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a b s t r a c t

Nanostructured titanium oxide films are fabricated directly by an anodic electrodeposition strategy at an
aqueous TiCl3 solution. Surface morphology shows that the deposited films are consisted of fine parti-
cles having 15–25 nm in diameter. Annealing temperature influences both the crystal structure and the
electrochemical performance of the deposited titanium oxide. When the annealing temperature exceeds

◦

eywords:
itanium oxide
ithium-ion storage
ntercalated compound
anostructured materials

300 C, the poorly crystalline titanium oxide converts into anatase phase. Cyclic voltammograms (CVs)
show that the anatase titanium oxide films exhibit reversible insertion/de-insertion of lithium ion in an
aqueous LiOH electrolyte. The formation of lithiated titanium oxide is confirmed from an X-ray photoelec-
tron spectroscopy. An optimal annealing temperature is found to be about 400 ◦C in terms of the CV peak
current density. In addition, the diffusion coefficient of lithium ion in cathodic process (1.6 × 10−15 cm2 s−1)
is higher than that of anodic process (9.4 × 10−16 cm2 s−1), probably due to the formation of higher O–Li
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queous lithium-ion batteries bond strength during the

. Introduction

Demand on rechargeable batteries for portable electronics has
ecome pressing. While these electronics tend to decrease in size
nd become thin, batteries of variable sizes and shapes must con-
equently evolve to compensate these new requirements. Among
any rechargeable batteries, lithium-ion battery is most attractive

ecause of its high energy density, high working voltage, and low
elf-discharge rate. Most of the researches on lithium-ion batteries
re focused on the non-aqueous electrolyte.

Recently, Li et al. [1–3] have proposed a new type of rechargeable
ithium batteries with aqueous electrolyte. Aqueous lithium-ion
attery is one of the promising candidates for energy storage in
erms of safety and cost. More recently, Wang et al. [4–6] have pro-
osed a hybrid aqueous energy-storage cell using LiMn2O4, LiCoO2,
nd LiCo1/3Ni1/3Mn1/3O2 as the positive electrode and activated car-
on as the negative electrode. In addition, MnO2, LiMnPO4, and

iFePO4 cathode materials for lithium-ion storage in aqueous elec-
rolyte were also reported [7–11].

It has reported that electrodes made of nanoparticles of metal
xides (MO, where M is Co, Ni, Mn, Cu or Fe) demonstrate high

∗ Corresponding author. Fax: +886 9 45614423.
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lectrochemical capacities (about 700 mAh g−1), great capacity
etention, and high discharging rates in non-aqueous electrolyte
12–18]. However, lithium insertion materials as the anode mate-
ials for aqueous lithium-ion batteries are rarely studied earlier.
itanium oxides especially in anatase phase have reported to be
he anode materials for lithium-ion insertion/de-insertion in an
queous LiOH electrolyte [19,20].

Recently, much effort has been directed toward the fabrication of
anostructured titanium oxides because of their potential applica-
ions in photocatalysts, dye-sensitized solar cells, and non-aqueous
ithium-ion batteries, etc. [21–40]. Most of these useful functions
epend mainly on the composition, configuration, and structure.
anostructured titanium oxides are believed to have better prop-
rties than those of their bulk counterparts. It is generally believed
hat nanostructured materials play an important role in electro-
hemical performance because high-specific surface area and short
iffusion path enhance electrochemical behavior of the applied bat-
ery. Generally, lithium-ion diffusion within the crystal structure of
ctive material dominates the high-rate charging and discharging of
he electrode. Diffusion resistance of lithium ions within the mate-

ial can be decreased by shortening the diffusion path; therefore,
anostructure is advantageous in improving the high-rate perfor-
ances of materials.
To the best of our knowledge, the anodically electrodeposited

natase titanium oxide for aqueous lithium-ion batteries has not

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:ms_wu@url.com.tw
dx.doi.org/10.1016/j.jpowsour.2008.09.017
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ig. 1. XRD patterns of the deposited titanium oxide films after annealing at various

emperatures.

een reported earlier. Therefore, in this work, the electrochemi-
ally anodic deposition strategy is used to fabricate the anatase
itanium oxide films directly onto the stainless steel substrate at
oom temperature. In addition, electrochemical performance of the
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ig. 2. SEM micrographs of the titanium oxide films after annealing at: (a) 100 ◦C, (b) 30
hown in (d), (e), and (f), respectively.
urces 185 (2008) 1420–1424 1421

ynthesized titanium oxide film after annealing at different temper-
tures is also investigated in an aqueous LiOH electrolyte.

