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Synthesis and Electrochemical Properties of Vanadium Pentoxide Nanotube Arrays
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Nanotube arrays of amorphous vanadium pentoxid®{Awvere synthesized via template-based electrodepo-
sition, and its electrochemical properties were investigated for Li-ion intercalation applications. The nanotubes
have a length of 1@&m, outer diameter of 200 nm and inner diameter of 100 nm. Electrochemical analyses
demonstrate that the @s nanotube array delivers a high initial capacity of 300 mAh/g, about twice that of
the electrochemically prepared®s film. Although the \,Os nanotube array shows a more drastic degradation
than the film under electrochemical redox cycles, the nanotube array reaches a stabilized capacity of 160
mAh/g, which remains about 1.3 times the stabilized capacity of the film.

Introduction prepared Ni-V,0s-nH>O nanocable arrays and demonstrated
that at a current density of 1.6 A/g, the'tintercalation capacity
of Ni—V,0s-nH,0 nanocable array is approximately 10 times
higher than that of single-crystal,@s nanorod array and 20
times higher than that of segel-derived \Os film.14 These
results confirm that the specific surface area of electrode is
important since the redox or intercalation reactions occur at and
near the electrode interface with electrolyte, hence nanostruc-
tured electrode is effective for Li-ion intercalation processes.
Compared to nanorods, nanotubes possess several different
areas of contact, i.e., the inner and outer wall surfaces as well
as the open ends. In principle, nanotube arrays have even larger

i i ici i 2__ 13
V£5;Qg.thti Io\v/v glffus;o_n c_lt_)efflment of Lt|h|ons ((jIG dl(yt surface area than nanorod arrays. In addition, the tubes can
cmAs)™ ~in the V>Us matrix. 10 overcome these disadvantages, operate as electrolyte-filled channels for faster transport of the

increasing the surface area and shortening the diffusion distancqOns to the intercalation sites. Mixed-valent vanaditia{-+5)

of the intercalation electrode play important roles. Nanostruc- oxide nanotubes (VONTS) have been obtained in high yield

tured materials possess Igarge surfa(_;e area a_1r_1d short diﬁUSiorby treating a vanadium(V) oxide precursor with an amine that
paths, and thus offer promises to achieve significantly enhancedhas long alkyl chains, followed by hydrolyzation and hydro-

intercalation capacity. thermal reactioR> The amine functions as a molecular,
Ordered arrays of nanorods, nanotubes, or-€shell nano- gy ctural directing template and the resulted MOT has a

cables are one of the most promising nanostructures for Li  gqrq)\-jike morphology. This material opens new perspectives

|ntercala_t|on appllcayons. Martin et al. investigated the elec- ¢, i+intercalation applications and has been widely studied

trochemical properties of 305 nanorod arrays made by  recently. Several research groups have measured its discharge

depositing vanadium pentoxide sol within pores of polycarbon- capacities up to 200 mAhA§;7 though its morphological

ate (PC) membranes, and reported that nanorod arrays aChieveﬂexibiIity leads to rapid degradation of capacify.

four times the capacity of a thin-film electrode at high discharge Template-based electrodeposition is a simple and efficient

rate** We recently fabricated single-crystaj®s nanorod arrays o e for producing oxidic nanorods and nanotufeBurther-

by using electrochemical deposition, surface condensation ;e the template-based electrodeposition method has the

induced by a change of local pH as a result gbrelectrolysis,  5qyantage of fabricating a well-ordered ensemble of nanorods
and sot-gel electrzolpahoretlc _deposmon, combined with template - anotubes standing up from the substrate surface which
growth methods?+* The single-crystal ¥Os nanorod-array  nromise large surface area, while nanorods or nanotubes
electrode delivers five times higher cap;\cny than—sgsl synthesized by other methods such as solvothermal processes
derived films at a current density of 0.7 Aj§We have also 4o scattered and possess less surface area when they are
. . . collected and pressed into pellets for electrode use. It has been
54;(33(l)ggspondmg author. E-mail: gzcao@u.washington.edu; Fax: 206- fq,nd that amorphous or low-crystalline,®s has higher

T'Unive'rsity of Washington. intercalation capacity than crystalline;®s.2%2% In this paper

* JFE Steel Corporation. we have prepared nanotube arrays of amorpha@s through

10.1021/jp044286w CCC: $30.25 © 2005 American Chemical Society

Vanadium pentoxide (30s) has attracted considerable at-
tention as a Li-ion intercalation material due to its layered
structurel? Lithium ions can be intercalated and deintercalated
between the adjacent layers ob®. As a result, electrical
energy is stored in the XDs electrode during intercalation, and
energy is released during deintercalation. Heng@s\finds wide
applications in energy storage devices such as lithium baftéries
and electrochemical supercapacitofddowever, the intercala-
tion capacity and charge/discharge rate eDyare limited by
the moderate electrical conductivity (1%-102 S/cm)-® of
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Figure 1. Schematic illustration of ¥Os nanotube array. Two theta (degrees)

