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Nanostructured Vanadium Oxide Electrodes
for Enhanced Lithium-Ion Intercalation**
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This article summarizes our most recent studies on improved Li*-intercalation properties in

vanadium oxides by engineering the nanostructure and interlayer structure. The intercalation I

capacity and rate are enhanced by almost two orders of magnitude with appropriately fabri- !

cated nanostructures. Processing methods for single-crystal V,Os nanorod arrays, V,0s-n H,O

nanotube arrays, and Ni/V,0sn H;O core/shell nanocable arrays are presented; the morphologies, structures, and
growth mechanisms of these nanostructures are discussed. Electrochemical analysis demonstrates that the intercala-
tion properties of all three types of nanostructure exhibit significantly enhanced storage capacity and rate perfor-
mance compared to the film electrode of vanadium pentoxide. Addition of TiO; to orthorhombic V,0s5 is found to
affect the crystallinity, microstructure, and possible interaction force between adjacent layers in V,0s, and subse-
quently leads to enhanced Li'*-intercalation properties in V,O0s. The amount of water intercalated in V,0j5 is found
to have a significant influence on the interlayer spacing and electrochemical performance of V,0s-n H,O. A system-
atic electrochemical study has demonstrated that the V,05-0.3 H;O film has the optimal water content and exhibits

the best Li*-intercalation performance.

1. Introduction

Intercalation-electrode materials are electroactive and serve
as host solids into which guest species are reversibly interca-
lated from an electrolyte. Currently there are three intercala-

[*] Dr. G. Z. Cao, Y. Wang
Materials Science and Engineering Department
University of Washington
Box 352120, Seattle, WA 98195-2120 (USA)
E-mail: gzcao@u.washington.edu

Dr. K. Takahashi
Steel Research Laboratory, JFE Steel Corporation
Chuo-ku, Chiba 260-0835 (Japan)

Dr. K. H. Lee
Materials Engineering Department, Soonchunhyang University
646 Eupnae-Ri, Shinchang-Myun, Asan-Si, Chungnam-Gun (Korea)

[**] This work has been supported in part by the National Science Foun-
dation (DMI-0455994). This work has also been supported by the
Center for Nanotechnology at UW, Pacific Northwest National La-
boratories (PNNL), Joint Institute of Nanoscience and Nanotechnol-
ogy (JIN, UW and PNNL), Washington Technology Center (WTC),
and JFE Steel Corporation, Japan. Wang's work was supported by
Ford, Nanotechnology, and ]JIN graduate fellowships, JFE Steel
Corporation supportedTakahashi’'s research, and Lee's work was
supported by Soonchunhyang University, S. Korea. A portion of the
research (TEM study) described in this paper was performed in the
Environmental Molecular Sciences Laboratory, a national scientific
user facility sponsored by the Department of Energy’s Office of Bio-
logical and Environmental Research and located at PNNL.

Adv. Funct. Mater. 2006, 16, 1133-1144

tion materials that are used commercially as positive-electrode
materials in lithium-ion rechargeable batteries: LiCoO,,
LiNiO,, and LiMn,0,. LiCoO, is the most popular among the
possible cathode materials because of the convenience and
simplicity of its preparation. This material can be easily synthe-
sized using both solid-state and chemical approaches.'?! The
Li,CoO, system has been studied extensively thus far;[3‘4]
Li,CoO, exhibits excellent cyclability at room temperature for
1>x>0.5. The specific capacity of the material is limited to the
range 137-140 mA hg™, although the theoretical capacity of
LiCoO; is 273 mAh g’l.[sl Even though Li,CoO, has good
electrochemical properties and is easy to synthesize, it is very
expensive and highly toxic. The reversible capacity of Li,NiO,
is higher than that of Li,CoO,, since the amount of lithium that
can be extracted/intercalated during redox cycles is around
0.55 in comparison to 0.5 for LiCoO,, allowing the specific
capacity to be more than 150 mAhg™ with appropriate cy-
clability.®!

Although LiNiO, and LiCoO, are isostructural, the prepara-
tion of LiNiO,; is more complicated. Since there are additional
nickel ions on the lithium sites, and vice versa in the crystal
structure of LiNiO,, the Li-Ni-O system is represented by
Li;_,Ni;,,O5, a deviation from the normal stoichiometry.”’gl
This special structure makes it very difficult to synthesize the
stoichiometric oxide with all the lithium sites completely filled
by lithium.
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LiMn,0Oy is the third most popular cathode material for lithi-
um-ion batteries. In comparison with LiCoO, and LiNiO,,
LiMn,0Oy, is less toxic and has an abundant source. In principle,
Li,Mn,0, permits the intercalation/extraction of lithium ions
in the range 0<x<2.”! For values of x between 1 and 2 the
material consists of two different phases—cubic in the bulk
and tetragonal at the surface. Simultaneously, the intercalation
of lithium ions effectively decreases the average valence of
manganese ions and leads to a pronounced cooperative Jahn—
Teller effect, in which the cubic spinel crystal becomes dis-
torted tetragonal with c/a=1.16, and the volume of the unit cell
increases by 6.5 %. This high c/a ratio causes a low capacity re-
stricted to ~120-125 mA h g™ and significant capacity degrada-
tion at moderate temperatures in the range 50-70 °C.[""!

