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ABSTRACT A capillary-enforced template-based method has been applied to fabricate
V205-TiO, composite nanorod arrays via filling mixture of VOSO4 and TiOSO4 solu-
tions into the pores of polycarbonate membrane. For comparison purposes, pure V205
nanorod arrays were prepared through the similar template-based method with V,0s
sol and the sol was synthesized through the V,0Os5-H,O; route. The nanorods covered
completely a large area and projected from the surface of ITO substrate. The addition
of TiO; to V205 has demonstrated to greatly affect the Li™ intercalation capacity of
V120s. For example, V,05-TiO; nanorod array with molar ratio V/Ti = 75/25 deliv-
ered 1.5 times discharge capacity of V,0Os nanorods at a current density of 92 mA/g.
Such improvement in the intercalation properties was ascribed to the change of crys-
tallinity and possible modification in lattice structure and interaction forces between

adjacent layers in V,0s.

PACS 81.05.Je; 82.45.Yz; 81.10.Dn; 81.20.Fw; 82.47.Aa

1 Introduction

Vanadium pentoxide (V,0Os)
has attracted a lot of attention for its
electrochemical applications, such as
pseudocapacitor [1-3], electrochromic
coatings [4, 5] and actuators [6]. V,0s5
has a layered structure and has the abil-
ity to intercalate cations between the
adjacent layers [7, 8]. This intercalation
process is accompanied with a change
of dimension, due to the expansion or
contraction of the distance between ad-
jacent layers, and a change of color,
due to the change of valence states of
vanadium ions. When V,0s interca-
lates Lit, electrical energy is stored
in the form of chemical potential. En-
ergy is released from the intercalated
V,0s5 in the form of electricity, when
Lit diffuses out [9]. For electrochem-
ical pseudocapacitor applications, the
charge/discharge rate and energy stor-
age capacity are important parameters.

A large surface area is desired to achieve
large storage capacity since only a sur-
face layer is practically used for the
intercalation of ions, and a short dif-
fusion distance favors fast charge and
discharge process. Usually fine pow-
ders are used for achieving high energy
storage capacity [10]. For example, it
has been demonstrated that single crys-
tal V2,05 nanorod arrays have approxi-
mately five times higher applicable cur-
rent density than the sol-gel derived
film, and in a given current density,
nanorod-array electrode can interca-
late up to five times higher amount of
lithium ions [11, 12].

Another approach to increase the
intercalation capacity of V,0s is to
modify its crystalline structure and
the interaction force between the ad-
jacent layers. When the distance be-
tween the adjacent layers of V,0s in-
creases, the insertion capacity increases.
For example, hydrated vanadium pen-
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toxide, V,05.nH,0, possesses the Li
intercalation capacity about 1.4 times
larger than that of V,0Os [13]. The dis-
tance betweenn the adjacent layers in
V,05.nH,0 is 11.52 A [14], as com-
pared with a distance between layers of
4.56 A in orthorhombic V,0s. Doping
or substitution in V,0O5 by other cations
with different valance states have been
used to tailor the interaction forces be-
tween two adjacent layers in the inter-
calation compound. Several materials,
suchas Ni[15],Ce[16], Agand Cu[17],
have been reported to enhance the cap-
acity of V,0s by forming bronze struc-
tures with it. Titanium has the valence
state +4 in TiO, and the diameter of ti-
tanium is similar to that of vanadium
with a coordination number of 6. Ozer
et al. have prepared titanium-doped van-
adium pentoxide, (100 — x)V,05-xTiO,
(x < 20) films by using sol-gel dip coat-
ing techniques; the CV curve of V,0s-
TiO, composite films fired at 300 °C
exhibited a significant change compared
to that of pure V,0Os [18]. This sug-
gests that doping with Ti can change
the electrochemical properties of V,Os;
however, these films sintered at 300 °C
were amorphous and their electrochem-
ical performance was less sustainable
than crystalline V,0s5. Most recently,
Lee and Cao have found that the elec-
trochemical intercalation properties of
V,0s5 have been significantly enhanced
with the addition of TiO, [19]. It is
also well known in the literature that
the presence of TiO, appreciably im-
proves the cyclic fatigue resistance of
V,0s5 [20].