. . Figure 2. SEM images of (a) top view and (b) side view o

the template-based electrodeposition. Figure 1 shows a SChe'm;?notubes electroch%micall§/ 3ep§sited Within(Z())O-nm-dia porfzgsgof PC
matic illustrating the YOs nanotube array as the t-intercala- membrane. (c) TEM micrographs of isolategd¢ nanotubes. (d) XRD
tion electrode. The amorphous®s nanotube arrays achieved pattern of the electrochemically preparegOy film on Au electrode.

a capacity of 300 mAh/g, which is higher than the maximal

capacity of crystalline ¥Os nanorod arrays (up to one equivalent dissolve away PC membrane, resulting in an ensemble®f V

of Li™ per mole of \4Os, i.e., 150 mAh/g) reported by Martin’'s  nanotubes attached on the ITO substrate.

group and our group’ previously. Such improvement in the Scanning electron microscopy (SEM, JEOL JSM-5200) was
maximum capacity is ascribed to the larger surface area andused to characterize the morphology of nanotube arrays.
amorphous nature of XDs nanotubes. The amorphous® Transmission electron microscopy (TEM) images were recorded

nanotube arrays also possessed about twice the capacity of thevith Phillips EM420 at accelerating voltage of 120 kV. The
amorphous YOs film made from the same electrodeposition V,0s film prepared under the same condition via electrochemi-
process, which is ascribed to the larger surface area of nanotubeal deposition from VOS@solution was characterized by X-ray
arrays. Cyclic performances of both amorphou®¥nanotube diffractometry (XRD, Philips PW 1820).

arrays and amorphous,Us films are further discussed in this Electrochemical properties of nanotube arrays were investi-

report. gated using a three-electrode cell. A 1-M LiGl®olution in
propylene carbonate was used as electrolyte; a platinum mesh

Experimental Section was used as the counter electrode and Ag/AgNG the

reference electrode. Cyclic voltammetry and chronopotentiom-
etry were carried out by a potentiostat/galvanostat (CH Instru-
ments, model 605B) between the potential limits-af.6 and

0.4 V versus Ag/Ag.

The chemicals used in synthesizing the solution were VSO
nH,O (Alfa Aesar) and HSO, (96.5%, Fisher). The VOSO
solution was prepared by dissolving VO$aH-,0 into deion-
ized water together with $¥$0O, in a concentration of 0.1 M
VOSO; and 0.03 M HSO4. Such a solution is blue in color
and has a pH of 1.7. The primary vanadium ionic clusters in
the solution are V&', Figure 2 shows SEM images of (a) top view and (b) side

The templates used for this study were radiation track-etchedview of V,0s nanotube array grown within the pores of PC
hydrophilic PC membrane (Millipore, Bedford, MA) with pore  membrane after the membrane is dissolved away in methylene
diameters of 200 nm and thickness of 2Zt. An aluminum chloride. These nanotubes stand apart from each other and
sheet of 9 mm in diameter was used as the working electrodeproject straight up from the substrate surface, with a length of
and placed beneath the template, and a platinum mesh was usel0 #m (image not shown). As can be seen from the TEM images
as the counter electrode. The distance between the two electrodes Figure 2c, the outer diameter of nanotube is about 200 nm
was kept at 25 mm. For the growth of nanotube arrays, direct and the inner diameter of nanotube is about 100 nm. No electron
electrochemical reactions at the electrode interface with the diffraction pattern in TEM was observed, which suggests the
electrolyte are necessary. To ensure a good electrical contaceamorphous nature of these nanotubes. XRD analysis of nanotube
between the template and electrode, the back of the membranearrays shows its amorphous state as well. However, such XRD
template was first sputter-coated with ARd alloy before result may be because the low crystallinity and the small amount
attaching to the working electrode. A detailed description of of V,Os of one nanotube array is beyond XRD detection limit.
the deposition setup can be found in our recent publica@idtfs.  We then prepared ¥Ds film through electrochemical deposition
The applied electric voltage ranges from 1.5 to 2 V, and the from the same VOS@solution and under the same deposition
deposition time lasted up to 2 h. Upon the completion of condition. Figure 2d shows XRD pattern of®s film deposited
deposition, the sample was dried at 1%0 for 6 h and was on the Au electrode, which confirms its amorphous nature. The
then attached to ITO substrate with silver paste (Ted Pella Inc.). constant potential electrolysis from VO$®as been reported
The as-prepared sample on ITO substrate was dried at@10 by Sato et al. to produce )0s.2* Furthermore, in our case of
for anothe 6 h and was immersed in methylene chloride to film deposition, the resultant film is greenish in color, indicating

Results and Discussion
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Potential (V) Figure 4. Dependence of the discharge capacity on the cycle number

obtained from chronopotentiometric measurements at a 0.4-V1t6
Figure 3. Cyclic voltammograms of ¥Os nanotube array in a potential  V cutoff voltage vs. Ag/Ad.

range between-1.6 V and 0.4 V vs. Ag/Ag and under the scan rate
of 10 mV/s. Thick solid line: the first cycle; thin solid line: the second
cycle; dotted line: the third cycle.

that our deposition product isXDs instead of mixed-valent
V(+4, +5) oxides, since mix-valent vanadium oxides are
generally black.

