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This paper reports a study on template-growth and electrochemical properties of single-crystal vanadium
pentoxide (MOs) nanorod arrays from VOS{aqueous solution using electrochemical deposition. Uniformly
sized vanadium oxide nanorods with a length of abouudOwith diameters ranging from 100 to 200 nm
were grown over a large area with near unidirectional alignment. These nanorods have single-crystalline
structure with a growth direction of [010]. Electrochemical property analysis indicates that nanorod array
electrodes have significantly higher current density and energy storage density thgelsidtrived Os

films.

Introduction required to achieve desired density and mechanical integrity.
Poor mechanical integrity and postdeposition annealing often
In recent years, great attention has been focused on synthesisesult in break, distortion, and agglomeration of grown nanorods.
and applications of nanostructured materials, and one of the mostFurther study and development of template-based growth of
dynamic research areas is on synthesis of one-dimensionalkingle-crystal nanorods are obviously of significant importance;
nanostructures, such as nanowires, nanorods, and hollowhowever, very limited research has been reported in the literature
tubes!~3 Various techniques have been established and amongso far. Martin and co-workers have reported the formation of
them, template-based synthesis is one of the most commonsingle-crystal TiQ nanorod arrays by filling Ti@sol into a
fabrication methods, particularly for mass production and polycarbonate membrane with pores of 20 nm in diaméter.
alignment. Nanorods of numerous materials including metals, Miao et al. have grown single-crystal TiQhanorods in a
polymers, oxides, and composites have been formed using thispolycarbonate membrane, again with pores of 20 nm in diameter,
techniquet~® In this method, a porous membrane, such as from a solutiont2 In the latter, localized change of pH as a result
polycarbonate or anodic alumina, is used as a template andof electrolysis reaction of N@ induces the formation of
precursor of desired material. Filling of template pores could colloidal particles and gelation at the growth surface. No
be achieved by capillary forcésglectric field? centrifugation synthesis of single-crystal nanorod arrays of other oxides and/
force/ and chemical vapor depositiSrElectric field has been  or with diameters larger than 20 nm has been reported using
used for both electrochemical and electrophoretic deposition. template-based growth methods so far.
Electrochemical deposition, also commonly referred to as  Vanadium pentoxide, ¥0s, has been well studied for various
electrodeposition, is generally used for the growth of electrically applications. As an intercalation compound, vanadium pentoxide
conductive materials, such as metals, semiconductors, anchas attracted a lot of attention as an electrode for electrochemical
conductive polymers. In this method, electrochemical reactions pseudocapacitor applications. WhenQ¢ intercalates L,
occur at the electrodeelectrolyte interface, and charges are electrical energy stores in the electrode. Energy releases from
transported through the deposits. In electrophoretic deposition,the electrode when It diffuses out. For electrochemical
the electric field induces the oriented migration and stack of pseudocapacitor applications, the charge/discharge rate and the
charged nanoclusters or nanoparticles on the growth surfaceenergy storage capacity are the most important parameters.
and no electrochemical reactions at the growth surface arelLarger surface area and easy charge transport are required to
required. Therefore, electrophoretic deposition can be used forachieve high charge/discharge rété* V,Os xerogel and
the growth of dielectric materials. Various dielectric oxide aerogel, both offer large surface area, have been explored for
nanorods have been synthesized using a combination of elecsuch application and have demonstrated a current density of
trophoretic deposition and seyel processing:1° ~6 C (C is about 150 mA h/g MDs) without storage loss.
The advantages of template-based growth methods are theHowever, \bOs xerogel and aerogels are well-known to suffer
ability of fabricating unidirectionally aligned and uniformly sized from their structural stability; the porous structure readily
nanorod arrays of a variety of materials. However, such methodscollapses during Li intercalation and extraction processes.
suffer from inherent limitations. In particular, nanorods or Martin et al'® investigated the electrochemical properties of
nanowires synthesized by template-based growth methods arevanadium pentoxide nanorod arrays made by filling vanadium
commonly either amorphous or polycrystalline and porous, oxide sol into porous polycarbonate membranes, and reported
which limits further studies on microstructure, properties, and that nanorod arrays achieved a storage capacity of 200 C with
applications of such grown nanorods or nanowires. In addition, small loss and delivered 4 times the capacity of a thin-film
post-deposition annealing at elevated temperatures is oftenelectrode (at above 500 C).
In this paper, we investigated (1) the template-growth of
* Corresponding author. E-mail: gzcao@u.washington.edu. single-crystal vanadium pentoxide {8s) nanorod arrays from
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Figure 1. Optical absorption spectra of VO®olution as a function
of concentration.
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Figure 2. Calculated potentialpH predominant diagram for vanadium
oxide species in aqueous solution based on kinetic equilibfBolid
line shows [V]= 0.1mol/L and dash shows [\§ 0.01mol/L.