To improve electrochemical prop-
erties of V,0s, we have combined
both approaches mentioned above, i.e.,
modifying microstructure and chemical
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composition, and synthesized nanorods
of V,05-TiO, composites. Arrays of
V,05-TiO, nanorods were prepared
by filling the mixture of VOSO,s and
TiOSOy4 solutions into polycarbonate
(PC) membranes via capillary forces.
For comparison purposes, nanorod ar-
rays of pure V,0s5 were prepared by
filling V,0s-nH,0 sol into the PC mem-
branes via capillary forces as well. Li*-
intercalation properties of these V,0s-
TiO, composite nanorod arrays and
pure V,0s nanorod arrays have been in-
vestigated and discussed.

2 Experiments

A VO>* solution was pre-
pared by dissolving VOSOy (Alfa Ae-
sar) into de-ionized H,O and H,SOy in
a molar concentration of 0.1 M; the re-
sulting solution has a blue color and
a pH of 1.8. A TiO>* solution was
prepared by diluting TiOSO4 solution
(I5wt. % in diluted H>SOy4, Aldrich)
with de-ionized H,O to a concentra-
tion of 0.1 M; its pH value was adjusted
to 1.8 by adding NH,OH. VO** and
TiO** solutions were then aged for
a week in air and admixed with molar
ratios of 75/25 and 50/50. V,05-nH,O
sols were synthesized based on a method
reported by Fontenot et al. with V,0s5
(Alfa Aesar) and 30% H, O, (J.T. Baker)
as precursors [21]. 0.136 g V,05 pow-
der was dissolved in 2 ml de-ionized
H,0 and 0.603 ml H,O, solution. The
suspension was stirred until V,0s pow-
der totally dissolved, resulting in a clear
and dark red solution. The solution
was then sonicated to get a yellow-
brown gel which was dispersed into
de-ionized H,O in a molar concen-
tration of 0.025M. The primary van-
adium species in the colloidal dispersion
are nanoparticles of hydrated vanadium
oxide.

V;,05-TiO, composite nanorod ar-
rays were grown in PC templates by
means of capillary force induced fill-
ing. The templates used were radiation
track-etched hydrophilic PC membrane
(Millipore, Bedford, MA) with pore
diameters of 400 nm and thickness of
10 wm. An excessive amount of the pre-
cursor solution was dropped onto ITO
substrates, and a PC membrane was
placed on the top of the solution at am-
bient pressure and room temperature for
4 h to allow complete filling and solidi-

fication of solution. The filled template
on ITO substrate was then dried at 70 °C
for 8 h in air and fired at 485°C for 1 h
to remove the PC membranes through
pyrolysis and oxidation as well as to
densify the nanorod arrays. Pure V,0s
nanorod arrays were obtained by filling
V,05-nH,0 sol into 400-nm-diameter
pores of the PC membranes through
the similar process. The filled template
on ITO substrate was dried at 110°C
for 8 h in air before staying under am-
bient conditions for 4 h. The sample
was then fired at 485°C for 1h to re-
move PC membranes. All the samples
prepared have similar geometric area,
similar thickness and similar mass of
material.

V,05-TiO, nanorod arrays were
characterized by means of scanning
electron microscopy (SEM, JEOL JSM-
5200), and X-ray diffractometry (XRD,
Philips PW1820). Electrochemical
properties of V,0s5-TiO, nanorod ar-
rays were investigated using a stan-
dard three-electrode cell. A 1 M-LiClOy4
solution in propylene carbonate was
used as the electrolyte, and a Pt mesh
was used as the counter electrode with
Ag/AgNO; as the reference electrode.
Cyclic voltammetry and chronopoten-
tiometric measurements were carried
out by potentiostat/galvanostat (Model
605B, CH Instruments).