The possible mechanism of the nanotube growth is discussed
as follows. A very thin coating of AtPd alloy on the PC
membrane results in coating of metal on the edges of pores, —_
leading to high current density on these edges, where electro-| 400 nm
chemical reaction and deposition are initiated. On the edges of
pores, the ionic cluster, VA, is oxidized to deposit YOs Figure 5. (@) SEM and (b) TEM image of 05 nanotubes after
through the following reaction: electrochemical measurements.

ot " B results of capacities calculated from chronopotentiometric
2VO™" +3H,0 — V,05 + 6H" + 2e 1) measurements are discussed as follows.
Figure 4 illustrates the dependence of discharge capacity on
Simultaneously a reduction reaction occurs at the counter cycle number for both nanotube array and film prepared from
electrode: the electrochemical deposition method. The capacity of nanotube
array is calculated based on the outer diameter of 200 nm, the
2H" + 26 — H,(9) (2) inner diameter of 100 nm, length of 10n, and the density of
2.87 g/cnd.28 The V,0s nanotube arrays demonstrate an initial
It has been documented in literature that there are anionic siteshigh capacity of 300 mAh/g, about twice the initial capacity of
on the pore walls of the PC membrane, and conductive polymer 140 mAh/g from the YOs film. Such enhancement of capacity
nanotubes have been synthesized because the polymers aris due to the large surface area and short diffusion distances
cationic?® Similarly, cations such as VA preferentially adhere  offered by the nanotube array. However, the capacity of the
to the wall because of the electrostatic attraction and undergonanotube array decayed to 200 mAh/g in the second cycle and
electrochemical reactions. In the case of growing conductive 180 mAh/g in the third one. The degradation is slower in the
polymer nanostructures through template-based electrochemicalfurther cycles and finally reaches a stabilized capacity of 160
deposition, thin-walled tubes, thick-walled tubes, or solid rods mAh/g after the sixth cycle, which is about 30% higher than
can be formed, respectively, by controlling polymerization the stabilized capacity of X5 film. Our other work on the
time 18 Similarly, for the template-based growth o6®s from electrochemical intercalation properties of0{ films up to 50
VOSQ, solution, lower voltage and shorter time of deposition cycles revealed little or no further degradation after initiafl®
lead to nanotube formation, while higher voltage and longer cycles?’” The initial degradation of ¥Os film suggests YOs
deposition result in nanorods, indicated by the present work onitself prepared from electrochemical deposition has some
V,0s nanotubes and our previous report opOy nanorods3 drawback and suffers a slight loss of electroactivity during
Figure 3 shows the first three voltammetric cycles of th©y/ cycling. However, nanotube arrays show a more drastic decay
nanotube arrays in the potential range betweért and 0.4 V of initial performance compared to the film during cycling,
vs Ag/Agt and using a scan rate of 10 mV/s. The cyclic possibly due to the morphological flexibility and fragility of
voltammogram (CV) of the nanotube arrays shows cathodic nanotubes, which has been speculated in the literature a&®well.
peaks at-0.3 V and— 1.2 V, corresponding to Liintercalation, Our further SEM and TEM analyses of nanotube arrays after
and anodic oxidation peaks at 0.17 and 0.4 V, which are electrochemical measurements, up to 10 cycles, also indicated
attributed to Li" extraction. It can be seen from Figure 3 that the occurrence of partial fracture of nanotubes after redox cycles,
these cathodic and anodic peaks become more flattened ands shown in Figure 5. Such structural breakdown may well
the area of the voltammogram shrinks under the electrochemicalexplain the degradation of electrochemical intercalation proper-
redox cycles, indicating the material loses some electroactivity. ties. It seems that such structural breakdown occurred only in
The degradation may be either ascribed to the electrochemicallythe initial cycles, whereas there was little or no further structural
deposited YOs itself or due to the fragile structure of nanotubes. breakdown afterward. The systematic study on long-term
Being consistent with cyclic voltammograms, chronopotentio- cyclability of V,Os and its relationship with structural stability
grams (CP) have shown that nanotube arrays exhibit degradatioris currently under way and will be reported and discussed later
in electrochemical performance as well, and the quantitative on.

200 nm
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