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a b s t r a c t

Surface plasmon resonance (SPR) phenomenon of metal–dielectric composite thin films formed by
embedding the noble metal nanoparticles in a dielectric matrix offers a high degree of flexibility and
enables many applications such as surface enhanced spectroscopes, numerous biological and chemical
sensing fields. A remarkable enhancement in optical modulation after embedding the gold nanoparti-
cles in a reticulated mesh like matrix of WO thin films was observed. WO films were prepared onto
eywords:
O3

hin film
SPT
ptical modulation

3 3

the conducting ITO coated glass substrates by a novel pulsed spray pyrolysis technique (PSPT). A reticu-
lated mesh like morphology of WO3 was achieved by optimizing the deposition parameters of PSPT and
the gold nanoparticles were embedded in the WO3 matrix by a drop casting method. Enhancements in
electrochromic properties of WO3 in terms of optical modulation (�OD), coloration efficiency (�) and
response times (tc and tb) were attributed to the assistance of SPR in gold nanoparticles during coloration

quen
PR and electric field induced

. Introduction

Electrochromism is a reversible change in optical density lead-
ng to coloration and bleaching under the application of a small
lectric potential difference. Transition metal oxides such as WO3,
oO3, NiO, etc. exhibit electrochromism owing to their defect

erovskite structure. The coloration and bleaching is attributed
o intervalence charge transfer (reduction and oxidation) reac-
ions due to intercalation and deintercalation of light positive ions
ike H+, Li+, Na+, OH− into the host lattice [1–6]. Electrochromic

O3 thin films exhibit blue coloration upon insertion of Li+ or
+ ions and find potential applications as smart windows, energy

avers, information displays, etc. [1,7]. An efficient electrochromic
aterial for smart window application must have fast intercala-

ion/deintercalation kinetics and large changes in optical density
er unit inserted charge [8] along with good reversibility and stabil-
ty. Insertion kinetics depends upon diffusion coefficient (D), which
ventually depends on crystal structure and diffusion path deter-
ined by microstructure of the material [9].

∗ Corresponding author. Tel.: +91 231 2609230; fax: +91 231 2691533.
E-mail address: psp phy@unishivaji.ac.in (P.S. Patil).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.10.024
ching of SPR during bleaching.
© 2010 Elsevier B.V. All rights reserved.

Surface plasmon resonance (SPR) phenomena at the
metal–dielectric interface have enabled a vast array of appli-
cations such as surface enhanced spectroscopes, and biological
and chemical sensing, electrochromic windows [10,11]. The
materials used for supporting surface plasmon waves must have
free conduction band electrons capable of resonating with the
incoming light at a suitable wavelength. Some of the metals that
satisfy this requirement include Ag, Au, Ti, Cr, Cu, Al, and In. Among
these, the metal nanoparticles (∼50 nm) like Au and Ag are used
to support SPR since other metals are either too reactive or too
expensive or too susceptible to oxidation [12]. Au and Ag exhibit
SPR as a result of interaction between electromagnetic radiation
and loosely bound electrons to the metal surface. For example,
gold nanoparticles of about 60 nm size show SPR absorption in
red region imparting blue color to them [13]. Hence, embedding
such nanoparticles into the WO3 matrix could enhance its optical
density change.

Bathe and Patil [14–16] investigated the reticulated mesh like
morphology in pristine and doped WO3 thin films deposited by

pulsed spray pyrolysis technique (PSPT). Coloration efficiency of
34 cm2/C is reported for pristine WO3; however Nb and Ti doping
is found to have detrimental effect on electrochromic perfor-
mance. Use of SPR for gas sensing or electrochromic applications
is rather a new subject and very few research articles can be seen

dx.doi.org/10.1016/j.jallcom.2010.10.024
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:psp_phy@unishivaji.ac.in
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the WO matrix. TEM can also be a good tool for revealing the parti-
ig. 1. SEM image of pure WO3 thin film revealing reticulated mesh like morphol-
gy.

n the literature. Chen et al. [10] explored the SPR phenomenon
n Au–WO3−x films in view of their use for NO gas sensor. WO3
anorods modified by Au nanoparticles are found be useful for H2
as sensors that showed enhanced response and selectivity. Such
anorods degraded the organic impurities with high photocatalytic
ctivity owing to increased absorption in the UV–vis region as
ompared to pure WO3 [17]. More recently, Au nanocrystal-doped

O3 sol–gel films exhibited improved electrochromic properties
xhibiting 10 times faster coloration time than that of pure WO3
18]. Au nanoparticles can also have adverse effect on optical prop-
rties. RF sputtered Au–WO3 electrodes showed reverse optical
odulation than that of pure WO3 electrode with respect to applied

otential in 0.5 M H2SO4 [11,19]. Authors attributed this modifica-
ion for dispersion of conducting Au nanophases in the WO3.

In the present investigation, we have studied the effect of
u nanoparticles on the electrochromic properties of WO3 films
btained from a novel PSPT. Au nanoparticles were successfully

mbedded into the reticulated matrix of WO3 by a simple and facile
rop casting method. The observed enhancement in optical modu-

ation of WO3 thin films is presumed to be due to the SPR assisted
oloration phenomenon.