3 Results and Discussion

Figure 1 shows typical SEM
images of (a) pure V,0s nanorod arrays
(b) V,05-TiO, composite nanorods
(molar ratio V/Ti = 50/50) grown in
400nm PC membranes and fired at
485°C for 1h in air. These nanorods
project from the surface of ITO sub-
strate like bristles of a brush and the
V,05-TiO, composite nanorods are
less smooth than pure V,0Os nanorods.
V,05-TiO; nanorods (molar ratio
V/Ti = 75/25) have similar morph-
ology to composite nanorods with molar
ratio V/Ti = 50/50; therefore, its SEM
is not shown here. Figure 2 present
schematics that illustrate the fabrication
procedure of the nanorod arrays. The
V,05-TiO, nanorods were grown by
solution filling into PC template pores
with capillary force. The solution was
drawn up into and filled up the pores of
PC membrane; air in the pores and the
vapor from the solution were evaporated
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FIGURE1 SEM images of (a) pure V,Os
nanorods grown in PC membranes with 400-nm-
diameter pores using capillary force method and
fired at 485°C and (b) V,05-TiO, (molar ratio
V/Ti = 50/50) composite nanorod arrays

from the top surface of the PC tem-
plate. As the solvent evaporated from
the surface and the concentration en-
riched at the top of the pores, precipita-
tion or gelation occurred first at the top
of the pores and subsequently proceeded
throughout the entire pores. However,
our early experiments show that no
nanorods could grow by filling fresh so-
lutions. Aging of solutions in ambient
environment played a critical role. Ob-
viously, in order to grow nanorod arrays,
the solution filled in the pores must be
converted to a solid phase. During aging
at ambient environment, both TiOSOy4
and VOSOy solutions were found to in-
crease their solid concentrations and pH
values due to the evaporation of sol-
vent and acids, and went through partial
hydrolysis and condensation processes.
Capillary force induced filling of solu-
tion or colloidal dispersion in templates
has demonstrated to be an efficiency ap-
proach for the synthesis of composite
nanorod arrays. Although many elegant
techniques have been developed for the
synthesis of nanorod arrays [22], many
of them can not be used for growing
composite nanorod arrays. For example,
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FIGURE 2 Schematics of fabrication process of V,05-TiO, nanorod arrays or V,0s nanorod arrays.
Top picture on the left: three-dimensional view of a polycarbonate membrane; bottom picture on the left:
set-up for fabrication of nanorod arrays; schematic on the right: growth process of nanorod arrays

sol electrophoretic deposition [23] can
be used to prepare single-phase nanorod
arrays; otherwise, if an electrical field
is applied on multiple-phase sols, dif-
ferent sol particles have different sur-
face charges and phase segregation will
occur so that homogeneous composi-
tion of the product can not be obtained.
Centrifugation force has been used to
grow nanorod arrays as well [24]. How-
ever, for multiple-phase systems, the
size and shape of different sol particles
may differ; thus, phase segregation may
occur, which will prevent the forma-
tion of homogeneous nanocomposite
nanorods as well. Solvent-evaporation
induced deposition provides a simple
and elegant method for preparing com-
posite nanorod arrays. Its mechanism
is similar to that of slip-casting [25].
The nanorods in the present work were
synthesized from solutions that consist
of both Ti and V ions homogeneously
mixed. Aging has demonstrated to be
a critical step required for the forma-
tion of the desired composite nanorods.
During the aging process, moisture from
the ambient is expected to be up-taken
by solution and partial hydrolysis and
condensation process is anticipated to
proceed resulting in the formation of
nanoclusters.

Figure 3 shows XRD patterns of
the V,05-TiO, nanorod arrays attached
onto ITO substrate after firing. The
XRD patterns clearly demonstrated that
crystalline V,05 phase and TiO; anatase
phase coexist. In this research, VOSO4
(valence state of V is +4) was used as
the precursor material for preparing the
V,05-TiO, composite nanorod array.

Although VO, can form a solid solu-
tion with TiO,, XRD patterns indicate
that no solid solutions were formed in
this study. The nanorods studied are ba-
sically a mixture of vanadium pentoxide
and anatase phase, suggesting V(+4)
has been oxidized to V(+45) during the

processing. Careful comparison of XRD
patterns suggests that crystallinity of
both TiO, and V, 05 phases deteriorated
when the other phase was present. Fig-
ure 4 shows the peak heights of (001)
of vanadium pentoxide and (101) of
anatase as functions of V/Ti molar ra-
tios with ITO as a reference. This figure
clearly indicates that mixtures of V/Ti
around 50/50 to 75/25 have lower peak
heights than that predicted by the sim-
ple mixing rule. Crystallization being
hindered in the mixed-oxide system is
a known phenomenon caused by an in-
creased requirement for diffusion for
the crystallization processes to occur in
the mixed system. In our separate study,
it was found that the presence of other
phase indeed results in an appreciable
reduction of grain sizes and a change of
morphologies of both V,0s and TiO,
phases [19].