The limitations of the commercial cathode materials have
stimulated a lot of research activity targeted at investigating
cathode materials for lithium-ion batteries. The reader is re-
ferred to excellent reviews on Li-ion intercalation materials for
lithium secondary batteries, such as the review articles by Win-
ter and co-workers,""'? Aricd et al.,[™! and the recent book
chapter by Maranchi et al.'"* V,Oj offers the advantages of
being cheap, easy to synthesize, and having high energy densi-
ties and, thus, has attracted much interest.'! V,Os consists of
layers of VOs square pyramids that share edges and cor-
ners.’" The apical V-O bond corresponds to a double bond
that is much shorter than the other four bonds. Aside from this
two-dimensional character, the structure of V,Os5 can also be
described as being distorted VO, octahedral.'®" The very
long sixth V-O bond underlines the structural anisotropy of

this material and the ability to insert guest species in perov-
skite-like cavities. Electrochemical lithium-ion intercalation
occurs together with compensating electron intercalation, lead-
ing to the formation of vanadium bronzes as follows:

V205 +xLif+xe = LixV205 (1)

In addition to crystalline V,0s, rather promising results have
been reported for hydrated vanadium pentoxide
(V,05-n H,0), such as V,0s5-n H,O glasses with P,Os or other
network  formers,'® V,05-nH,O xerogels,[lg’zol and
V,05nH,O aerogels.m] These amorphous or low-crystalline
materials offer considerable advantages by virtue of their mor-
phology. A large electrochemically active surface area, small
particle size, and low density provide both high overall diffu-
sion coefficients and low volume expansion during lithium
intercalation. Specific energies of over 700 Whkg™ were mea-
sured for lithium cells with xerogel cathodes.” V,05-n H,0
xerogels are composed of ribbonlike particles and display la-
mellar ordering, with water molecules intercalated between the
layers.”?! These water molecules expand the distance between
the layers and, as a result, the intercalation capacities of
V,05-n H,O xerogels are enhanced.” However, the intercala-
tion capacity and charge/discharge rate of V,0s are limited by
the moderate electrical conductivity (102-107 S cm™)Z24 of
V,0s5 and the low diffusion coefficient of Li ions (10‘12—
107% ecm?s71)%2) in the V,05 matrix. Many studies have been
conducted to improve lithium diffusion and electrical conduc-
tion performance in V,0s5 by crystal-structure modification to-
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wards a more open structure’®” and by coating V,0s on highly

conductive materials.”®! Other approaches include making use
of nanostructured materials that possess large surface areas
and short diffusion paths.

Ordered arrays of nanorods, nanotubes, or core/shell nano-
cables are some of the most promising nanostructures for Li*-
intercalation applications. Patrissi and Martin investigated the
electrochemical properties of V,0s nanorod arrays made by
depositing vanadium pentoxide sols within the pores of poly-
carbonate (PC) membranes, and reported that nanorod arrays
achieved four times the capacity of a thin-film electrode at high
discharge rate.”) 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 surface areas than nanorod arrays. In addi-
tion, the tubes can operate as electrolyte-filled channels for
faster transport of the ions to the intercalation sites. Mixed-va-
lent vanadium(+4, +5) oxide nanotubes (VO,-NTs) have been
obtained in high yield by treating a vanadium(v) oxide precur-
sor with an amine that has long alkyl chains, followed by hydro-
lyzation and hydrothermal reaction.*” The amine functions as
a molecular structure-directing template, and the resulting
VO,-NT has a scroll-like morphology. This material opens new
perspectives for Li*-intercalation applications and has been
widely studied recently. Several research groups have mea-
sured discharge capacities up to 200 mA h g% though its
morphological flexibility leads to rapid degradation of capaci-
ty.3]

Another approach to increase the intercalation capacity of
V,0s is to modify its interlayer structure and the interaction
forces between the adjacent layers. When the distance between
adjacent V,0s5 layers increases, the insertion capacity increases.
For example, V,05-n HO possesses a Li*-intercalation capaci-
ty that is about 1.4 times larger than that of V,05.5* The dis-
tance between the adjacent layers in V,05n H,O is 11.52 A%
compared to an interlayer distance of 4.56 A in orthorhombic
V,0s. It has been found that V,0OsnH,O exhibits an even
larger capacity and good cycling performance when the water
content in V,0s5-n H,O is reduced by thermal treatment, and
the influence of heat treatment on V,0s-n H,O has been stud-
ied using V,0s5-nH,O synthesized from
NaVO0;.P% Doping or substitution in
V,0s5 by other cations with different va-
lance states have been used to tailor the
interaction forces between two adjacent
layers in the intercalation compound. Sev-
eral materials, such as Ni,[40] Ce 11 Ag,
and Cu,*!! have been reported to enhance
the capacity of V,0s by forming bronze
structures with it. Titanium has the va-
lence state +4 in TiO, and the diameter of
titanium is similar to that of vanadium
with a coordination number of 6. How-

ever, there has been some debate in the

literature as to the impact of doping with
TiO,. For example, Minett and Owen!®!
showed improved cyclic reversibility of
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mixed vanadium oxide/titanium oxide systems over that of
V,0s. However, their mixed-oxide system possessed a lower
capacity than V,0s. Davies et al. found that the improved
cycling stability of the V,0s/TiO, system might be caused by a
preferential reduction of Ti** to Ti**, which prevents a reorga-
nization of the microstructure in the material.¥! Ozer et al.
found that addition of 5 mol % TiO, to V,0s greatly improved
the intercalation capacity.® It is clear that, although it is
agreed on in the literature that the cycling stability of the
mixed V,05/TiO; system is improved, there are different find-
ings on the Li*-intercalation properties of V,05 on addition of
TiO,.

In this paper, we summarize our recent studies on various
nanostructures of orthorhombic V,0s and low-crystalline
V,05nH,O, including single-crystal V,0s nanorod ar-
rays,[34’46’47] V,05-nH,O nanotube arrays,[48] and Ni/
V,05-n H,O core/shell nanocable arrays.[49] The fabrication of
such nanostructures has been accomplished using template-
based growth by sol electrophoretic deposition™ > and elec-
trochemical deposition.*® Figure 1 shows schematics of arrays
of V,Os nanorods, V,Os-n H,O nanotubes, and Ni/V,05-n H,O
core/shell nanocables. In addition, platelet- and fibrillar-nano-
structured V,0s films have been prepared by solution meth-
ods, and their electrochemical Li*-intercalation properties have
been studied in our laboratory.[57] These platelet and fibrillar
films consist of randomly oriented nanoscale V,Os particles
and fibers, respectively, protruding from the substrate surface.
These nanostructured films exhibit relatively larger surface
areas and shorter diffusion paths for Li* intercalation than the
plain thin-film structure. The processing methods, discharge ca-
pacities, and cyclic performance of these films are compared
with those of the conventional plain film. We have recently
investigated the thermal behavior and the electrochemical
performance of V,0s5-n H,O films synthesized using the H,O»—
V,0s route, together with the effect of water content on the in-
terlayer spacing and electrochemical performance.! Further-
more, we have found that the electrochemical intercalation
properties of V,0s are significantly enhanced on addition of
TiOz.[SQ] Films and nanorod arrays of V,05/TiO, composites
have been fabricated in our laboratory to investigate the effect

Figure 1. Schematics of vanadium pentoxide a) nanorod, b) nanotube, and c) nanocable arrays.
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of TiO, addition.?>®! All the electrochemical characterizations
were carried out in a standard three-electrode cell, with a Pt
mesh serving as the counter electrode, Ag/Ag” as the reference
electrode, and 1M LiClOy4/propylene-carbonate as the electro-
lyte. In the following sections, experimental information in-
cluding sample preparation will be discussed; for details of the
experiments, the reader is referred to our previous publica-
tions.

