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bstract

lectrophoretic deposition (EPD) was applied in coating hydrothermally synthesized crystalline tungsten oxide (WO3) nanorods onto ITO glass for
lectrochromic application. Nanorods suspension of 10 mg/cm3 was used in the EPD with optimum electric field of 5–6 V/cm. Saturation in WO3

eposited amount at electric field >7 V/cm was observed during constant voltage EPD. This could be attributed to the oxide layer shielding effect
n the electric field induced electrophoresis. Constant current EPD from 0.2 mA/cm2 to 1.4 mA/cm2 was also performed for the WO3 nanorods.
he deposited amount of nanorods was found to be proportional to the current density from 0.2 mA/cm2 to 0.8 mA/cm2 under constant deposition
uration. However, the deposited amount decreased at current density >0.8 mA/cm2. This could be due to the high deposition rate that resulted in
oor adhesion and hence nanorods peel off during the substrate removal. It was noted that the EPD of nanorods followed a linear relationship in I
s. t−1/2 plot according to Cottrell equation, which implied that the reaction was a diffusion controlled process. The EPD coated substrate was tested
n 1 M LiClO /propylene carbonate (PC) electrolyte for electrochromic studies. The porous WO nanorods layer exhibited optical modulation
4 3

T700 nm of 40%, moderate coloration time t70%
c of 28.8 s and improved bleaching time t70%

b of 4.5 s, which could be due to the porous oxide layer
ith large surface area that facilitates the ion insertion/extraction and the electrolyte penetration in the oxide layer shortens the ionic diffusion

ength of Li.
2009 Elsevier Ltd. All rights reserved.
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. Introduction

Tungsten oxide (WO3) is one of the widely studied transition
etal oxides for its attractive application such as energy efficient
indows (smart windows), antiglare automobile rear-view mir-

ors, sunroofs and sensors.1–5 WO3 has the optical modulation
etween transparent and blue color upon the ion-electron double
njection, which is known as electrochromism. The reaction can
e expressed as

O3(transparent) + xe− + xM+ ⇔ MxWO3(blue) (1)

here M+ stands for the cations such as H+, Li+ Na+ or K+.
Various methods such as sol–gel,6 electrodeposition,7

ydrothermal process,8 evaporation9 and sputtering10 have been

pplied in the formation of crystalline and amorphous WO3.
mong these methods, hydrothermal process has received huge

ttention for its advantages such as simple operation, low-cost,
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otential for large scale production and forming crystalline
tructure with good stability.11 However, one of the process
rawbacks is that the hydrothermally synthesized products are
ispersed as a suspension and additional assembly steps are
equired to adhere the dispersed products onto the substrate.
lectrophoretic deposition (EPD), on the other hand, is an attrac-

ive process where the charged particles or nanostructures in a
uspension can be driven onto the electrode surface under the
nfluence of an electric field. This method is efficient in forming

film or coating on conductive surface (even a complex sur-
ace morphology) with the control in film thickness and porosity
hrough the electric field, pH value and deposition duration. EPD
as provided flexibilities in designing electrochromic devices
ith different degrees of optical modulation (film thickness) and

witching time (film porosity) and hence widen their application
n advanced technologies.

EPD has been applied in surface coating, ceramics process-

ng and forming composite materials12–14 where particles are
sually used as the starting material in the deposition. Recently,
irishkumar et al.15 and Boccaccini et al.16 have reported the
D nanostructure EPD of CNT and Yu and Zhou17 have success-

mailto:asjma@ntu.edu.sg
dx.doi.org/10.1016/j.jeurceramsoc.2009.05.014
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WO3 nanorods deposition was is observed as a porous oxide
layer on top of the ITO (Fig. 2b). However, for the electric field
>7 V/cm, the deposition ceases after a period of time as showed
in Fig. 1a with a sharp drop in the current density until nearly
140 E. Khoo et al. / Journal of the Europe

ully demonstrated the EPD of titanate nanotubes with diameter
round 10 nm. These results suggest that the EPD is also
pplicable in 1D nanostructures assembly. In this work, WO3
D nanorods constant voltage and constant current EPD were
erformed on a transparent conductive substrate (ITO glass).
ptimum deposition conditions were identified with a discus-

ion in the deposition mechanism. The resultant electrochromic
erformances such as optical modulation and switching time of
he WO3 nanorods coated substrates were also studied.

