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Electrochromic (EC) materials change their optical proper-
ties (darken/lighten) in the presence of a small electric poten-
tial difference, and are suitable for application in energy-effi-
cient windows, antiglare automobile rear-view mirrors,
sunroofs, displays, and hydrogen sensors.[1–4] The operation of
conventional EC devices depends on the reversible electro-
chemical double injection of positive ions (H+, Li+, Na+) and
electrons into the host lattice of multivalent transition metal
oxide materials,[5–10] with positive-ion insertion required to
satisfy charge neutrality. However, diffusion of positive ions
into the oxide layer is often slow, taking minutes to complete.
Since the chemical diffusion coefficient of protons (DH+) is an
order of magnitude larger than that of lithium ions (DLi+), EC
systems based on proton electrolytes (e.g., aqueous H2SO4)
are mandatory for display applications and preferred for other
applications. Unfortunately, proton insertion currently results
in rapid degradation of EC films.

There are two important criteria for selecting an EC materi-
al. The first is the time constant of the ion-intercalation reac-
tion, which is limited both by the diffusion coefficient and by
the length of the diffusion path. While the former depends on
the chemical structure and crystal structure of the metal ox-
ide, the latter is determined by the material’s microstruc-
ture.[11] In the case of a nanoparticle, the smallest dimension is
represented by the diffusion path length. Thus, designing a
nanostructure with a small radius, while maintaining the prop-
er crystal structure, is key to obtaining a material with fast
insertion kinetics, enhanced durability, and superior perfor-
mance. The second important criterion is coloration efficiency
(CE), the change in optical density (OD) per unit inserted
charge (Q), that is, CE = D(OD)/DQ.[12] A high CE provides
large optical modulation with a small charge insertion or
extraction. This is a crucial parameter for EC devices, since a

lower charge-insertion or -extraction rate enhances the long-
term cycling stability. Among inorganic materials, tungsten
oxides have been most extensively studied. Up until now,
amorphous WO3 films have exhibited the highest CE in the
visible region of the electromagnetic spectrum. However,
because of their high dissolution rate in acidic electrolyte
solutions, these films can only be used in lithium-based elec-
trolytes, resulting in slower response times. Furthermore,
extended durability, even in Li+ systems, has not yet been
demonstrated. Inexpensive conducting and redox polymers
have attracted increased attention for use as EC materials
because of their fast response times and high contrast
ratios.[13–15] However, disadvantages include multiple colora-
tion in the visible spectral range and poor UV stability.

By fabricating EC films from crystalline WO3 nanoparticles,
the state-of-the-art technology of producing EC materials has
been profoundly advanced. Crystalline WO3 nanoparticles
have been grown by an economical hot-wire chemical-vapor-
deposition (HWCVD) process, and a unique electrophoresis
technique is employed for the fabrication of porous nanopar-
ticle films. The porosity of the films not only increases the sur-
face area and ion-insertion kinetics, but also reduces the over-
all material cost, leading to an inexpensive, large-area EC
material. Compared to conventional amorphous WO3 films
prepared by vacuum deposition, nanoparticle films deposited
by electrophoresis exhibit vastly superior electrochemical-cy-
cling stability in acidic electrolytes, a higher charge density,
and comparable CE. This greatly enhanced stability and
charge capacity are attributed to the crystalline nanoparticles
employed in this work. These initial results will ultimately rev-
olutionize all EC applications. Furthermore, preliminary re-
sults show that these advances will impact developing battery
technologies.