2. Engineering of Vanadium Oxide Nanostructures

Single-crystal V,05 nanorod arrays have been grown by elec-
trochemical deposition, surface condensation induced by a
change of local pH as a result of H,O electrolysis, and sol-gel
electrophoretic deposition, combined with template growth
methods.*! Single-crystal V,05 nanorod-array electrodes de-
liver a capacity that is five times higher than that of sol-gel-de-
rived films at a current density of 0.7 A gL A similar tem-
plate-based electrodeposition from VOSO, solution has been
employed to grow nanotube arrays of V,05n H,O, by using a
lower voltage and shorter deposition time than those use in
preparing the nanorod arrays.*®! The nanotubes have a length
of 10 pm, an outer diameter of 200 nm, and an inner diameter
of 100 nm. The nanotube array delivers a high initial capacity
of 300 mA h g™, which is about twice that of the electrochemi-
cally deposited V,Os film. Although the nanotube array shows
more drastic degradation than the film under redox cycling, it
reaches a stabilized capacity of 160 mA h g™, which is 1.3 times
the stabilized capacity of the film. Furthermore, a two-step
electrodeposition method has been used to prepare Ni/
V,05-nH,O core/shell nanocable arrays.[49] Both the specific
energy and specific power of such nanocable arrays are higher
than those of the V,0s5 film electrode by at least one order of
magnitude. Such significant improvement in electrochemical
performance is due to the large surface area, short diffusion
distance, and reduced internal resistance offered by the nano-
structure. Ni/V,0s5:n H,O nanocable arrays have also been
prepared and it has been demonstrated that, at a current den-
sity of 1.6 Ag™, the Li*-intercalation capacity of the Ni/

V,05-n H,0 nanocable array is approximately 10 times higher
than that of the single-crystal V,0Os nanorod array, and
20 times higher than that of the sol-gel-derived V,Os film.
These results confirm that the specific surface area of the elec-
trode is important since the redox or intercalation reactions
occur at and near the electrode interface with electrolyte;
hence, nanostructured electrodes are effective for use in
Li*-ion intercalation processes.

2.1. Single-Crystal V,05 Nanorod Arrays

Vanadium pentoxide nanorod arrays have been grown inside
200 nm diameter PC templates with the assistance of an elec-
tric field in three different media, i.e., a VO*" solution (route
A), a VO, solution (route B), and a V,Os sol (route C). The
pure orthorhombic phase of V,05 was obtained by sintering
the nanorod arrays at 485°C in air for one hour, and the PC
membrane was pyrolyzed as a result. It is worth noting that, un-
der otherwise comparable growth conditions, the nanorods
grown by electrochemical deposition showed negligible shrink-
age, whereas those grown via a pH change showed a noticeable
15 % lateral shrinkage; moreover, the nanorods grown from sol
electrophoretic deposition showed a substantial lateral shrink-
age of 50 %. Such significant differences in lateral shrinkage of
the three nanorods upon firing can be explained by their dis-
tinctively different growth mechanisms.

Figure 2 shows scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images of V,0s
nanorod arrays grown from a VO?* solution by electrochemical
deposition (route A). The images show that the nanorods are
arranged almost parallel to one another; the distortion is as-
cribed to the deformation of the PC membrane during pyroly-
sis. There is negligible shrinkage along the long axis, but the
morphologies and diameters of nanorods grown from different
solutions or sols are different. Nanorods grown from solution
(routes A and B) have a uniform diameter throughout their en-
tire length with a smooth surface. Nanorods grown by route C,
however, have narrower diameters and slightly rough surfaces.
X-ray diffraction (XRD) patterns (not shown here) reveal that

Figure 2. SEM image of a V,0s nanorod array (left). High-resolution TEM images (center and right) and electron diffraction pattern (inset in center) of a
V,0s nanorod. The nanorods were fabricated by using the template-based electrochemical deposition from a VOSO, solution. Adapted with permission

from [34]; copyright 2004, American Chemical Society.
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all the nanorod arrays have the same V,0Os crystal structure
after firing at 485 °C regardless of the growth method and ini-
tial solution used. Although Figure 2 presents a typical TEM
image and a selected-area electron diffraction pattern of V,0s5
nanorods grown by electrochemical deposition (route A), no
appreciable difference among the nanorods grown by the three
different methods was observed, as shown in our recent publi-
cation.*’) The TEM image and selected area electron diffrac-
tion pattern of a single V,0s nanorod clearly demonstrate the
single-crystalline, or, at least well-textured, nature of the grown
nanorods, with a [010] growth direction for nanorods grown
from both routes. The spacing of the fringes was measured to
be 0.207 nm for the nanorods grown by route A, (and 0.208 nm
for the nanorods made by route C). These values are similar
for the different synthesis routes and correspond well with the
spacing of (202) planes of 0.204 nm. These fringes make an an-
gle of 88.9° with the long axes of the nanorods, which is consis-
tent with a [010] growth direction. Similar measurements made
on high-resolution images of other nanorods also yield results
consistent with a [010] growth direction. Nanorods with the
same orientation are grown from both solutions and the sol,
but the formation mechanisms of the single crystal are differ-
ent. The formation of single-crystal nanorods from solution, by
both electrochemical deposition (route A) and pH-change-in-
duced surface condensation (route B), is attributed to evolu-
tion selection growth. The initial heterogeneous nucleation or
deposition on the substrate surface results in the formation of
nuclei with random orientation. The subsequent growth of var-
ious facets of a nucleus is dependent on the surface energy and
varies significantly from one facet to another.®! In the case of
nanorods made from a sol by electrophoretic deposition (route
C), the formation of single-crystal nanorods is explained by so-
called homoepitaxial aggregation of crystalline nanoparticles.
It is thermodynamically favorable for the crystalline nanoparti-
cles to aggregate epitaxially; such growth behavior and such a
mechanism have been well reported in the literature.[%6%]