. Experimental details

.1. WO3 synthesis

Tungsten oxide (WO3) nanorods were prepared through
ydrothermal process: 0.825 g of Na2WO4·2H2O (Aldrich,
9%) and 0.290 g of NaCl (Sigma Ultra, 99.5%) were dissolved
n 20 ml of de-ionized water with a mole ratio of 1:2. The solu-
ion was adjusted with 3.0 M HCl until a pH of 2, then transferred
nto the Teflon liner of the stainless steel autoclave and heated
t 180 ◦C for 24 h. White precipitate of nanorods was obtained
nd centrifuged with ethanol and de-ionized water for several
imes to remove any left over precursors. The WO3 nanorod
as found to be a hexagonal single crystal with a growth direc-

ion of (0 0 0 2). The diameter and length of the nanorod were
round 100 nm and 2 �m, respectively.18

.2. Electrophoretic deposition (EPD)

The nanorods suspension was prepared by dispersing the
O3 nanorods in de-ionized water with 10 mg/cm3 concen-

ration, −40 mV zeta potential and a pH value around 6.77.
ransparent conductive substrate – ITO coated glass (Delta
echnologies, Rs = 15–25 �) was used as the working electrode

n order to study the electrochromic performances of the WO3
anorods while a Pt wire was used as the counter electrode. The
orking electrode (ITO glass) was kept at positive voltage or

urrent with distance between the two electrodes remained as
cm. The deposition was carried out by Autolab Potentiostat

PGSTAT302) with a maximum voltage limit of 10 V. Con-
tant voltage and current EPD were carried out with an electric
eld ranged from 3 V/cm to 8 V/cm and current density ranged
rom 0.2 mA/cm2 to 1.4 mA/cm2, respectively. The current and
oltage responses were recorded with respect to the deposi-
ion duration for further analysis. The coated substrates were
vernight air-dried before morphology and electrochromic stud-
es. Surface morphology of the coated ITO was characterized
sing field emission scanning electron microscopy (FESEM,
OEL6340F) and the oxide layer thickness was checked by
lpha-step Surface Profiler.

.3. Electrochromic studies
Optical modulation and switching studies were carried out
n a two-electrode system for ±3 V. The coated ITO was used
s the working electrode and a Pt wire was used as the counter
nd reference electrode. All electrochemical studies were car-

F
f
3
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ied out in an electrolyte of 1.0 M LiClO4 in propylene carbonate
PC). Transmittance variation and color changes were detected
hrough UV–vis spectrometer (Shimadzu UV-2501PC) at visible
avelength ranged from 300 nm to 900 nm. Optical modula-

ion and switching time were extracted from the transmittance
pectra.

. Results and discussion

.1. Electrophoretic deposition (EPD)

WO3 nanorods suspension of 10 mg/cm3 was used in the con-
tant voltage EPD. The applied electric field ranged from 3 V/cm
o 8 V/cm for 900 s deposition and the I–t behaviors are recorded
n Fig. 1a. With the various electric field strength studied, the
PD of WO3 nanorods can be characterized into three regions:
o deposition (<4 V/cm), uniform deposition (5–6 V/cm) and
aturated deposition (>7 V/cm). For the electric field <4 V/cm,
he electric field induced driving force is not strong enough to
rive the WO3 nanorods onto the ITO glass. Hence, only small
mount of nanorods is observed under the FESEM (Fig. 2a).

hen the electric field is increased beyond 5 V/cm, uniform
ig. 1. (a) Constant voltage EPD of 10 mg/cm3 WO3 nanorods suspension
or 900 s deposition and (b) WO3 nanorods deposited amount at 5 V/cm for
00–1500 s deposition duration.
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ig. 2. FESEM images of the deposited WO3 nanorods on ITO glass under (
anorods.

ero. This might be due to the electrical resistance on the work-
ng electrode increases with the oxide layer thickness and hence
ecreases the electric field induced electrophoresis in the sus-
ension. The oxide layer will weaken the driving force (due to
he voltage drop across the oxide layer) and hence decrease the
anorods motion.13 The nearly zero current density implies that
he electric field induced driving force is not strong enough to
rive the nanorods onto the electrode after the build-up of the
xide layer. In addition, oxide layer peeling was observed at
V/cm and higher electric field during the substrate removal,
hich causes non-uniform coverage on the ITO surface and is
ndesirable for the electrochromic application. Thus, it is noted
hat 5–6 V/cm gives the optimum deposition electric field for
he present nanorods suspension. Fig. 1b shows the deposited
mount with respect to the deposition duration under 5 V/cm.
he relationship turns non-linear after 900 s with a nearly con-
tant deposited amount, which corresponds to a thickness of
.2 �m. This result further supports that EPD will cease after

he build-up of the oxide layer and longer deposition duration
oes not significantly improve the deposited amount.13,19,20

Constant current density EPD was carried out using
.6–1.4 mA/cm2 (Fig. 3a). The voltage increased up to the

m
A
s
s

/cm and (b) 6 V/cm and (c) higher magnification of 6 V/cm deposited WO3

aximum voltage of the potentiostat (10 V) after a period of
eposition while optimum deposition was observed to be around
.8 mA/cm2. The deposited amount of WO3 is plotted with
espect to the current density (Fig. 3b). The deposited amount
s found to increase with respect to the current density, which
mplies that the passed charges (current) are proportional to the
lectrophoresis deposited nanorods. However, at the higher cur-
ent density (>0.8 mA/cm2), the deposited amount is recorded
o be reduced, which could be due to the ITO substrate degra-
ation or poor adhesion of the nanorods to the substrate. ITO
lass has been demonstrated as the working electrode for aque-
us system EPD up to 40 V/cm21 and 2.5 mA/cm2 22 and no ITO
egradation was observed. Thus, ITO electrochemical degrada-
ion at high current density is not the reason for the decrease in
eposited amount. Hence, the decrease of deposited mass can be
ttributed to the accumulation of large amount of WO3 nanorods
t the electrode within a short duration under a high driving
orce, which results in the formation of a very porous, inho-

ogeneous film with reduced adhesion at the electrode surface.
s a result, peel-off was observed during the deposited sub-

trate removal and lower deposited amount was remained on the
ubstrate.
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ig. 3. (a) Constant current EPD of 10 mg/cm3 WO3 nanorods suspension for
00 s deposition and (b) deposited amount of WO3 nanorods on ITO glass for
00 s deposition duration at various current densities.

