

.3. Electrochemical properties

The electrochemical properties of the films annealed at var-
ous temperatures were evaluated with CV at scan rates of 0.1,
.5, 1 and 5 mV s−1. The cyclic voltammograms of the thin films
nnealed at 600–800 ◦C are presented in Fig. 4. A couple of anodic

nd cathodic sharp peaks can be found in all films; no other redox
eaks are present. This indicates that all the films are pure Li4Ti5O12
hich shows good reversible redox reactions. The reversibility of

edox reaction is the best for the film annealed at 700 ◦C. The
air of redox reaction peaks located between 1.5 and 1.6 V at a
image of film annealed at 700 ◦C, (b) surface image of film annealed at 800 ◦C, (c)
t 700 ◦C, and (e) cross-section image of film annealed at 800 ◦C.

scan rate of 0.1 mV s−1 is characteristic of electrochemical lithium
insertion/extraction of Li4Ti5O12 [5,7]. The oxidation/reduction
peak currents increase with increasing scan rate (Fig. 4(b)). The
oxidation peaks shift to higher potentials, while the reduction
peaks shift to lower potentials. The cathodic and anodic peaks
located between 1.5 and 1.6 V correspond to the potential plateaux
of the discharge and charge process, respectively, in which Li
intercalate/de-intercalate into/out of the spinel Li4Ti5O12. The dif-
ference between the oxidation and reduction peak potentials is
73 mV for thin films annealed at 700 ◦C; a value which is larger
than the results obtained by other authors [5,7] but is smaller than
that reported by Yu et al. [6]. The discrepancy in the results may

be attributed to the variation of lithium-ion diffusivity in different
Li4Ti5O12 thin films with different morphology and thickness as a
result of different deposition methods.

Discharge–charge curves of the films between 1.0 and 2.0 V are
shown in Fig. 5. A pair of flat discharge–charge potential plateaux
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ig. 3. AFM images of surface topography of Li4Ti5O12 thin films deposited on
t/Ti/SiO2/Si substrates: (a) annealed at 700 ◦C; (b) annealed at 800 ◦C.

round 1.55 and 1.58 V corresponds to the sharp redox peaks in
ig. 4(a). The discharge capacity for the films annealed at 700 ◦C is
he largest when tested at a constant current density of 20 �A cm−2

see Fig. 5(a)). This finding is consistent with the cyclic voltam-
etric data, where the capacity is the largest for the film annealed

t 700 ◦C. The discharge capacity obtained at 20 �A cm−2 for the
lm annealed at 700 ◦C is larger than that of the film annealed
t 600 ◦C. This result can be attributed to higher crystallinity after
00 ◦C annealing.

By contrast, the discharge capacity of the film annealed at 800 ◦C
s smaller than that at 700 ◦C. This result can be explained by a
ifference in the adhesion strength [5] between the films and the
ubstrates. The grain size increases with higher annealing temper-
ture and will therefore lead to a larger surface area by forming
he disordered porous morphology. This feature is favourable for
he Li+ ion intercalation and de-intercalation process due to the
arger contact area with the liquid electrolyte. On the other hand,
elatively smaller grains usually provide good electronic conduc-
ivity, which decreases the diffusion distance of the Li+ ions in the
ctive material and also reduces the charge-transfer resistance at
he electrode|electrolyte interface. Larger grain size may also lead
o higher mechanical stress during the Li+ ion intercalation and de-
ntercalation processes, and thereby result in easy detachment of

he film from the substrate.

Typical discharge–charge curves of the films annealed at 700 ◦C
nd tested at different current densities are presented in Fig. 5(b).
hen the current density is increased, the discharge/charge capac-

ty decrease initially and at the same time the discharge/charge
Fig. 4. Cyclic voltammograms of anode films: (a) annealed at 600, 700 and 800 ◦C,
V = 0.1 mV s−1; (b) annealed at 700 ◦C, at different scan rates of 0.1, 0.5, 1 and 5 mV s−1.

overpotential becomes more pronounced. When the current den-
sity is high, e.g., 60 �A cm−2 (about 3.45 C), the discharge and
charge capacities increase. The relative larger discharge and charge
capability at a high rate (60 �A cm−2) discharge–charge process
is considered to be mainly due to the fast ionic diffusion kinetics
resulting from the small grain size and the porous structure.

The first discharge and charge capacity is approximately 149 and
146 mAh g−1 (calculated using a theoretical density of 3.5 g cm−3)
at the flat potential plateaux of 1.54 and 1.58 V at a constant current
density of 10 �A cm−2, as shown in Fig. 5(c). The discharge capac-
ity is slightly smaller than that reported for films grown by the
RF magnetron sputtering technique [7]. The irreversible capacity
loss on the first cycle is about 2.9 mAh g−1. This loss may be due to
the growth of a surface passivation layer that blocks the charge-
transfer reaction between the anode and the electrolyte during
discharge–charge cycle [16].