Figure 5a shows cyclic voltammo-
grams of V;0s5-TiO, nanorod arrays
with various V/Ti molar ratios. A scan
rate of 10mV/s was used, in order to
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FIGURE 3 X-ray diffraction patterns of the V,05-TiO, nanorods grown onto ITO substrate by capil-

lary force method
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FIGURE 4 The relationship between molar
fraction V/(V +Ti) and peak heights of (001) of
orthorhombic V,0s and (101) of anatase TiO; in
XRD spectrums
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FIGURES (a) Cyclic voltammograms of
V,05-TiO; nanorod arrays using a scan rate of
10mV/sec. (b) Chronopotentiograms of V,Os-
TiO; nanorod arrays with V/Ti ratios of 100/0,
75/25 and 50/50 at a current density of 92 mA/g.
(solid line: V/Ti = 100/0; dashed line: V/Ti =
75/25; dotted line: V/Ti = 50/50)

be consistent to our separate publica-
tion on V,05-TiO;, composite film [19]
and the reported literature on Ti-V-O
system [18]. Pure V,0s5 shows cathodic
peaks at —0.3V, —0.6V, and —1.5V,
which correspond to Lit intercalation,
and anodic oxidation peaks at —0.9 'V,
0.0V, and 0.1V, which are attributed
to Li™ extraction. Along with Ti de-
position, peaks shift to lower potential
and are more broadened, (two distinct
peaks of V,0s at —1.5V and —0.9V
disappear in the case of V,05-TiO;
nanorods), possibly due to the reduction
of crystallinity. Figure 5b compares the

chronopotentiograms (CPs) of V,0Os-
TiO, nanorod arrays with V/Ti molar
ratios of 100/0, 75/25 and 50/50, at
current density of 92 A/g. The CP curve
of pure V,0Os nanorod array shows a dis-
tinct step-wise shape due to its good
crystallinity, while the CP curves of
V;,05-TiO; composite nanorod arrays
are less step-wise due to the deteriorated
crystallinity as indicated in XRD pat-
terns. For the nanorod array with molar
ratio V/Ti = 50/50, the CP curve has an
almost sloping shape, characteristic of
its low-crystalline nature. It is also very
clear that the nanorod arrays with molar
ratio V/Ti = 75/25 have a larger cap-
acity (~ 180 mAh/g) than that of pure
V,0s5 nanorods (~ 120mAh/g). It is
interesting to note that the capacity ob-
tained by CP measurements in Fig. 5b is
not proportional to the area of the cor-
responding CV curve in Fig. 5a. The
reason is discussed as follows. The pur-
pose of the CV measurement in Fig. 5a
is to find out the potential window
for Li-ion intercalation/deintercalation
processes. The scan rate, 10 mV /s used
in Fig. 5a is the one often referred in
the literature and is not calculated from
the discharge rate in Fig. 5b. Therefore,
discharge rates in Fig. 5a and b are dif-
ferent, and there is no direct correlation
in capacities in Fig. 5a and b. The CV of
the cathode materials for Li-ion battery
is resulted from the reaction between
the electrolyte and the confined depth
from the surface of the electrode and
this confined depth is varied with elec-
trode material. On the other hand, the
CP curve is resulted from the fact that
how the Li ions are diffused from the
surface to inner part of electrode. If the
electrode materials have almost same
Li diffusion rate, the area of the CV
should be n times larger for the ma-
terial exhibits n times higher capacity.
However, if the materials have different
Li diffusion rate, the CV and CP does
not show the proportional relationship.
The addition of TiO, to V,0s5 has di-
minished the crystallinity of V,0s as
shown in XRD patterns in Fig. 3. Fur-
thermore, SEM images in Fig. 1 show
the V,05 nanorods are smooth, while
the V,0s5/TiO;, composite nanorods are
less smooth and have granular shape
possibly due to the increased require-
ment for diffusion for the crystallization
processes to occur in the mixed oxide
system. The change of crystallinity and

morphology may subsequently affect
the diffusion rate of Li ions in V,Os
for pure V,05 system and V,05/TiO,
system. It should also be noted that the
capacity of nanostructured electrode is
less dependent on discharge rate than
that of film electrode is. However, the
nanorod arrays grown in the 400-nm-
dia pores of PC templates in the present
work do not bring up all the advantage
of large surface area and short diffu-
sion distance of nanostructures due to
the large diameter of these nanorods. As
a result, the capacities of these nanorod
arrays are affected by current densities
as shown in Fig. 6.