The cyclic voltammograms (CVs) of V,0s nanorod arrays
and the sol-gel film were measured using a scan rate of
1 mVs™ (not shown here). The CVs of the nanorod arrays
grown from route A show cathodic peaks at -0.3 and -1.1 V,
which correspond to Li* intercalation, and one anodic oxida-
tion peak at 0 V and one broad anodic peak at —0.7 V, which
are attributed to Li* extraction. Masetti and co-workers!*”
have also reported similar CVs that have a combination of one
obvious anodic peak and two cathodic peaks. For sol-gel films,
in addition to the anodic peak at 0 V, another anodic peak at
—0.7 V is apparently observed; furthermore, the cathodic peaks
at —0.3 and -1.1 V are less distinct. The integrated areas of the
CV curves of nanorod arrays and sol-gel films are similar,
which implies that both the nanorod arrays and the films pos-
sess the same specific energy at this scan rate. However, the ex-
traction and intercalation kinetics are different, as evidenced
by the sharp peaks obtained from the nanostructures produced
by the solution route, compared to the far-less-distinctive peaks
in the CV of the sol-gel film. The behavior of the CV of the
nanorod array made from the sol (route C) is intermediate with
those of the nanorod arrays grown from solution (routes A and

Adv. Funct. Mater. 2006, 16, 1133-1144
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B) and the sol-gel film, although the nanorods made from all
three routes are single crystalline.

Figure 3 shows the comparison between the current density
and Li*-intercalation capacity of nanorod arrays and sol-gel
films measured by chronopotentiometry. In general, for a given
Li*-intercalation capacity, e.g., for Lig;V,Os, nanorod arrays
made from the solution route possess a current density that is
up to five times larger than that of the sol-gel films, and larger
than that of the sol electrophoresis nanorod. Similarly, for a
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Figure 3. Plot of discharge capacity versus current density for both V,0s
nanorod arrays and sol-gel-derived films. Reproduced with permission
from [46]; copyright 2005, The Japan Society of Applied Physics.

given current density, such as 0.7 Ag™, nanorod arrays can
store up to five times more Li than sol-gel films and more Li
than the sol-electrophoresis nanorods. The differences in elec-
trochemical properties observed in vanadium pentoxide nano-
rod arrays and films are attributed to the differences in micro-
structure and nanostructure. V,0Os nanorods grown by
electrochemical deposition from solution (routes A and B) are
dense single crystals, with layers parallel to the nanorod axes.
Such structure is extremely favorable to Li* intercalation and
extraction, since the surface oxidation and reduction reactions
occur along the surfaces of nanorods and the solid-state diffu-
sion distance is very small, ca. 100 nm, half of the diameter of
the nanorods. In addition, such a structure permits the most
freedom for dimensional change that accompanies intercala-
tion and extraction reactions. Such well-aligned structures will
also enhance the Li* diffusion through the solvent. Nanorods
grown via sol electrophoresis (route C) are also single crystal-
line and well aligned, but have many defects inside the crystal;
this may cause the differences among these nanorod array elec-
trodes. Sol-gel-derived V,0Os films are polycrystalline and con-
sist of platelet V,0s grains with the [001] direction being
perpendicular to the substrate surface. Therefore, the Li*-inter-
calation and -extraction processes will comprise of Li* diffusion
through grain boundaries, oxidation and reduction reactions at
the surfaces of individual crystal grains, and diffusion inside in-
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dividual grains. Thus, the difference in microstructure will have
similar effects on the kinetics of charge transport.

V5,05 is also an electrochromic material that exhibits a re-
versible optical change from a transparent to a colored state
upon extraction and intercalation of lithium ions.*! Figure 4
shows the change in transmittance intensity at 700 nm as a
function of time when an external voltage of 3.0 V is applied
to the V,0s5 nanorod array grown by electrophoretic deposi-
tion from a sol and the sol-gel-derived V,Os film. A 30 %
reduction was achieved in ca. 50 s for the V,05 nanorod ar-

1.00 ¢
—e— nanorod
0.90 + —o— sol-gel film
Y
2 0.80 A
S
€
é 0.70 -
'_
0.60 q
0.50 } t
0 100 200 300
Time (sec)

Figure 4. Transmittance intensity of nanorod arrays and sol-gel films sub-
jected to an externally applied electric field as a function of time. Repro-
duced with permission from [47]; copyright 2005, American Institute of
Physics.

ray; however, a time of 300 s was required for the film. The
transmittance change in the nanorod array reached satura-
tion in 3 min, while the sol-gel-derived film was not yet
saturated after 5 min. Extrapolation of the data in Figure 4
suggests that the sol-gel film will require at least ten minutes
to reach the same saturation, i.e., the sol-gel film has a re-
sponse speed that is three times slower than that of the nano-
rod array. In conclusion, both the extent and speed of change
in transmittance intensity of the nanorod array are signifi-
cantly faster than those of the sol-gel-derived film, corrobor-
ating an enhanced electrochemical intercalation process in
nanorod arrays caused by a large surface area for surface re-
dox reactions, and short and easy diffusion paths for mass
and charge transport.