In summary, the moderate electric field of 5–6 V/cm and
urrent density 0.8 mA/cm2 are reckoned to be the optimum
epositions condition for uniform coverage and avoiding poor
anorods adhesion. Oxide layer shielding effect is observed and
t could be probably solved by constant current EPD, with fur-
her increased deposition voltage, a longer deposition duration
nd optimum current density.

As reported by Koura et al.,23 a diffusion controlled process
an be described by Cottrell equation:

= KC

(πDt)1/2 (2)

here i is the current, K is the kinetic constant, D is the diffusion
oefficient and t is the deposition duration. The equation can be
implified to i = kt−1/2 when K, C and D are kept as constant.
ig. 4a and b show the experimental data of 5 V/cm and 6 V/cm
eposition separately. It is observed that both cases follow the
ottrell equation where the i–t−1/2 curves shows an almost linear

elationship with a similar slope, which suggests the deposition

resented in this work is a diffusion controlled process. Devi-
tion from the slope is observed at long deposition time. This
eviation could be due to the build-up of the oxide layer which
ecreases the nanorods electrophoresis in the suspension and the

H
s
(
n

ig. 4. Currents density vs. inverse square root of deposition duration plot under
a) 5 V/cm and (b) 6 V/cm deposition.

etected current containes significant parasitic currents such as
ater electrolysis.

.2. Electrochromic studies

The EPD coated WO3 nanorods were tested for UV–vis
ransmittance under a switching voltage of ±3 V (Fig. 5a).
he WO3 nanorods were bleached at +3 V with around 60%
f transmittance at 700 nm and exhibited strong absorption of
ed-end light at −3 V biasing. The transmittance modulation
t 700 nm (�T700 nm) is found to be around 40%, which is
omparable to other crystalline films.24,25 Switching time of
he WO3 nanorods is extracted from the transmittance data
n Fig. 5b by applying a square wave voltage of ±3 V to the
xide layer (simulating the switching condition). The switch-
ng time – bleaching (tb) and coloring (tc) time are calculated
s the time required for 70% optical modulation in order to
ompare with literatures. Coloration time t70%

c is found to be
8.8 s, which is comparable to the reported values (tb ∼ 25 s).26
owever, the bleaching time t70%
b of 4.5 s is found to be much

uperior than the crystalline26 (tb ∼ 22 s) and amorphous WO3
tb ∼ 18–36 s).26,27 This improvement is attributed to the porous
ature of the oxide layer which consists of nanorods. The porous
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Fig. 5. (a) UV–vis transmittance of WO3 nanorods at bleaching (+3 V) and
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18. Wang, J., Khoo, E., Lee, P. S. and Ma, J., Synthesis, assembly, and elec-
oloring (−3 V); (b) switching study by applying a square wave signal ±3 V
t 632.8 nm. All electrochemical studies were carried out in 1 M LiClO4/PC
lectrolyte.

xide layer allows the electrolyte penetration and hence shortens
he ionic diffusion length from the electrolyte to the centre of
he oxide. On the other hand, the high surface to volume ratio of
he nanorods oxide layer facilitats the Li+ ion movement across
he oxide–electrolyte interface by a providing large amount of
eaction sites. Hence, shorter switching time is observed as the
esult of these two factors.

. Conclusion

WO3 nanorods electrophoretic deposition (EPD) has been
emonstrated for a thin layer coating ∼1.2 �m for elec-
rochromic application. The optimum EPD conditions were
ound to be at 0.8 mA/cm2 or 5–6 V/cm in 10 mg/cm3 WO3
anorods suspension. Oxide layer shielding effect was observed
n the constant voltage EPD while the nanorods deposition
eased after 900 s of deposition. Constant current EPD has been
erformed and the deposited amount was found to be propor-

ional to the charge passed through the electrode. However, oxide
ayer peel off occured at high current density (>0.8 mA/cm2) due
o the poor adhesion of the nanorods at high deposition rate. The
rocess was shown to be a diffusion controlled process as the

1

ramic Society 30 (2010) 1139–1144 1143

vs. t−1/2 plot showed a linear relationship. The EPD coated
O3 nanorods exhibited a moderate coloration time t70%

c of
8.8 s and significantly improved bleaching time t70%

b of 4.5 s.
he improvement was due to the porous nanorods layer which

acilitated the ion extraction by shortening the ionic diffusion
ength and the large surface area acted as the reaction sites for
on insertion/extraction.
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