V,0s ratio of 8:1 and HCI/HO, ratio of 1/10. After stirring for

aqueous solution using electrochemical deposition and (2) their1.5 h at room temperature, the exces®©pwas decomposed

electrochemical properties for supercapacitor application. The by sonication, and a yellow-brown gel was obtained. The
possible growth mechanisms of single-crystal vanadium oxide resultant gel was then re-dispersed in deionized water; the
nanorod arrays, and the relationship between the electrochemicatesultant sol has a brownish color and contains 0.01mol/L

properties and nanostructures are discussed.

Experimental Section

The chemicals used in making solutions were VQ$8,0
(Alfa Aesar) and HSQ, (96.5%, Fisher). A 0.1mol/L V&
solution was prepared by dissolving VO$aH-,0 into deion-
ized water together with $$0; in @ molar concentration of 0.1
mol/L. Such a solution has a blue color and a pH of 1.5. In this
solution, the primary vanadium ionic clusters are&@vana-
dium valence of 4). Solutions with concentration varying
between 0.02 mol/L and 0.2 mol/L have been prepared in the
same manner. A variation of VA concentration in the range
of 0.02 mol/L to 0.2 mol/L does not change the valence state

vanadium ion with a pH of 2.7. A selgel film was subsequently
made by dip coating, followed with firing at 48% for 1 h in
air. Such a prepared sogel film is uniform and crack-free,
with a thickness of um.

Optical absorption spectra of solutions with various concen-
trations were carried out in the range of 400 nm to 900 nm
using a fiber optic spectrometer (Ocean Optics PC2000).
Scanning electron microscopy (SEM; JEOL JSM-5200) was
used to characterize the morphology of nanorod arrays. Trans-
mission electron microscope (TEM) images and electron dif-
fraction patterns were recorded with Phillips EM420 and JEOL
2010 microscopes at accelerating voltages of 120 kV (Phillips)
and 200 kV (JEOL). The crystal structure and crystal orientation
of nanorods, gel powders, and films before and after firing were

of vanadium ions or lead to the formation of new ionic clusters ¢ yied by X-ray diffractometry (XRD, Philips PW1830).

or precipitates as evidenced from the optical absorption spectra

shown in Figure 1. Such a solution is stable within a wide range
of pH values and vanadium ionic cluster concentration. Nanorod
arrays have been grown from this solution inside polycarbonate

templates with the assistance of an electric field. The templates

used for this study were radiation track-etched hydrophilic PC
membrane (Millipore, Bedford, MA) with pore diameters of 200
nm and thickness of 10m. For the growth of nanorod arrays,

direct electrochemical reactions at the electrolyte and electrode

interface are necessary. To ensure a good electrical contact, th

Au—Pd before attaching to the working electrode. An aluminum

sheet 9 mm in diameter was used as the working electrode anqN
placed beneath the template, and Pt mesh was used as a count

electrode. The distance between two electrodes was kept at 2
mm. A detailed description of the deposition setup can be found
in our early publicationg1°The applied electric voltage ranges
from 1.5 V to 2.5 V, and the deposition lasted up to 2 h. Upon
the completion of deposition, the samples were dried at’CL0
for 12 h in air, and then fired at 48% in air for 1 h toremove

the polycarbonate membranes through pyrolysis and oxidation.

Sol—gel-derived vanadia film was also synthesized using a
method the same as reported by Fontenot &t #hOs powder
was dissolved in bD, solution with a \bOs concentration of
0.15 mol/L. HCI was added to keep and preserve;V@nd
meta-stable VO(Q(OH,)3*. The resulting solution has a8,/

Electrochemical properties of nanorod arrays and-gel

films were investigated using a three-electrode cell. The vanadia
nanorod array electrode was made by attaching a PC membrane
with grown vanadia nanorods onto an ITO substrate with silver
paste, dried first at 11€C for 8 h, and then heated at 486

for 1 h in air topyrolyze the PC membrane. For the sgkl

film, vanadia sol was directly coated onto ITO substrate and
fired at 485°C in air for 1 h. The apparent surface area of the
electrode is 6.4 107> m2. A 1 M LiClO4 solution in propylene

. . . rbon i lectrol n latinum mesh i
backside of the membrane template was first sputter-coated Wlth%a bonate is used as electrolyte, and a platinu esh is used

as counter electrode with an Ag/AgN@s a reference electrode.
Cyclic voltammetry and chronopotentiometric measurements
ere carried out by a potentiostat/galvanostat (EG&G Princeton

rpplied Research, model 273).