Thin films of WO3 nanoparticles were deposited by a
unique electrophoresis deposition process (EDP) on SnO2:F-
coated glass substrates. Although the EDP-deposited WO3

nanoparticle films were blue, indicating a substoichiometric
composition of tungsten oxide nanoparticles, they became
transparent after annealing in air at 300 °C for 2 h. Figure 1
displays the X-ray diffraction (XRD) spectra of the as-synthe-
sized nanoparticle-containing powder, an EDP-deposited
film, an annealed EDP-deposited film, and the substrate. All
of the spectra of the tungsten oxide nanoparticles have crys-
talline features consistent with WO3 crystals of both the
monoclinic (I) c-phase and the monoclinic (II) e-phase.
Furthermore, the as-synthesized nanoparticle-containing pow-
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der and, to a lesser extent, the EDP-deposited film, display a
line indicating the presence of tungsten metal. It is interesting
to note that the EDP reduces the metal content, so the film
has less tungsten metal than the as-synthesized powder (the
presence of metal would negatively affect the EC properties
of the film.) The remainder of the metal is easily removed by
brief oxidative annealing.

Figure 2a shows a representative transmission electron
microscopy (TEM) image of the tungsten oxide nanoparticles
employed in our study. The nanoparticles consist predomi-
nantly of nanorods and nanospheroids. The nanospheroids

have diameters between approximately 10 and 20 nm and the
nanorods have similar diameters with lengths of approxi-
mately 40 to 60 nm. Figure 2b displays a scanning electron
microscopy (SEM) image of an EDP-deposited film. It is
clearly evident that these films are highly porous with large
active surface areas, and the nanoparticle size is unchanged.
As corroborated by cyclic voltammetry measurements, this
large surface area results in very significant improvements in
the EC properties. Consistent with the SEM studies, the mass
density of the nanoparticle film has been found to be approxi-
mately 2.5 g cm–3, estimated from mass and thickness data.
Since the theoretical bulk density of monoclinic WO3 is
7.2 g cm–3, the pore volume of the nanoparticle films was cal-
culated to be 0.26 cm3 g–1, which is comparable to values of
mesoporous metal oxides.[16] Figure 2c displays a TEM image
of nanoparticles deposited at a lower synthesis pressure. WO3

nanoparticles composed of only nanospheroids with a mono-
clinic crystalline structure coated with an amorphous over-
layer were obtained. Interestingly, thin films of these particles
deposited by the same EDP exhibit inferior EC properties.

Figure 3a compares the cyclic voltammograms (CVs), mea-
sured in 1 M H2SO4, of an optimal tungsten oxide nanoparticle
film (Fig. 2b), a conventional amorphous film, and a crystal-
line film. All of the CVs were normalized to the geometric
area of the electrode and to the weight of tungsten oxide with-
in that area, resulting in units of mA cm–2 mg–1. In general,
when the tungsten oxide films were cathodically polarized in
H2SO4, they had a very uniform blue color, which intensified
with increasing cathodic potential. When the blue films were
anodically polarized, they were bleached and transparent.
The integrated cathodic-current density equates to the
amount of protons intercalated to form a tungsten bronze.
When compared with the cathodic charge quantities of amor-
phous and crystalline tungsten oxide films, the nanoparticle
films show a higher charge-insertion density over the same
time period, indicating faster kinetics. The total cathodic

C
O

M
M

U
N

IC
A
TI

O
N

S

764 www.advmat.de © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2006, 18, 763–766

As-made
Powder

As-deposited
Film

Annealed
Film

SnO2/Glass

Substrate

20 25 30 35 40 45º

2 Theta (degrees)

L
o

g
 I

n
te

n
s
it
y
 (

A
rb

 U
n

it
s
)

γ-WO3

(43-1035)

ε-WO3

(87-2402)

W
(04-0806)

Figure 1. XRD spectra of the as-synthesized
nanoparticle-containing powders, the EDP-de-
posited film, the annealed EDP-deposited film,
and the blank SnO2:F-coated glass substrate.
In order to make relative comparisons, all spec-
tra of the oxide nanoparticle materials were
normalized to the strongest line appearing for
the monoclinic (I) c-phase.

