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This paper reports a study on the template-based growth and electrochromic properties of
single-crystal vanadium pentoxide nanorod arrays by sol electrophoretic deposition. The formation
of single-crystal vanadium pentoxide nanorods is attributed to the homoepitaxial aggregation of
nanoparticles. Nanorod arrays have demonstrated significantly enhanced electrochromic properties;
both the larger change of transmittance intensity and more rapid response upon applying external
electric field are attributed to the large surface to volume ratio and improved transport kinetics for
electrochemical intercalation. ©2005 American Institute of Physics. fDOI: 10.1063/1.1857087g

Electrochromic materials are those which exhibit a re-
versible optical change between the transparent state and the
colored state upon charging or discharging via electrochemi-
cal reactions.1 Variable transmittance windowsssmart win-
dowsd, display devices, and controlled reflectance mirrors for
vehicles are typical applications of this property, and the
smart window is currently one of the most dynamic research
areas.2,3 Vanadium pentoxide sV2O5d with a layered
structure,4 is promising for smart window applications. How-
ever, the diffusion coefficient of Li ions in
V2O5s10−12–10−13 cm2/sd5,6 and the electrical conductivity
of V2O5s10−2–10−3 S/cmd7,8 are both small and, thus the in-
tercalation process is relatively slow. A large surface area and
a short diffusion distance are desired to achieve faster inter-
calation and extraction kinetics.9,10 One effective way to
achieve these properties is the use of one-dimensional nano-
structures, such as nanowires, nanorods, and nantubes. Al-
though various methods have been developed for the forma-
tion of nanorods or nanowires,11 template-based synthesis is
one of the most attractive fabrication methods as this ap-
proach provides unidirectionally aligned uniformly sized na-
norod arrays.12–16 This letter reports a study on growth of
single-crystal V2O5 nanorod arrays using electrophoretic
deposition combined with template-based methods, and their
improved electrochromic properties.

The chemicals for the synthesis of sol were V2O5 sAlfa
Aesard, 30% H2O2 sJ. T. Bakerd, and H2SO4 s96.5%, Fisherd.
V2O5 gel was synthesized using a method reported by
Fontenotet al.,17 and a 0.005 mol/l V2O5 sol for electro-
phoretic deposition was prepared by redispersing V2O5 gel
into deionized water.18 V2O5 nanorod arrays have been
grown inside polycarbonate templates with the assistance of
electric field, and a detailed description of the deposition
setup can be found in our early publications.13 Sol–gel V2O5
film was also prepared and studied for comparison purposes.
Such prepared sol–gel film is uniform and crackfree with a
thickness of,1 mm. The resulting V2O5 nanorods and films
were characterized by x-ray diffractionsXRDd, scanning and
transmission electron microscopysSEM/TEMd. Optical ab-
sorption spectra were carried out in the range of 380 nm to
900 nm using fiber optic spectrometer under a dc voltage of

2.0 V and 3.0 V, with a 1M-LiClO4 solution in propylene
carbonate as electrolyte, platinum counter electrode and Ag/
AgNO3 reference electrode. A chronopotentiostat measure-
ment was carried out by a potentiostat/galvanostat.

Figure 1sad shows a typical SEM image of V2O5 nano-
rod arrays on a tin doped indium oxidesITOd substrate.
V2O5 nanorods are arranged almost parallel to one another
over a large area, and stand perpendicular to the substrate.
The diameters of these nanorods are about 100 nm, which
had 50% lateral shrinkage after firing, however there is neg-
ligible shrinkage along the axis. Figures 1sbd and 1sdd show
a typical TEM image of a V2O5 nanorod and selected area
electron diffraction pattern, which clearly demonstrated the
single-crystalline nature or, at least, well textured nature of
the grown nanorods with af010g growth direction. Figure
1scd shows a high-resolution TEM image of the single V2O5
nanorod, in which lattice fringes are clearly visible. The
spacing of the fringes was measured to be 0.208 nm, which

adCurrent address: Steel Research Laboratory, JFE Steel Corporation, Japan.
bdElectronic mail: gzcao@u.washington.edu

FIG. 1. sad SEM image of V2O5 nanorod arrays on an ITO substrate grown
in a 200 nm PC membrane by sol electrophoretic deposition. TEM images
of V2O5 nanorodsbd and high-resolution image showing the lattice fringes
scd, and electron diffraction patternsdd.
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corresponds well with the spacing ofs202d planes at 0.204
nm. The formation of single-crystal nanorods can be ex-
plained by the homoepitaxial aggregation of crystal nanopar-
ticles. Such homoepitaxial aggregation of crystalline par-
ticles is thermodynamically favorable and has been
experimentally observed and reported in literature.19,20Vana-
dium oxide nanoparticles in a typical sol are well known to
possess ordered crystalline structure easily.21 When an exter-
nal electric field results in an oriented migration and enrich-
ment of V2O5 nanoparticles at the vicinity of the growth
surface, these single-crystal V2O5 nanoparticles interact with
each other or with the growth surface and start to aggregate.
However, initial weak interaction between adjacent nanopar-
ticles or nanoparticle and growth surface permits rotation
and migration of such nanoparticles to allow them to find the
site and orientation with the lowest interface energy when
they finally aggregate. Under favorable experimental condi-
tions, all nanoparticles can aggregate homoepitaxially. The
formation of single-crystal V2O5 nanorods by sol electro-
phoretic deposition may well be attributed to such homoepi-
taxial aggregation of single crystal V2O5 nanoparticles. In
addition, internal surface of pore channels might promote the
orientation of nanocrystals. It is expected that such formed
single crystals would have a highly porous microstructure,
which undergo significant shrinkage when fired at elevated
temperatures.