. Experimental

Titanium oxide films were deposited directly on both sides of
he stainless steel (SS) foil (2 cm × 2 cm) by applying an anodic
urrent density of 0.15 mA cm−2. The plating solution consisted
f 0.25 M TiCl3 solution at room temperature under a nitrogen
tmosphere [25,40–43]. The plating solution of pH 2.5 was stirred
y a Teflon stir bar on a magnetic hot plate during the entire
eposition. The pH value of the plating solution was adjusted by
a2CO3 solution. Prior to electrochemical deposition, SS foils were
olished with emery paper and rinsed by ultrasonic vibrations

n acetone and de-ionized water, respectively. After deposition,
lms were rinsed several times in de-ionized water and then dried

or 3 h in air at 100, 200, 300, 400, and 500 ◦C, respectively. The
mount of deposited films was measured by a microbalance (Ohaus
160, USA) with an accuracy of 0.01 mg and was held almost
he same (about 0.5 mg) for each deposited film by adjusting the
eposition time. The deposition time for the film deposited at
.15 mA cm−2 was around 20 min. Note that all electrochemical
xperiments were carried out in a three-compartment cell. A satu-
ated calomel electrode (SCE) was used as the reference electrode

0 ◦C, and (c) 500 ◦C, respectively. High magnification images of (a), (b), and (c) are
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nd a platinum foil with dimension 2 cm × 2 cm was the counter
lectrode.

Electrochemical characteristics of the deposited films were
etermined by cyclic voltammetry in a three-electrode cell with
M LiOH electrolyte. The potential was cycled at different scan

ates using a potentiostat (CH Instruments CHI 608, USA) in a range
f 0.1 to −1.3 V. Surface morphology of the deposited films was
xamined with a field-emission electron microscope (FE-SEM, Jeol
EOL-6330, USA) with an accelerating voltage of 15 keV. Crystal
tructure of the deposited films was identified by a glance angle
-ray diffractometer (GAXRD, Rigaku D/MAX2500, Japan) with a
u K� target (wavelength = 1.54056 Å) and an incidence angle of
◦. Diffraction data were collected for 1 s at each 0.04◦ step width
ver 2�, ranging from 10◦ to 90◦. In addition, an X-ray photoelectron
pectroscopy (Perkin Elmer PHI Quantera SXM, USA) with a focused
onochromatic Al K� radiation (1486.6 eV) was used to analyze the

omposition of the deposited titanium oxide films before and after
he electrochemical insertion of lithium.

. Results and discussion

Fig. 1 shows XRD patterns of the deposited titanium oxide films
fter annealing at various temperatures. When the annealing tem-
erature is lower than 300 ◦C, in addition to the diffraction peaks of
he SS substrate, there is no detectable peak of the titanium oxide
ndicating that the deposited titanium oxide film is poorly crys-
alline structure. Clearly, some characteristic peaks of the anatase
iO2 (JCPDS 89-4921) appear, when the deposited film is annealed
t a temperature higher than 300 ◦C, suggesting that the poorly
rystalline (nanocrystalline) titanium oxide partially converts into
natase phase. As evident from Fig. 1, the XRD peak at about
� = 25.4◦ becomes broader as the annealing temperature decreases
rom 500 to 300 ◦C; such a widening indicates a poor crystallinity
nd a decrease of the average grain size by the decrease in annealing
emperature. The mean grain size of the anatase TiO2 was calcu-
ated using Scherrer’s equation with diffraction peak at 2� = 25.4◦,

= 0.9�/(ˇ cos�), where � is the X-ray wavelength (1.54056 Å), ˇ is
he full width at half maximum (FWHM), and � is the Bragg angle.
he calculated grain sizes at 300, 400, and 500 ◦C are 15, 18, and
2 nm, respectively.

Fig. 2 shows SEM micrographs of the titanium oxide films after
ifferent annealing temperatures. After annealing at 100 ◦C for
h, there are many crevices with submicron meter formed on

he deposited titanium oxide film, possibly due to the removal
f hydrated water during drying process. These crevices are
nlarged widthwise by increasing the annealing temperature. It
as reported that only a small percentage of water in the electrode-
osited manganese dioxide is volatile at 120 ◦C, and a predominant
ortion of water is desorbed in a relatively smooth manner up
o 350 ◦C [44]. Therefore, the change in surface morphology after
igher temperature annealing may be attributed to the removal of
oth the surface and the structural water from the solid phase of
itanium oxide structure. In addition, the phase transition of tita-
ium oxide from poorly crystalline phase to anatase phase during
nnealing may also induce stress variation resulting in crevices.
ossibly, theses crevices are in favor of electrolyte penetration
esulting in a better electrochemical performance. Inspection of
igh magnification morphology (Fig. 2d) shows that the deposited
itanium oxide film after annealing at 100 ◦C is composed of fine