Results & Discussion

Figure 1 shows the optical absorbance spectra of thé"vVO
solutions with varied vanadium concentrations. The solution has
a broad absorption peak centered around 750 nm with a weak
shoulder around 630 nm. Both peaks correspond to thé"vVO
cluster!” which is in a good agreement with the calculated
predominance diagram of vanadium species in aqueous solutions
(Figure 2)!8 The intensity of these two absorption peaks
corresponds very well and increases with an increased vanadium
concentration. The peak positions did not change with varied
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Figure 3. X-ray diffraction patterns of ¥Os nanorod powder and sel
gel-derived film.

concentration, and no new peak was found. This observation is
indicative that the valence state of vanadium ions was stable in
the entire concentration range between 0.02 mol/L and 0.2 mol/ - \ TN
L. No chemical reaction took place when the concentration of T X
vanadium varies. _ _ Figure 4. SEM image of \MOs nanorods grown in a PC membrane
Figure 3 shows X-ray diffraction patterns of the® nanorod with 200 nm diameter pores from VO%®olution under an applied
powder attached on ITO and,®s film, both fired at 485°C voltage of 1.5 V after being fired at 48%.
for 1 hinair. The XRD spectrum of nanorod array consists of = . o . o .
strong (001), (101), and (011) peaks, together with peaks from N &ir- _There is negligible shrlnkgge along the I(_)ngl_tudlnal axis
ITO substrate. Setgel-derived \Os film, obtained by dip and diameters of nanorods. Th!s observation is d|ffe_rent fron_1
coating the colloidal sol onto a substrate followed with that of the nanorods grown using sol electrophoretic deposi-
annealing, demonstrated strong preferential orientation alongtion-**° Growth of nanorods by sol electrophoretic deposition
the [00] direction. It is well-known in the literature that platelet 1S & combination of orientated migration and stack of nanoclus-
particles of layer-structured crystalline vanadium oxide form t€rs on growth surface and, therefore, a maximal achievable
during sot-gel processing and exist in the colloidal sol prior Packing density is-74% assuming nanoclusters are monosized
to dip coating. Dip coating will align the platelets parallel on and spherical. When fired and densified at elevated temperatures,

the substrate surface. Annealing at 485is unlikely to change a0 appreciable shrinkage is expected. However, the vanadium

the crystal orientation. However, annealing at 485would pentoxide nanorods_are grown by electrochemical depositipn,
effectively densify the setgel films, considering the facts of and the growth species are ionic clusters. Under an appropriate
both small particle size and low melting poiffi.{= 670; 690 controlled growth condition, fully dense nanorods are expected
°C)1920 of pulk vanadium pentoxide, which is often used as a 0 deposit inside the template channels.

flux of oxide crystal growtA! or a sintering aid2 The formation _Figure 5 shows a TEM micrograph and selected-area electron
of vanadium pentoxide nanorods from ¥Osolution is a diffraction pattern of a YOs nanorod. The diameter of nanorods
process significantly different from that of sejel-derived film. ~ ©observed in TEM images is of approximately 50 nm that is much

Growth of nanorods from V& solution is a typical electro- ~ Smaller than that found by SEM, which is 150 nm to 200 nm.
chemical deposition. At the interface between the electrode (and!t IS N0t known to us why such a discrepancy occurs; however,
subsequent growth surface) and electrolyte solution, the ionic ©N€ Possible explanation may be attributed to the different

cluster, VG, is oxidized to deposit solid 30s through the sample preparation procedures for SEM and TEM analyses.
following reaction: SEM photographs were taken directly from the nanorods after