2.2. V,05-n H,O Nanotube Arrays

Nanotube arrays of V,0s5-n H,O were grown from a VO
solution using a similar template-based electrodeposition
method. The deposition voltage is lower and the deposition
time shorter compared to those used for nanorod growth.[48]
The applied electric voltage ranged from 1.5 to 2 V, and the de-
position lasted up to 2 h. Upon completion of deposition, the
sample was dried at 110 °C for 6 h and was then attached to an
indium tin oxide (ITO) substrate with silver paste (Ted Pella

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Inc.). The as-prepared sample on the ITO substrate was dried
at 110 °C for another 6 h and was immersed in methylene chlo-
ride to dissolve the PC membrane, resulting in an ensemble of
V,05-n H,O nanotubes on an ITO substrate. Figure 5 shows
top- and side-view SEM images of a V,0s nanotube array
grown within the pores of a PC membrane after the membrane
was dissolved away in methylene chloride. These nanotubes

(d)

20 25 30

Two theta (degrees)

il

Figure 5. a) Top- and b) side-view SEM images of V,O5 nanotubes electro-
chemically deposited within 200 nm diameter pores of a PC membrane
after the membrane was dissolved away in methylene chloride. ¢) TEM im-
age of isolated V,0s nanotubes. d) XRD pattern of the electrochemically
prepared V,Os film on a Au electrode. Reproduced with permission from
[48]; copyright 2005, American Chemical Society.

stand apart from each other and project straight up from the
substrate surface, and have a length of 10 um (not shown). As
can be seen from the TEM image in Figure Sc, the outer diam-
eter of the nanotube is about 200 nm, while the inner diameter
is about 100 nm. No electron diffraction pattern in TEM was
observed, which suggests the amorphous nature of these nano-
tubes. XRD analysis of the nanotube arrays also shows their
amorphous state. A possible mechanism of the nanotube
growth is proposed as follows: A very thin coating of Au-Pd al-
loy on the PC membrane results in coating of the metal onto
the edges of pores, leading to a high current density on these
edges, where electrochemical reaction and deposition are initi-
ated. On the edges of pores, the ionic cluster VO*" is oxidized,
depositing V,0Os through the following reaction:

2VO* +3H,0 5 V,0s+6H +2¢ )

Simultaneously a reduction reaction occurs at the counter elec-
trode:

2H"+2¢ - Hy(g) (3)

Adv. Funct. Mater. 2006, 16, 1133-1144
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Figure 6a shows the first three voltammetric cycles of the
V,0s5-n H,O nanotube arrays in the potential range between
-1.6 and 0.4 V versus Ag/Ag", which were obtained using a
scan rate of 10 mVs™\. The CV of the nanotube arrays shows
cathodic peaks at —0.3 and -1.2 V, corresponding to Li* inter-
calation; and anodic oxidation peaks at 0.17 and 0.4 V, which
are attributed to Li* extraction. It can be seen from Figure 6a
that these cathodic and anodic peaks flatten and the areas of
the voltammograms shrink under the electrochemical redox cy-
cles, indicating that the material loses some electroactivity. The
degradation may be either ascribed to the electrochemically
deposited V,0s5-n H,O itself or to the fragile structure of the
nanotubes. Consistent with the cyclic voltammograms, chrono-
potentiograms have also shown that nanotube arrays exhibit
degradation in electrochemical performance and the quantita-
tive results of capacities calculated from chronopotentiometric
measurements are discussed as follows. Figure 6b illustrates
the dependence of discharge capacity on cycle number for both
the nanotube array and film prepared from the electrochemi-
cal-deposition method. The capacity of the nanotube array is
calculated based on an outer diameter of 200 nm, an inner
diameter of 100 nm, a length of 10 um, and a density of
2.87 gcm’3.[65] The V,05-n H,O nanotube arrays demonstrate
an initial high capacity of 300 mA h g™, about twice the initial
capacity of 140 mA hg™ obtained from the V,0snH,O film.
Such enhancement of capacity is due to the large surface area
and short diffusion distances offered by the nanotube array.
However, the capacity of the nanotube array decreased to
200 mA hg™ in the second cycle and 180 mA h g™ in the third.
The degradation is slower in further cycles and the capacity
finally stabilizes at 160 mA hg™ after the sixth cycle, which is
about 30 % higher than the stabilized capacity of the
V,05-n H,O film. Our further work on the electrochemical in-
tercalation properties of V,0s films up to 50 cycles revealed
little or no further degradation after the initial five to ten cy-
cles.” The initial degradation of the V,0s-n H,O film suggests
that V,05-n H,O itself prepared from electrochemical deposi-
tion has some drawback and suffers a slight loss in electroactiv-

1

Current density (A/g)

34

-5 T T T T
-1.7 -1.2 -0.7 -0.2 0.3

Potential vs. Ag/Ag* (V)

Capacity (mAh/g)

ity during cycling. However, the nanotube array shows a more
drastic decay of initial performance compared to the film dur-
ing cycling, possibly due to the morphological flexibility and
fragility of the nanotubes, which has also been speculated in
the literature.””!

2.3. Ni/V,05:n HO Core/Shell Nanocable Arrays

A two-step electrodeposition method has been used to pre-
pare Ni/V,05n H,O core/shell nanocable arrays.[49] Ni nano-
rod arrays were first grown by template-based electrochemical
deposition. In the second step, a hydrated vanadium pentoxide
shell was deposited onto the surface of nickel nanorods by sol
electrophoretic deposition. Ni nanorod arrays were grown
from a commercial Ni plating solution (NKBP11; Caswell,
Newark, NY) inside PC templates by electrochemical deposi-
tion. The distance between the two electrodes was kept at
25 mm. The applied voltage was 2.0 V, and the deposition
lasted up to 3 h. Upon completion of the deposition, the sam-
ples were dried at 110°C for 12 h in air. Dried samples were
subsequently attached to a titanium plate using silver paste.
The samples on the titanium plates were then immersed in eth-
ylene chloride to dissolve the PC membrane, resulting in the
formation of freestanding Ni nanorod arrays attached to a tita-
nium plate. In the second step, the Ni nanorod arrays were
coated with a thin layer of V,05-n H,O by sol electrophoretic
deposition. From this sol, a thin layer of V,05-n H,O was coat-
ed onto the Ni nanorods using electrophoretic deposition. The
applied voltage was 0.8 V and the deposition lasted up to
15 min.