The cycle performance between 1.0 and 2.0 V at a constant cur-
rent density of 20 �A cm−2 is good for all the films, as shown in
Fig. 6(a). This can be attributed to the good crystallinity of the films,
the stability of the spinel crystal structure, and the zero-strain inser-
tion reaction of Li4Ti5O12 upon discharge–charge cycling [1,17]. As
mentioned above, the steady-state discharge capacity of the film
annealed at 700 ◦C is the largest for all the films. The difference in
discharge capacity of these films could be due to the effects of crys-
tallinity, grain size, and the adhesion between the anode films and

the substrates. These factors lead to differences in lithium ion dif-
fusion length, as well as in the mechanical stress related to the Li+

ion intercalation and de-intercalation process.
The discharge capacity versus cycle number of the 700 ◦C

annealed thin film characterized at different current densities
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Fig. 5. Discharge–charge curves of Li4Ti5O12 thin films: (a) annealed at various tem-
peratures at a constant current density of 20 �A cm−2; (b) annealed at 700 ◦C at
v
a

b
e
a
o
v
∼
1
1
a
1
(

medium-frequency Warburg region (81.38–0.8071 Hz), and a steep
arious current densities (10–60 �A cm−2); (c) annealed at 700 ◦C and then cycled
t constant current density of 10 �A cm−2. Curves measured between 1.0 and 2.0 V.

etween 1.0 and 2.0 V is shown in Fig. 6(b). The anode film shows
xcellent electrochemical performances. The shape of the curves
nd their invariance on cycling are in good agreement with previ-
us results [18–20]. The discharge capacity reaches a steady-state
alue of 157 mAh g−1 at constant current density of 10 �A cm−2 (i.e.
0.58 C) after 10 cycles. After 50 cycles, the discharge capacity is
49 mAh g−1, which is 95 cap.% (cap. denotes capacity) of that of the

0th cycle. When the current density is increased, the capacities of
node films decline of slowly. The discharge capacity is lowered to
40 mAh g−1 when the current density is increased to 20 �A cm−2

i.e. ∼1.15 C). Nevertheless, the performance of the film is still
Fig. 6. Discharge capacity versus cycle number of Li4Ti5O12 thin films: (a) annealed
at various temperatures at constant current density of 20 �A cm−2 between 1.0 and
2.0 V; (b) annealed at 700 ◦C at different current densities.

good upon cycling. At a higher current density of 60 �A cm−2 (i.e.
∼3.45 C), the steady-state discharge capacity is about 146 mAh g−1,
which is about 4 cap.% higher than that at the 1.15 C rate. The film
maintains excellent cycleability, although the capacity fades faster
than that of the 0.58 and 1.15 C cycled specimens.

The dependence of the capacity with respect to current den-
sity can be explained as follows. At a slower rate, lithium ions
have more time to diffuse into the film interior so that the capac-
ity at low current density is not diffusion-limited. When current
density is increased to higher values, the excellent high-rate perfor-
mance appears to be ascribed to the porous morphology. The porous
structure consists of nanoparticles that are in intimate contact and
there are many pores. The structure therefore offers better electri-
cal conduction and a larger electrode|electrolyte interface, which
are important in improving the ionic diffusion kinetics and result
in superior electrochemical performance. Good high-rate perfor-
mance with high capacities and high capacity retention have also
been reported in the literature for such a structure [19,21,22].

The a.c. impedance spectrum at a half-discharged state and an
open-circuit potential of 1.56 V indicates that the impedance of thin
films is rather high, which is due to the poor electrical conductivity
of Li4Ti5O12. The a.c. impedance spectrum of the film annealed in
700 ◦C is shown in Fig. 7. It is composed of a slightly depressed semi-
circle at high frequency (100 kHz–81.38 Hz), a straight line in the
sloping line in the low-frequency region (0.8071 Hz–100 mHz).
Cole–Cole plots of similar shape have been obtained for LiCoO2
films [11] and Li4Ti5O12 films [5,6]. The semicircle at high frequency
is due to the charge-transfer resistance related to interfacial Li+
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Fig. 7. a.c. impedance plot of film annealed at 700 ◦C.

on transfer; the diameter of semicircle corresponds to the charge-
ransfer resistance. The medium-frequency Warburg region and
ow-frequency region are attributed to solid-state diffusion of Li+

on. The chemical diffusion coefficient can be determined from [23]:

= �fl2

1.94
(1)

here f is transition frequency, l is the thickness of the material or
lm, and D is the chemical diffusion coefficient. The chemical diffu-
ion coefficient determined using Eq. (1) is 1.1 × 10−9 cm2 s−1. The
alue is in good agreement with that obtained from electrochemical
mpedance spectroscopy (EIS) analysis [5].

. Conclusions

Pure spinel structure Li4Ti5O12 thin film electrodes have been
uccessfully deposited by PLD technique and annealed at various
emperatures. The microstructure and electrochemical properties

ave been investigated. The films annealed at temperatures above
00 ◦C are crystalline and show a pair of sharp redox reaction peaks
etween 1.5 and 1.6 V in cyclic voltammograms, which is a char-
cteristic of typical electrochemical lithium insertion/extraction
eactions of Li4Ti5O12. Galvanostatic discharge–charge tests show

[
[
[
[

urces 193 (2009) 816–821 821

that all the Li4Ti5O12 anode films have a stable discharge/charge
voltage plateau of 1.54/1.58 V and excellent cycle performance.
With increase in the annealing temperature, the films have better
crystallinity and larger grain size which result in a large surface
area, that favours better electrochemical performance. Unfortu-
nately, the increment in grain size also leads to higher charge
transfer-resistance and poorer adhesion. As a consequence, the
electrochemical performance is inferior when the annealing tem-
perature is higher than 700 ◦C. The steady-state discharge capacity
between 1.0 and 2.0 V of the film annealed at 700 ◦C are 157 and
146 mAh g−1 at current densities of 10 and 60 �A cm−2, respec-
tively. Compared with the 10th cycle, the discharge capacity
remains at 95 cap.% after 50 cycles. These results suggest that
Li4Ti5O12 thin films deposited on Pt/Ti/SiO2/Si substrates by the
PLD technique are promising anodes for application in lithium-ion
battery systems.
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