Figure 6a summarizes and compares
the Li* intercalation capacity as a func-
tion of current density of nanorod ar-
rays with three V/Ti molar ratios. Li*
intercalation capacity of V,05-TiO,
nanorod array is higher than pure V,05
in case of molar ratio V/Ti = 75/25,
but lower for molar ratio V/Ti = 50/50.
Figure 6b illustrates the changes in dis-
charge capacity with different molar
fraction V/(V +Ti) at a given current
density. It is clear that nanorod arrays
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FIGURE 6 (a) Li" intercalation capacity vs.

current density for V,05-TiO; nanorods with var-
ious V/Ti molar ratio, and (b) Li* intercalation
capacity vs. molar fraction of vanadium at various
current densities
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with a V/Ti molar ratio of 75/25 have
the highest energy storage capacity at
all current densities. Such result is simi-
lar to Lee and Cao’s work on V,0s5-
TiO, composite films presented else
where [19].

The possible mechanisms for the
enhancement of electrochemical inter-
calation properties may be attributed to
the reduced grain size and poor crys-
tallinity. Smaller grains possess a large
surface area for intercalation surface re-
action and a short diffusion distance for
Liions. The poor crystallinity or partial
amorphous may also favor enhanced in-
tercalation due to their more open struc-
ture [26]. Although it is known that TiO;
and V,05 do not form a solid solution,
it might be possible that a trace amount
of Ti was incorporated into vanadium
oxide structure in the present study.
The homogeneous solutio mixture at the
atomic level makes it possible to achieve
partial substitution at the V site by a Ti
ion during firing. Surca et al. [27] men-
tioned the possibility of the substitution
of V by Ti in amorphous state V,Os.
The valence state of the Ti ion is smaller
than V ion in V,0s and the ionic ra-
dius of tetravalent titanium is greater
than that of pentavalent vanadium, thus
the size and shape of polyhedron may
change, which may result in distortion
of the pyramidal chain array of VO5 and
render more open space for Lit inser-
tion. The possibility of a trace amount
of Ti entering the crystal structure of
V;,05 can lead to an enlarged distance
and weakened interaction force between
the adjacent layers so that permits more
intercalation of Li ions. However, from
XRD patterns in Fig. 3, there is little
peak shift for various ratio V/Ti, indicat-
ing such replacement of V by Ti is rather
small.

It should also be noted that the ab-
solute intercalation capacities of the

pure V,0s and V,05-TiO, composite
nanorod arrays are smaller than that
of single crystal vanadium pentoxide
nanorod arrays reported previously [8].
In addition, the intercalation behavior of
both pure V,0s5 and V,05-TiO; com-
posite nanorod arrays is a little different
from that of pure V,0s5 and V,0s5-TiO,
films that was reported earlier [19].
These differences may well be con-
tributed to the different synthesis and
processing methods applied in the study.
Itis well known that the electrochemical
intercalation properties are sensitively
dependent on the processing methods
and conditions [28].

4 Conclusions

V,05-TiO, composite nano-
rod arrays were grown by the capillary-
enforced template-based method from
solution. These nanorods covered com-
pletely a large area and projected from
the surface of ITO substrate. The crys-
talline conditions of these mixed nano-
rods were poor, indicating that Ti dop-
ing is possible to change the layered
structure of V,0s. The Li™ intercalation
capacity and applicable current density
of V,05-TiO, nanorods electrodes are
higher than pure V,0Os in case of molar
ratio V/Ti = 75/25, but lower for molar
ratio V/Ti = 50/50. Both morphology
and poor crystalline structure affect the
capacity.
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