Figure 7 shows typical SEM images of a Ni nanorod array,
grown in a 200 nm PC membrane under an applied voltage of
2.0 V, after the PC membrane was dissolved in ethylene chlo-
ride and a Ni/V,05-n H,O core/shell nanocable array, with the
V,05nH,O layer deposited under an applied voltage of
—0.8 V. The Ni nanorod arrays grown by electrochemical de-
position have a diameter of ca. 200 nm and grow perpendicular

350
A V205
300 ~ nanotube array
250 ~ B V,05 film
200 -
150
100 ‘

Cycle number

Figure 6. a) CVs of the V,0s nanotube array in the potential range from 1.6 to 0.4 V versus Ag/Ag", obtained using a scan rate of 10 mVs™; solid line:
the first cycle; dashed line: the second cycle; dotted line: the third cycle. b) Dependence of the discharge capacity on the cycle number obtained from
chronopotentiometric measurements at a cutoff voltage of 0.4 to —1.5 V versus Ag/Ag". Reproduced with permission from [48]; copyright 2005, American

Chemical Society.
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Figure 7. SEM image of a) a Ni nanorod array grown in a 200 nm PC mem-
brane under an applied voltage of 2.0 V after dissolving the PC membrane
in ethylene chloride, and b) V,0s-coated Ni nanorods under an applied volt-
age of —0.8 V. ¢) TEM image of a Ni/V,0s core/shell nanocable. d) XRD
pattern of a V,Os film grown by sol electrophoretic deposition. Reproduced
with permission from [49]; copyright 2005, American Chemical Society.

to the substrate. Figure 7c shows a TEM image of a Ni/
V,0s5-n H,O core/shell nanocable. The image of the nanocable
shows a dark central area surrounded by a lighter area along
the axis. This morphology clearly suggests that the nanocable
has a layered structure with different composition in the radial
direction; the dark area is likely to be Ni and the outer area,
V,05-n H,O. The core material is covered completely and uni-
formly by a V,05-n H,O shell with a thickness ranging from
30 to 50 nm based on SEM and TEM results. It should be
noted that the interface between Ni and V,Os5-n H,O is not mi-
croscopically smooth, which may be attributable to the nature
of the Ni nanorod formed by electrochemical deposition. XRD
analyses of the nanocable arrays revealed the presence of only

Ni. The V,05nH,O coating is too thin to be detected, al-
though energy dispersive X-ray spectroscopy unambiguously
revealed the presence of vanadium and oxygen. Figure 7d
shows the XRD pattern of the V,05-n H,O film grown by elec-
trophoretic deposition from the same sol and identical voltage,
suggesting the coating layer is V,05-n H,O.

Figure 8a compares the CVs of Ni/V,05:n H,O nanocable
arrays and arrays of single-crystal V,0Os nanorods; these results
unambiguously demonstrate the better electrochemical proper-
ties of Ni/V,05-n H,O nanocable arrays compared to the ar-
rays of single-crystal V,0Os nanorods. Figure 8b summarizes the
Li*-intercalation capacity as a function of current density for
Ni/V,0s5-n H,O nanocable arrays, single-crystal V,0O5 nanorod
arrays, and V,0s films. The intercalation capacities of both
nanorod arrays and sol-gel films decrease rapidly as the cur-
rent density increases, while the nanocable arrays are able to
retain the high intercalation capacity at high current density
(discharge rate), indicating the excellent high-rate performance
of nanocable arrays. Figure 8¢ shows that Ni/V,0s-n H,O
nanocable array has significantly enhanced energy density and
power density than the nanorod array and sol-gel film by at
least one order of magnitude.

2.4. Nanostructured V,05 Films with Various Features

Platelet- and fibrillar-structured V,0s films have been pre-
pared by solution methods and the discharge capacities and cy-
clic performance of these films were compared with the con-
ventional plain structured film.’”! The platelet film consists of
20-30 nm sized V,0s particles with random orientation,
whereas the fibrillar film is comprised of randomly oriented
fibers with most of them protruding from the substrate surface.
The initial discharge capacities of platelet- and fibrillar-struc-
tured V,Os films are 1240 and 720 mAhg™, respectively,
which are far larger than the initial discharge value
(260 mA hg™) of the plain film. Such large discharge-capacity
values are ascribed to the combined effects of reduced Li"-dif-
fusion distance, which prevents concentration polarization of
Li* in the V,Os electrode, and poor interlayer crosslinking,
which offers more Li* intercalation. However, platelet- and
fibrillar-structured V,0Os films were easily degraded during
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= 20 r nanocable - L T S 100
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Figure 8. a) CVs obtained using a scan rate of 10 mVs™. b) Relationship between current density and amount of Li intercalated per mole of V,Os calcu-
lated from chronopotentiometric measurements. c) Ragone plot for the Ni/V,0s-n H,O nanocable array, and the V,0s nanorod array and film. Repro-

duced with permission from [49]; copyright 2005, American Chemical Society.
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electrochemical cyclic tests. Figure 9 shows SEM images of the
surface morphology of the resulting films. The V,05 film made
from the V,Os5 sol (see Fig. 1a) shows a typical smooth surface
with some voids throughout the film. The film prepared using
VOSO, shows a randomly oriented platelet-like morphology
with most platelets standing almost vertically and usually hav-
ing a thickness of 20-30 nm, as shown in Figure 9b. Figure 9¢
shows the film prepared using the VO** solution; the film
shows an assembly of fibrillar particles 20-40 nm in diameter
protruding from the current-collector surface like the bristles
of a brush.

3. Engineering of Crystallinity and Interlayer
Structure of Vanadium Oxide

In addition to making use of nanostructures, another ap-
proach to improve the Li*-intercalation performance in vana-
dium pentoxide is to modify its crystallinity or interlayer spac-
ing. Most recently, Lee and Cao have found that the
electrochemical intercalation properties of V,0s have been
significantly enhanced with the addition of TiO,."” It is also
well known that the presence of TiO, appreciably improves the
cyclic-fatigue resistance of V205.[59] V,05-n H,O has a higher
intercalation capacity than orthorhombic V,0s, however,
V,05-n H,O may suffer from poor cycling life, possibly due to
the reaction between lithium and the water in V,05-n H,O to
form LizO.[66’67] It has been found that V,0s5-n H,O exhibits a
large capacity and good cycling performance when the water
content in V,05-n H,0 is reduced by thermal treatment; the
influence of heat treatment on V,0s5:n H,O has been studied
using V,05-n H,O synthesized from the NaVO3 routel**58-7"!
and, more recently, on that synthesized by the H,O,-V,0s5
route."!