articles having 15–25 nm in diameter; in addition, the surface
orphology is not greatly affected by the annealing temperature

anging from 100 to 500 ◦C (Fig. 2d–f).
Fig. 3a shows CV curves of the titanium oxide films after anneal-

ng at different temperatures. There is no significant redox peak for

r
o
c
a
t

ig. 3. (a) CV curves of the titanium oxide films after annealing at different tempera-
ures and (b) relationship between peak current density and annealing temperature.
can rate: 25 mV s−1.

he film annealed at temperature below 300 ◦C suggesting that the
itanium oxide film with poorly crystalline phase blocks the electro-
hemical reactions. Interestingly, when the annealing temperature
s higher than 300 ◦C, the titanium oxide film (anatase phase) shows
redox couple during CV scan; a cathodic peak at about −1.06 V vs.
CE in the cathodic process, and an anodic peak at −0.82 V vs. SCE
n the anodic process. These two peaks might be attributed by the
eversible electrochemical oxidation and reduction of the anatase
itanium oxide with lithium ion in an aqueous lithium hydroxide
olution. The lithium-ion insertion/de-insertion process in anatase
itanium oxide can be written as follows:

iO2 + xLi+ + xe− ↔ LixTiO2 (1)

eak current density of the deposited films after annealing at dif-
erent temperatures is shown in Fig. 3b. The peak current density
ncreases with elevating the annealing temperature, it reaches a

aximum at 400 ◦C and then decreases with further increase in
he annealing temperature. This finding suggests that the titanium
xide with anatase phase favors lithium insertion and de-insertion.
he higher the annealing temperature, the higher the degree of
rystallinity of the anatase titanium oxide, therefore the peak cur-

ent density is enhanced by the annealing temperature in a range
f 200–400 ◦C. When the annealing is higher than 400 ◦C, the peak
urrent density decreases due to the increased grain size of the
natase titanium oxide by elevating temperature. It is believed that
he peak current density is dominated by the mass-transfer resis-
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ig. 4. XPS spectra of the anatase titanium oxide films before and after electrochem-
cal reduction.

ance of lithium ions within the solid-state material rather than the
lectrolyte, therefore increasing the grain size is detrimental to the
olid-state diffusion of the lithium ions.

Fig. 4 shows XPS spectra of the anatase titanium oxide films
efore and after electrochemical reduction (insertion). Prior to elec-
rochemical experiments, the titanium oxide film was annealed at
00 ◦C for 1 h. Before electrochemical reduction, the two signifi-
ant peaks of binding energies correspond to Ti 2p1/2 and Ti 2p3/2,
espectively, which identify the major chemical composition being
iO2. In order to further understand the electrochemical mecha-
ism of the reactions between anatase titanium oxide and lithium

on, XPS measurement has been applied to investigate the valence
hange of titanium after the lithium-ion insertion as shown in Fig. 4.
rior to XPS measurements, the anatase titanium oxide electrode
as been charged to −1.3 V vs. SCE. Clearly, the two significant peaks
f binding energies, corresponding to Ti 2p1/2 and Ti 2p3/2, respec-
ively, shift to lower binding energy. This chemical shift reflects the

4+ 3+
hange of Ti to Ti oxidation state indicating the formation of
ithium intercalated titanium oxide phase (LixTiO2) [19]. The Li 1s
PS spectrum for the anatase titanium oxide electrode after elec-

rochemical reduction is also presented in the insert of Fig. 4. The
inding energy peak of 55.3 eV assigned to Li 1s attributes to the

ig. 5. XRD patterns of the titanium oxide films before and after electrochemical
eduction.

f
r
l
o
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r

ig. 6. CV curves of the anatase titanium oxide film at different scan rates. Prior to
lectrochemical measurements, film was annealed at 400 ◦C for 1 h.

ithium-ion insertion into the anatase titanium oxide by Eq. (1).
imilar results were found in a commercial anatase TiO2 electrode
n an aqueous lithium hydroxide electrolyte [19].