Figure 2. a) TEM image of HWCVD-generated WO3 nanoparticles (nano-
rods and nanospheroids). b) Scanning electron microscopy (SEM) im-
age of the WO3 films deposited by electrophoresis. c) TEM image of
nanoparticles deposited at a lower working pressure.



charge for the WO3 nanoparticles was about 32 mC cm–2 mg–1,
compared to only about 3 mC cm–2 mg–1 for crystalline and
about 9 mC cm–2 mg–1 for amorphous films—translating to a
greater EC efficiency. The improved hydrogen-insertion abil-
ity of the nanoparticle film is attributed to its low density
(2.5 g cm–3) and high active surface area, compared with
amorphous and crystalline films (5.5 and 6.4 g cm–3, respec-
tively).[17] Note also that the onset of a cathodic current for
the nanoparticle electrode is more positive compared with
crystalline and amorphous films. This early onset of a cathodic
current for nanoparticle films may indicate reduced interfacial
charge-transfer resistance, providing another reason for the
improved electrochemical response.

The cycling stability of WO3 nanoparticle films was exam-
ined in 1 M H2SO4 (Fig. 3b). It can be seen that the current
response increases slightly during the course of 3000 cycles,
without a significant change in the shape of the CVs, indicat-
ing excellent cycling stability of the nanoparticle films even in
an acidic solution. A similar stability for amorphous tungsten
oxide-based EC films in an acidic environment has never been
achieved.[18,19] To confirm this result, the cycling stability of an
amorphous WO3 film was also examined in 1 M H2SO4 and
the result is shown in Figure 3c. As can be seen, the amor-
phous WO3 film degrades significantly after only 500 cycles in
the acidic electrolyte. In a recent report, large nanoparticles
of WO3 with diameters ranging from 45 to 330 nm were

employed; however, no cycling-stability
experiments were reported.[20]

As stated previously, one of the most
important criteria for selecting an EC
material is its CE.[12] A high CE can
provide large optical modulation with
small changes in insertion or extraction
quantities, and is a crucial parameter
for practical devices, because long-term
cycling stability is enhanced by using
lower charge insertion or extraction. It
has been reported that the CE of WO3

films is influenced by the deposition
conditions and is intimately related to
oxygen deficiency.[21,22] Thus, the CE of
our WO3 nanoparticle films was mea-
sured by using a constant discharge cur-
rent. Figure 4 shows a plot of in situ
OD versus time. From the slope of these
curves, the CE can be calculated. The
CE of optimized crystalline nanoparti-
cle films was measured to be
about 42 cm2 C–1, which is comparable to
amorphous WO3 films (55 cm2 C–1).[6,12]

The slight decrease in CE compared to
state-of-the-art amorphous films could
be compensated for by slightly increas-
ing the potential used in the cyclic vol-
tammetry measurements, to a potential
at which the crystalline nanoparticle

films are still expected to be durable.
For comparison, Figure 4 also shows a plot of in situ OD

versus time for nanoparticle films prepared by the EDP and
deposited at a lower synthesis temperature (Fig. 2c). Here,
the CE is only 24 cm2 C–1, significantly less than that of the
optimized nanoparticle films. It is interesting to consider why
the optimized nanoparticles displayed in Figure 2a have a bet-
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Figure 3. a) CVs of the WO3 films deposited by electrophoresis of WO3 nanoparticles, by thermal
evaporation (amorphous), and by thermal evaporation followed by annealing at 400 °C for 2 h
(crystalline). b) CVs of a WO3 nanoparticle film after a single cycle and after 1000 and 3000 cycles.
c) CVs of an amorphous WO3 film after a single cycle and after 500 cycles. All CVs were measured
in 1 M H2SO4 with a sweep rate of 20 mVs–1.

Figure 4. Variation of in situ OD in WO3 nanoparticle thin films: a mix-
ture of nanorods and nanospheroids (a), and only nanospheroids (b).
The OD was measured at 670 nm and at a discharge-current density of
10 lA cm–2.



ter CE than those displayed in Figure 2c. One immediate ob-
servation is that the nanoparticles shown in Figure 2c are, in
general, two times larger in diameter, leading to a smaller
surface area than in the optimized nanoparticle film. Previous
reports have shown a decrease of CE as amorphous WO3

films crystallize into large particles during the annealing pro-
cedure.[23,24] Also, when the synthesis pressure is reduced, no
nanorods are observed in the as-deposited materials. Thus,
the optimal EC properties of the WO3 nanoparticle films in
Figure 2b could simply be attributed to particle size or possi-
bly to the presence of nanorod-shaped structures.