removal of PC templates by pyrolysis at 485. For TEM,
2VO*" + 3H,0— VO, + 6H" + 2e” (1) nanorods were mixed with ethanol and subsequently subjected
to 15 min sonication for dispersing nanorods. It is possible that
A reduction reaction takes place at the counter electrode: ~ Sonication may result in delaminating 0t®s sheets and split
one nanorod into several smaller nanorods along its axis.
2H" +2¢ — H,(g) 2 Twinning along the growth direction of axis of nanorods may
also promote such splitting when subjected to sonication. Of
It is obvious that pH and concentration of ¥Oclusters at the course, it is also possible that one large nanorod as observed in
vicinity of growth surface shift away from that in the bulk SEM pictures may consist of several smaller single-crystal
solution; both pH and V& concentration decrease. However, nanorods as seen in TEM pictures. All these smaller single-
the change of pH and VA cluster concentration would not  crystal nanorods have the same growth direction.
lead to the formation of new chemical species as evidenced in The electron diffraction pattern clearly shows the single-
Figures 1 and 2. High voltage is likely to lead to a fast growth crystalline nature of the nanorod. This pattern can be indexed
rate until diffusion becomes a rate-limiting step. as orthorhombic YOs on a [001] zone axis. When the image
Figure 4 shows a typical SEM image 0$®s nanorod arrays  of the nanorod is overlaid on the diffraction pattern, one observes
grown from 0.1 mol/L V3 solution in 200 nm PC membrane that the long axis of the nanorod points toward the (020) spot.
under an applied voltage of 1.5 V, and firing at 485for 1 h Thus, if growth occurs along the length of the nanorod, then
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Figure 5. TEM image of a \lOs nanorod grown into a 200 nm membrane and its electron diffraction pattern.
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Figure 6. Cyclic voltammograms of ¥Os nanorod array (left) and sebel-derived film (right) measured using a scan rate of 1 mA/s.

this information suggests a [010] growth direction for the 500
nanorods. Figure 5 also shows a sample high-resolution TEM

micrograph of a single ¥0s nanorod, in which lattice fringes a+f B
are clearly visible. The spacing of the fringes was measured to By Y
be 0.207 nm, which corresponds well with the spacing of (202) ~. :
planes at 0.204 nm. These fringes make an angle of 8@tB ~
the long axis of the nanorod, which is consistent with a growth N P
direction of [010]. Similar measurements made on high- g
resolution images of other nanorods also yield results consistent & a
with a [010] growth direction. However, these measurements
are only consistent with a [010] growth direction; they do not 200k
prove that it is the growth direction. are €
The formation of single-crystal nanorods is attributed to
evolution selection growth, which is briefly summarized below. P

The initial heterogeneous nucleation or deposition on the /
substrate surface results in the formation of nuclei with random : 3

. ]

I

orientation. The subsequent growth of various facets of a nucleus
is dependent on the surface energy, and varies significantly from T
one facet to anothé?.For one-dimensional growth, such as film ° oz 0'4. A o8 o8 o
growth, only the facets with the highest growth rate and XN LixVe O

perpendicular to the growth surface will be able to continue Figure 7. Binary phase diagram of the,@s —LiV ;Os systent®

the growth process. The nuclei with the fastest growth direction

perpendicular to the growth surface will grow larger, while such evolution selection growth is likely to lead to the formation
slower growth nuclei will eventually cease growth. Such growth of a single-crystal nanorod. In the case ofO¢ crystal, it is
results in the formation of columnar-structured films with all well-known that the [010] orb-axis is the fastest growth
the grains having the same crystal orientation (known as textureddirection, which would explain that single-crystal vanadia
films).24 In the case of nanorod growth inside a pore channel, nanorods grow along thie-axis. It should be noted that such
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Figure 8. Chronopotentiograms of nanorod arrays (left) and-g@l-derived films (right) measured with various fixed current density.

12— N — arrays shows one anodic oxidation peak at 0.0 V, which is
o L @ nanorods attributed to Li" extraction, and cathodic peaks-a0.3 V and
Tr O sol-gel film —1.1 V, which correspond to [iintercalation. For setgel
> films, beside the anodic peak at 0.0 V, another broad anodic
T 08T ° peak at-0.7 V is observed. Further, the cathodic peaks @3
8 o ° and—1.1 V are less distinct. The position of these anodic and
g 061 o ° cathodic peaks associated with'léxtraction and intercalation
%“ 04 | o are well reported in the literatuf& The integrated area ofvV
= o curves for nanorod array and sael film is identical, which
02 - o is indicative that both nanorod arrays and films possess the same
o pseudocapacitance. However, extraction and intercalation kinet-
0 : ics are different as evidenced by the sharp peaks in the nanorod
0 0.2 0.4 0.6 08 1 array =V curve as compared to far less distinctive peaks in
current density Ag-1 the sol-gel I-V curve. For nanorod arrays, there is almost no