Fig. 5 shows XRD diffraction patterns of the titanium oxide films
efore and after electrochemical reduction. Clearly, in addition to
he diffraction peaks of the anatase titanium oxide and the SS
ubstrate, some characteristic peaks of lithiated titanium oxides,
ixTiO2 (JCPDS 51-0050) and Li0.5TiO2 (JCPDS 51-0049), appear.
his confirms that after electrochemical reduction, the lithium ion
nserts into the anatase titanium oxide leading to the formation
f lithiated titanium oxide (LixTiO2 and Li0.5TiO2). It was reported
hat since the ionic radius of lithium ion is almost identical to that
f Ti3+, the formation of lithium intercalated titanium oxide is rea-
onable [19]. In addition, the electrochemical behavior of deposited
natase titanium oxide in aqueous LiOH electrolyte is similar to that
f non-aqueous LiClO4 electrolyte [26].

Fig. 6 shows CV curves of the anatase titanium oxide film at dif-
erent scan rates. Prior to CV scan, the film was annealed at 400 ◦C

or 1 h. Clearly, the intensity of reduction and oxidation peak cur-
ents gradually increases with increasing the scan rate. Fig. 7 shows
inear relationship between the peak current and the square root
f scan rate in cathodic and anodic processes, respectively. The
inearity suggests a diffusion-limited reaction (semi-infinite diffu-

ig. 7. Relationship between the peak current density and the square root of scan
ate in cathodic and anodic processes.
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ion). The peak current density ip may be expressed by the classical
andles–Sevick equation at 25 ◦C [45]:

p = (2.69 × 105)n3/2CoAD1/2v1/2 (2)

here n is the number of electrons transferred, ip is the current
ensity (A g−1), D (cm2 s−1) is the diffusion coefficient of the rate

imiting species (lithium ion), A is apparent surface area (cm2 g−1), v
s the scan rate (V s−1), and Co (mol cm−3) is the maximum lithium
oncentration (Co = 0.024 mol cm−3 for x = 0.5) [38]. By fitting the
lope of ip vs. v1/2 in Fig. 7 into Eq. (2), lithium diffusion coeffi-
ient in the nanostructured anatase titanium oxide during cathodic
nd anodic processes can be estimated. Clearly, the slope of Eq.
2) in cathodic process (lithium insertion) is higher than that of
nodic process reflecting that the diffusion coefficient of lithium
nsertion is higher than that of lithium de-insertion. This finding
uggests that as the anatase titanium oxide is inserted as O–Li
ond, the higher O–Li bond strength makes the lithium de-insertion
low, which lowers the diffusivity of lithium ion within titanium
xide. Van De Krol et al. [46] indicated that the striking differ-
nce between lithium insertion and de-insertion coefficients can
e explained by the number of unoccupied octahedral sites per
nit cell available for lithium-ion transport, which is four for TiO2
s. two for Li0.5TiO2. Lithium diffusion coefficient is estimated to
e about 1.6 × 10−15 cm2 s−1 for insertion and 9.4 × 10−16 cm2 s−1

or de-insertion; the apparent surface area is assumed 100 m2 g−1.
hese diffusion coefficients compare well with those reported for
urfactant-templated anatase TiO2 in aprotic electrolyte [38].

. Conclusions

Nanostructured titanium oxide films are successfully deposited
nto the SS substrate from simple aqueous titanium chloride solu-
ion by an anodic electrodeposition strategy. The XRD results show
hat the poorly crystalline titanium oxide converts into anatase
hase, when the annealing temperature exceeds 300 ◦C. Anneal-

ng temperature affects not only the crystal structure of deposited
itanium oxide, but also the electrochemical performance in an
queous LiOH electrolyte. The higher the annealing temperature,
he higher the degree of crystallinity. The CV results show that
he poorly crystalline titanium oxide film exhibits poor electro-
hemical performance in lithium insertion/de-insertion, while the
natase titanium oxide films show reversible CV indicating that the
ithium-ion insertion/de-insertion occurs reversibly. The lithium-
on insertion into the host titanium oxide material (anatase phase)
n an aqueous LiOH solution is evident from the shift of binding
nergies of Ti 2p1/2 and Ti 2p3/2 in XPS. This chemical shift reflects
he change of Ti4+ to Ti3+ oxidation state indicating the formation
f lithiated titanium oxide phase (LixTiO2). In addition, a binding
nergy peak of 55.3 eV, which assigns to Li 1s, is attributed to the
ithium-ion insertion into the anatase titanium oxide. An optimal
nnealing temperature of 400 ◦C is found in terms of the peak cur-
ent density during CV scan. When the annealing is higher than
00 ◦C, the peak current density decreases due to the increased
rain size of the anatase titanium oxide by elevating the annealing
emperature. Diffusion coefficient of the lithium insertion is higher
han that of lithium de-insertion due to the formation of higher
–Li bond strength in the lithium insertion process.
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