3.1. Enhancement of Intercalation Properties of V,05 Films
and Nanorod Arrays by TiO, Addition

Although it is well documented that TiO, incorporation can
greatly improve the cyclic stability of V,0s, the influence of
TiO, addition on the Li*-intercalation properties of V,0s re-
mains an issue of debate. The roots of this disagreement may

A
1sku - x10. 040 1) Tim esd4ez

lie in the fact that the electrochemical performance of the elec-
trode is strongly dependent on its fabrication method, mor-
phology, and crystallinity. Lee and Cao have presented a sys-
tematic investigation of the preparation and intercalation
properties of V,0s5/TiO, mixture films, which demonstrates
that high Li*-intercalation rates and capacity in V,Os films are
achievable with TiO, addition. For example, the addition of
20 mol % Ti into polycrystalline V,0s demonstrated an ap-
proximately 100 % improvement in Li*-intercalation perfor-
mance over single V,05 electrodes. Such an enhancement in
the intercalation properties of V,0s films with TiO, addition
was attributed to changes in microstructure, crystallinity, and
also a possible lattice structure and interaction force between
adjacent layers in V,0s. Following this report on V,0s/TiO,
films, we have prepared V,0s/TiO, composite nanorod arrays
with various V/Ti ratios, and have investigated their intercala-
tion properties systematically. (60]

V,05/TiO, composite nanorod arrays were grown in PC tem-
plates by means of capillary-force-induced filling. The tem-
plates used were radiation-track-etched hydrophilic PC mem-
branes with pore diameters of 400 nm and a thickness of
10 um. The precursor solutions were made of mixtures of
VOSO,4 and TiOSO,4. The VOSO, specifications were men-
tioned in the section on processing methods above. The TiSO,
solution was prepared by diluting TiOSO, solution (15 wt % in
diluted H,SO,, Aldrich) with deionized H,O to a concentra-
tion of 0.1m; its pH value was adjusted to 1.8 by adding
NH;-H,0. VO** and TiO** solutions were then aged for a week
in air and admixed in molar ratios of 75:25 and 50:50. An exces-
sive amount of the precursor solution was dropped onto ITO
substrates and a PC membrane was placed on top of the solu-
tion at ambient pressure and room temperature for 4 h to allow
complete filling and solidification of solution. The filled tem-
plate on the 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 nano-
rod arrays. Pure V,0s nanorod arrays were obtained by filling
the V,05-n H,O sol into the 400 nm diameter pores of the PC
membranes through a similar process. The filled template on
the ITO substrate was dried at 110 °C for 8 h in air before stay-
ing under ambient conditions for 4 h. The sample was then
heated at 485°C for 1 h to remove the PC membranes. Fig-
ure 10 shows typical SEM images of pure V,05 nanorod arrays

111988

Figure 9. SEM images of as-prepared V,Os thin films: a) plain film, b) in situ grown platelet-structured film, and c) in situ grown fibrillar-structured film.
Reproduced with permission from [57]; copyright 2005, American Chemical Society.
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15kV XS5, 000

Figure 10. SEM images of a) pure V,Os nanorods grown in PC mem-
branes with 400 nm diameter pores using the capillary-force method and
heated at 485°C, and b) V,05/TiO, (molar ratio V/Ti=50:50) composite
nanorod arrays. Reproduced with permission from [60]; copyright 2005,
SpringerLink.

and V,0s/TiO, composite nanorods (molar ratio V/Ti=50:50)
grown in 400 nm PC membranes and heated at 485°C for 1 h
in air. These nanorods project from the surface of the ITO sub-
strate like bristles of a brush, and the V,0s/TiO, composite
nanorods are less smooth than the pure V,0O5 nanorods. V,0s/
TiO, nanorods (molar ratio V/Ti=75:25) have a similar mor-
phology to composite nanorods with a molar ratio of
V/Ti=50:50, therefore their SEM image is not shown here.
XRD patterns of the V,05/TiO, nanorod arrays show that
the crystalline V,0s5 phase and the TiO, anatase phase coex-
ist.[) In this research, VOSO, (valence state of V is +4) was
used as the precursor material for preparing
the V,05/TiO, composite nanorod array. Al-
though VO, can form a solid solution with 400

separate study, it was found that the presence of other phases
indeed resulted in an appreciable reduction in grain size and a
change in morphology of both the V,0s and TiO, phases.”*”!

Figure 11a summarizes and compares the Li*-intercalation
capacity as a function of current density for nanorod arrays
with three V/Ti molar ratios. The Li*-intercalation capacity of
the V,05/TiO, (V/Ti=75:25, molar ratio) nanorod array is the
highest, followed by that of the pure V,Os nanorod array, and
then the V,0s/TiO, (V/Ti=50:50, molar ratio) array. Fig-
ure 11b illustrates the changes in discharge capacity with molar
fraction V/(V+Ti) at a given current density. It is clear that
nanorod arrays with a V/Ti molar ratio of 75:25 have the
highest energy-storage capacity at all current densities. Such a
result is similar to that found in Lee and Cao’s work on V,0s/
TiO, composite films.**)

3.2. Enhancement of Intercalation Properties of V,05-n HO
Films by Controlling Water Content

Films of V,0snH,O were prepared by coating a
V,05-nH,0 sol onto ITO substrates. The samples were then
dried under ambient conditions and annealed at various tem-
peratures (110, 250, 300, and 330 °C) in air for 5 h. All the films
were coherent and homogenous. In general, V,05-n H,O films
have a smooth and featureless surface morphology; no detect-
able cracks or pinholes were observed and the thickness of the
films was ca. 1 um. There was no appreciable difference in sur-
face morphology or thickness for films obtained at room tem-
perature or annealed at a temperature <250 °C.