Figure 9. Plot of discharge capacity versus current density for both Lit extraction other than at vicinity of 0.0 V with a high
V205 nanorod arrays (solid dots) and sglel-derived films (empty  discharge current (a sharp tall peak). Such a discharge behavior
circles). suggests the nanorod arrays may have no or very little current
) ) ) ) leakage and a high energy density output. Similarly the cathodic
evolution selection growth may results in the growth of either neays in the nanorod array-V curve are noticeably better
one single-crystal nanorod per pore channel or several smalleryefineq: such sharp peaks suggest faster intercalation reactions
single-crystal nanorods per pore channel, depending on the mmalat given voltages. For the segel film, both charge and

nucleation. As shown by XRD spectra, s@_el-de_rlved_fllms discharge peaks are far less well defined and suggest relatively
have polycrystalline structure with preferential orientation along - . . .
slow extraction and intercalation reaction.

the [0Q] axis. Nanorod arrays and films are different in two

aspects-single-crystal versus polycrystalline, and (010) versus  Intercalation and extraction of tiat 0.0,—0.7-0.3, and-1.1

(001) orientation. V involve different chemical reactions, resulting in the formation
Figure 6 shows typical cyclic voltammograms of,(% of different phases and can be better understood from the phase

nanorod arrays (left) and sebel film (right) measured usinga  diagram of LkV2Os as shown in Figure 7 LixV2Os has three

scan rate of 1 mA/s. The cyclic voltammogram of nanorod different phases at room temperature, whichalg < 0.1),¢

Li*,
<001>
from Topl —
v
\’ o b e
b| [© . +
from Side : ololdld <001> Li

Figure 10. Schematics showing the diffusion paths of Li ions during the intercalation process in BOtm®norod arrays (left) and segel-
derived films (right). (Scale is not proportional.)
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(0.3 < X < 0.8), andd (0.9 < X) phases.+V curves suggest  Conclusions
that two cathodic peaks correspond to phase changesofrimm ) ] )
¢, and frome to 0. A broad anodic peak at0.7 V observed in Single-crystal vanadium pentoxide 4®s) nanorod arrays
sol-gel-derived film suggests that a concentration gradient of Were grown from VOS@aqueous solution by electrochemical
Li* in V,0s crystals exists during the extraction process as depos!tlon using polycarbongte membranes. Umformly sized
reported by Cocciantelf? A nanorod array electrode does not vanadium oxide nanorods with a length of aboutaf) with
have a peak at-0.7 V, but has one large tiextraction peak dlamet_ers ranging f_rom _100 to _200 nm were grown over a_Iarge
at 0.0 V, indicating that nanorod arrays possess minimal Li area with near unidirectional alignment. Nanorods have single-
diffusion resistance. crystalline structures orientated along [010], and the growth of

Figure 8 shows chronopotentiograms of nanorod arrays (left) single-cry;tal vanadi_um pentoxide nanorpds was attributed to
and sot-gel films (right) for Li* intercalation when various ~ an evolution selection growth mechanism. Nanorod array
fixed current densities were applied. For both nanorod arrays electrodes have approximately 5 times higher applicable current
and sot-gel films, lower current densities result in a higher ~density than setgel-derived film, and in a given current density,
concentration of Lf intercalated into vanadium pentoxide @& nanorod array electrode can intercalate up to 5 times higher
electrodes. However, nanorod arrays can intercalate a muchconcentration of LT.
higher concentration of tfithan that in sot-gel films in a given
current density. Setgel films can reach the same concentration ~ Acknowledgment. A portion of the research described in
of Li™ intercalation only when a significantly lower current this paper was performed in the Environmental Molecular
density is used. Figure 9 summarizes and compares the currenSciences Laboratory, a national scientific user facility sponsored
density and Li insertion capacity of nanorod arrays and-sol by the Department of Energy's Office of Biological and
gel films. In general, for a given Liintercalation capacity, e.g.,  Environmental Research and located at Pacific Northwest
Lio7V20s, nanorod arrays possessb times larger current  National Laboratory. S.J.L. acknowledges financial support from
density than that of selgel films, and similarly for a given  the NSF-IGERT fellowship from the Center for Nanotechnology
current density, such as 0.7A/g, nanorod arrays can stére  at the University of Washington.
times higher Li than that in selgel films.
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