In summary, crystalline nanoparticles consisting of nanorods
and nanospheroids have been successfully fabricated by a cost-
effective HWCVD process. Thin films of crystalline tungsten
oxide nanoparticles have been deposited by electrophoresis on
substrates suitable for large-area EC applications. Compared
with conventional amorphous WO3 films, the crystalline WO3

nanoparticle films show greater charge density for proton
intercalation and comparable CE. The improvements in the
EC properties of these nanoparticle thin films have been
attributed to a larger active surface area and to the low density
of the films. The nanoparticle films exhibit excellent cycling
stability in 1 M H2SO4, with values greatly surpassing those for
amorphous WO3 films. These nanoparticle oxide materials
have improved response times because of their stability to-
wards proton insertion when compared to conventional EC
electrode materials. These results will significantly impact cur-
rent EC technologies and have promising implications for the
development of novel batteries.

Experimental

The HWCVD synthesis of nanostructured materials has been de-
scribed previously by Mahan et al. and Dillon et al. [25,26]. For EC
applications, the process was optimized in argon at 50 Torr
(1 Torr = 133 Pa) containing a partial pressure of about 16 % oxygen
at 300 °C. A single W filament (0.5 mm in diameter, 20 cm in length)
was resistively heated to 1400 °C. A typical deposition was
about 15 min in duration. A unique EDP technique was used to de-
posit thin films of WO3 nanoparticles on SnO2:F-coated glass sub-
strates. In the EDP process, a nanocrystalline particle suspension was
made by dispersing 10–20 mg of WO3 powder in 50 mL of methanol.
(A magnetic stirrer was used during the deposition to prevent set-
tling.) The working electrode and counterelectrode were separated by
10 mm, and the voltage difference was 300 V. The EDP is based on
the principle that oxide powders suspended in a liquid attain a surface
charge. As a result, the charged particles move under the influence of
an electric field and are deposited on an electrode. Since deposition
always occurs at the anode, the WO3 nanoparticles must attain a nega-
tive charge. An EDP duration of 1 min resulted in a film thickness of
about 1 lm. It is interesting to note that WO3 nanoparticle films
could only be deposited when as-produced nanoparticles were sub-
stoichiometric (blue powder). When stoichiometric tungsten oxides
(yellow powder) were used, films were not obtained. The blue EDP-
deposited nanoparticle films became transparent after annealing in
air at 300 °C for 2 h. Amorphous WO3 films were prepared by con-
ventional thermal evaporation of WO3 (99.99 % purity). The thick-
ness of the sample was about 1 lm. The crystalline films were pre-
pared by heat-treating amorphous films at 400 °C in air for 2 h.

Cyclic voltammetry in a 1 M H2SO4 electrolyte solution was em-
ployed for the electrochemical characterization, and measurements

were performed at room temperature between +1.0 and –0.1 V at var-
ious scan rates. Pt foil was used as the counter electrode and Ag/AgCl
as the reference electrode. For CE measurements, the same quantity
of protons was inserted for each sample while maintaining a constant
current. In situ transmittance was measured using a laser diode at
670 nm, and was recorded as a function of time by using a computer-
controlled potentiostat. TEM was performed on a Phillips CM-30
transmission electron microscope operating at 200 kV with a 50 lm
objective aperture. The XRD diffractometer used was a Scintag
PTS 4-circle goniometer with a Cu target operated at 45 kV and
36 mA (∼ 1.6 kW) and a LN2-cooled Ge detector. Sample preparation
has been described previously by Mahan et al. [25]. SEM analysis was
performed on a JEOL 6320 field-emission scanning electron micro-
scope [27].
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