The thermogravimetric traces for V,0s-n H,O xerogels re-
veal the existence of 1.6 moles of water per mole of oxide at
room temperature (assuming V,Os as the solid phase after
heating at >330 °C, whereas water is the only volatile phase in
the initial film). This result and the shape of the thermogravi-
metric analysis (TGA) curve are similar to those obtained for
xerogels prepared by the NaVO; and alkoxide routes.”! The
weight-change profile for the xerogel is characterized by a
steep loss between room temperature and 100 °C, followed by
a more gradual weight loss up until 330 °C. Thermal treatment
at 110 °C produced a xerogel with the V,05-0.6 H;O composi-

TiO,, XRD patterns indicate that no solid
solutions were formed in this study. The nano-
rods studied are basically a mixture of vana-
dium pentoxide and anatase phase, suggesting
V(+4) has been oxidized to V(+5) during the
processing. Careful comparison of XRD pat-
terns suggests that the crystallinity of both
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TiO, and V,0s5 phases deteriorated when the 0
other phase was present. The hindrance of
crystallization in mixed-oxide systems is a
known phenomenon caused by the increased
diffusion requirement for the crystallization
processes to occur in the mixed system. In our
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Figure 11. a) Li*-intercalation capacity versus current density for V,05/TiO, nanorods with var-
ious V/Ti molar ratios, and b) Li*-intercalation capacity versus molar fraction of vanadium at
various current densities. Reproduced with permission from [60]; copyright 2005, SpringerLink.
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tion. Continued heating to 250 °C produced V,05:0.3 H,O by
removing bound water. Heating above 300 °C induced loss of
tightly bound water and material crystallization, as discussed in
the XRD results.

For V,05-nH,0, the interlayer spacing can be calculated
from the diffraction angle of the (001) peak.”" Figure 12a
summarizes the dependence of interlayer spacing on n in
V,05-n H,O. For samples treated at 25, 110, and 250 °C, the in-
terlayer spacings show a slight decrease from 11.74 to 11.15 A
as the temperature increases; however, the change is rather
small and the results are consistent with the 11.5 A reported in
previous reports.”?! For the sample annealed at 300 °C, in which
low-crystalline V,0s-n H,O coexists with orthorhombic V,0s,
the interlayer spacing of V,Os5nH,O is 8.43 A, apparently
smaller than the samples treated from 25 to 250 °C. TGA results
have shown that 110°C corresponds to V,050.6 H,O and
250°C to V,05:0.3 H,O. It can be concluded that the interlayer
spacing does not change much when only bound water (revers-
ibly absorbed or hydrogen-bonded water) is removed. These
parameters will change considerably only when tightly bound
(chemically bonded) water is removed and the material is on the
verge of crystallization. Figure 12b summarizes and compares
the cycling performance of the V,05-n H,O films treated at 25,
110, 250, and 300 °C at the high current density of 100 pA cm™.
It can be seen that the capacities of all three films degrade ini-
tially then become more or less stabilized. The film obtained at
25 °Chas the lowest capacity and the least-satisfying cycling per-
formance among the three xerogel films. The film annealed at
300°C has a high initial capacity; however, it shows the most
drastic electrochemical degradation, possibly due to the crystal-
line phase. The film annealed at 250 °C delivers the highest ini-
tial capacity and retains a stable capacity of 185 mA hg™! after
20 cycles. The reason is explained as follows: Removing too lit-
tle water limits the electrochemical performance because a sig-
nificant amount of water may react with lithium to form Li,O.
Removal of too much water also deteriorates the intercalation
performance, because of the shrinkage of the interlayer distance
and the emergence of the crystallization phase. V,05:0.3H,O
obtained at 250 °C was found to be an optimal composition,
which has least possible amount of water and keeps the large in-
terlayer distance and the amorphous phase.

4. Concluding Remarks

We have presented a review on improving Li*-intercalation
properties in vanadium pentoxides by engineering their nano-
structure and interlayer structure. First, the template-based
method was utilized to prepare various nanostructures, such as
single-crystal V,0s nanorod arrays, V,0s-n HO nanotube ar-
rays, and Ni/V,05n H,O core/shell nanocable arrays. All the
resultant nanoarrays consist of uniformly sized, 10 um long
nanorods/nanotubes/nanocables of vanadium pentoxide pro-
jecting from the substrate surface. The morphology, structure,
and the growth mechanism of these nanostructures have been
discussed. The Li'-intercalation properties of the nanostruc-
tured electrodes have been investigated and compared to those
of the vanadium pentoxide film electrode. Electrochemical
analysis has demonstrated that all the nanostructured elec-
trodes exhibit significantly improved storage capacity and rate
performance over those of V,0s films, because of the larger
surface areas and the shorter diffusion paths. In particular, the
Ni/V,05-n H,O core/shell nanocable demonstrates the best
electrochemical performance among the three. The second part
of this work investigated the effect of modifying the interlayer
structure on the Li*-intercalation properties in vanadium pent-
oxides. Specifically, for the orthorhombic V,0s phase, a capil-
lary-enforced template-based method has been applied to fab-
ricate the V,0s5/TiO, composite nanorod arrays by filling a
mixture of VOSO, and TiOSOy solutions into the pores of a
PC membrane. Addition of TiO, to orthorhombic V,0Os has
been found to improve the Li'-intercalation performance of
V,0s. Such enhancement is ascribed to changes in crystallinity
and possible lattice structure and interaction force between ad-
jacent layers in V,0s. Further, the Li*-intercalation properties
of low-crystalline V,05-n H,O can be improved by controlling
the water content through thermal annealing. Electrochemical
characterizations have demonstrated that the V,0s50.3 H,O
film exhibits a higher Li*-intercalation capacity and more sus-
tainable cycling life than the anhydrous crystalline V,0s5 film
or other V,05-nH,0 films (n=0.1, 0.6, 1.6). The enhanced
electrochemical property is attributed to the reduced water
content, the retained interlayer spacing, and the dominant
amorphous phase. The processing methods mentioned in this

article are generally applicable to fabricating
nanostructures of other oxides, e.g., metal ox-

——V205i0.3H20
—e— V205i0.6H20
—a— V2051 1.6H20
—x—V205i0.1H20

ide core/shell nanocable arrays. Discussion of
the underlying principle that affects the Li*-
intercalation properties of V,0s5 in the pres-
ent work can be helpful to the further under-

standing of vanadium pentoxide and other

intercalation materials.
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2005, American Chemical Society.
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