Figure 2 shows typical optical transmittance spectra of
the nanorod arrays and film when applying voltages of 2.0
and 3.0 V. The overall intensity of transmittance spectra of
the samples reduces as the time increases. However, such a
change is due to a combined contribution of V2O5 nanorod
and bare ITO substrate, since ITO also changes its transpar-
ency by lithium intercalation.22 So, we calibrated the trans-

mittance of V2O5 by subtracting ITO transmittance as fol-
lows:

AV2O5 3 s100 −I sV2O5dd + AITOs100 − ImsITOdd

+ s100 −Isubd = 100 − ImsV2O5+ITOd

ICsV2O5d = 100 −hIsub− Im − AITO

3 s100 − ImsITOddj/AV2O5

whereICsV2O5d is the calculated transparency of V2O5 nano-
rod array, ImsV2O5+ITOd is the observed transparency of V2O5

nanorod array on an ITO substrate attssd, ImsITOd is the ob-
served transparency of an ITO substrate att ssecd, ImsITOd is
the initial transparency of ITO substrate,AITO is the area of
the bare ITO substrate, andAV2O5 is the area covered with
V2O5 nanorod array.

The calibrated transmittance of V2O5 nanorod arrays are
shown in Figures 2sad and 2sbd. Transmittance at a wave-
length around 700 nm was reduced along with time, while a
voltage of 2.0 V was applied, similar results were found in
sol-gel derived V2O5 film fFig. 2scdg. These experimental
results also agree very well with the literature.23,24Although
the general trend of spectrum change is similar in both na-
norod arrays and sol-gel film, the responding speed of V2O5
nanorod arrays is significantly faster than that of sol-gel de-
rived film. Figure 3 shows the change of transmittance inten-
sity at 700 nm as a function of time when 3.0 V is applied.
30% reduction was achieved in,50 s in nanorod array,
however, 300 s were required in sol-gel V2O5 film. The
transmittance change of nanorods array reached saturation in
3 min, while sol-gel derived film was not saturated in 5 min.
Extrapolation from the data in Fig. 3 suggests that sol-gel
film would require at least 10 min to reach the same satura-
tion, i.e., sol-gel film has a three times slower responding
speed than the nanorod array.

The differences in electrochromic properties are attrib-
uted to the differences in microstructure and nanostructures.
V2O5 nanorods are single crystal with V2O5 layers parallel to
the nanorod growth direction. Such a structure is extremely
favorable to Li+ intercalation and extraction, since the redox
reactions occur on the surface and the solid-state diffusion
distance is very small,,50 nm, one-half of the diameter of
nanorods. In addition, such a well-aligned structure would
also enhance the Li+ diffusion through the solvent. Sol-gel

FIG. 2. Transmittance spectra of nanorod arrays under an externally applied
electric voltage ofsad 2.0 V andsbd 3.0 V, and of sol-gel derived film under
an applied electric voltage ofscd 2.0 V andsdd 3.0 V.

FIG. 3. Transmittance intensity of nanorod arrays and sol-gel films as a
function of time subjected to an externally applied electric field.
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V2O5 films are polycrystalline and consist of micron-sized
platelets withf001g perpendicular to the substrate surface as
shown in Figs. 4sad and 4sbd. Therefore, the Li+ intercalation
and extraction processes would comprise of Li+ diffusion
along grain boundaries, redox reactions at the surface of in-
dividual grains, and diffusion inside individual grains. This
difference in microstructure and nanostructure has also been
reflected in the electrochemical property characterization as
described below.

Figure 5 shows the comparison between the current den-
sity and Li+ insertion capacity of nanorod arrays and sol-gel
films. Capacities of both nanorod arrays and film are the

same when small current density is applied, since the inter-
calation process proceeds close to thermodynamic equilib-
rium. However, when larger current densities are applied,
nanorod arrays can intercalate much higher amounts of Li+;
for example, 2.5 times higher Li+ can be intercalated into
nanorod arrays than sol-gel derived film with a given current
density. The results in Fig. 5 unambiguously corroborate and
explain the electrochromic properties presented in Fig. 3.

In summary, single-crystal V2O5 nanorods were grown
by sol electrophoretic deposition with a length of about
10 mm and a diameter of about 100 nm, and nearly unidirec-
tional alignment over a large area, and they have single-
crystalline structure withf010g growth axis. The formation
of single-crystal nanorods was attributed to homoepitaxial
aggregation of single-crystal nanoparticles. Both the extent
and speed of change in transmittance intensity of nanorod
array are significantly faster than those of sol-gel derived
film, corroborating with an enhanced electrochemical inter-
calation process in nanorod arrays due to large surface area
for surface redox reaction and short and easy diffusion path
for mass and charge transport.
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FIG. 4. sad SEM image andsbd XRD spectrum of V2O5 film on an ITO
substrate.

FIG. 5. Plot of discharge capacity versus current density for both V2O5

nanorod arraysssolid dotsd and sol-gel derived filmssempty circlesd.
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