Fig. 2. TEM images for the Au–WO3 thin films at different quantities
ompounds 509 (2011) 1729–1733

2. Experimental details

For deposition of WO3 thin films, 20 ml of 50 mM ammonium tungstate pre-
cursor was sprayed onto the preheated tin doped indium oxide (ITO) coated glass
substrates using PSPT [20]. The deposition temperature was maintained at 450 ◦C
by keeping other parameters constant at their optimized values to yield a uniform,
transparent and well adherent WO3 film (films thickness ∼250 nm). Gold nanopar-
ticles were synthesized by a method reported elsewhere [21]. A quantity of 90 ml of
10 mM aqueous solution of chloroauric acid (HAuCl4) was reduced by 10 ml of 1 mM
aqueous solution of tryptophan (Aldrich Chemicals). Mild heating at 50 ◦C yielded
stable gold nanoparticles in water. The solution containing tryptophan-reduced gold
nanoparticles was subjected to ultra centrifugation and the resulting precipitate
was washed with copious amount of deionized water to eliminate any uncoordi-
nated tryptophan molecules. The average size of nanoparticles was estimated to be
60–70 nm. These gold nanoparticles were embedded into the matrix of WO3 by a
drop casting method using 4 and 8 drops of Toluene to produce the gold surface
densities of 0.008 and 0.017 cc/cm2, respectively and the respective samples were
designated as Au-4 and Au-8. A pristine WO3 sample without Au particles was desig-
nated as Au-0. All the three samples viz. Au-0, Au-4 and Au-8 were further subjected
to various characterizations.

The surface morphology of the films was studied using scanning electron micro-
scope (SEM) model JEOL-JSM-6360 equipped with energy dispersive x-ray analysis
(EDAX). The film was also characterized using transmission electron microscope
(TEM) to evidence the presence of Au nanoparticles. The transmittance spectra in
colored and bleached states were recorded using a UV–vis–NIR spectrophotome-
ter in the wavelength range of 350–850 nm. Electrochromical characterization was
carried out using EG & G Make Versastat-II model PAR 362 controlled by M270
software. The electrochromic measurements were carried out using 0.5 M LiClO4 in
propylene carbonate electrolyte with a three electrode cell configuration consisting
of WO3 sample as working electrode, graphite as counter electrode and saturated
calomel electrode (SCE) as a reference electrode.

3. Results and discussion

Fig. 1 shows SEM image for pure WO3 thin film without gold
nanoparticles (Au-0). The image clearly exhibits a reticulated mesh
like morphology, which is very common for spray deposited WO3
films [14,22]. Such morphology is more suitable for embedding
nano-Au particles as well as for providing an easy pathway for
diffusion of ions/electrons during intercalation and deintercalation
processes. After embedding Au nanoparticles, the morphology of
WO3 remains unchanged as observed from SEM study. Hence, TEM
is employed to get evidence for presence of Au nanoparticles into
3
cle size of the deposited nanostructures. Fig. 2 shows a TEM image
of a WO3 sample embedded with 0.008 cc/cm2 nano-gold particles.
It is observed that the size of the gold nanoparticles (NPs) varied
from 10 to 60 nm. A careful observation of TEM image suggests that

of nano-Au particles anchored on WO3; (a) Au-4 and (b) Au-8.
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current–time response for pure and Au-anchored WO samples in
Fig. 3. EDAX spectrum of typic

mall-sized Au nanoparticles are anchored on WO3 fibers and rel-
tively larger ones are accommodated in the voids formed by the
brous network. Thus, Au-NPs are embedded into the WO3 matrix

n an effective way. The loading of Au nanoparticles is also con-
rmed from EDAX spectrum. Fig. 3 shows a typical EDAX spectrum
f Au-8 WO3 thin film. After judicious selection of the samples,
heir electrochemical stability and electrochromic properties are
xamined.

Fig. 4 shows cyclic voltammograms (CVs) of the pure and Au-
nchored WO3 samples recorded at the scan rate of 50 mV/s in a
.5 M LiClO4 + PC electrolyte over the potential range from −0.5 to
.8 V versus SCE. The nature of CV for pure WO3 sample is as per
xpectation, which exhibited a characteristic cathodic spike and
nodic peak. The originally transparent WO3 sample undergoes
athodic reduction due to intercalation of Li+ ions towards extreme
athodic potentials as a result of {WO + Li+ + e− → Li WO } reac-
3 x 3
ion and, eventually responsible for blue coloration. Upon anodic
olarization, oxidation of sample takes place and Li+ ions de-

ntercalate, to acquire a bleached transparent state as a result of
LixWO3 → WO3 + Li+ + e−} reaction. The ubiquitous intervalence
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ig. 4. Cyclic voltammograms of the WO3 samples: (1) Au-0, (2) Au-4, and (3) Au-8,
ecorded at the scan rate of 50 mV/s in 0.5 M LiClO4 + PC electrolyte over the potential
ange from −0.5 to 0.8 V versus SCE.
WO3 thin film (sample Au-8).

charge transfer (IVCT) mechanism renders blue coloration to the
WO3 film [14]. The IVCT mechanism essentially remains same but
the extent of (de)intercalated charges wane with the increment
in the amount of Au-NPs embedded into the WO3 matrix. This
fact is resembled from comparison of CVs recorded for Au-0, Au-
4 and Au-8 samples. CVs of Au-anchored WO3 films comprised of
less area under the curve as compared to pure WO3. This suggests
that the Au-NPs hinder the intercalation pathways as they occupy
the void spaces of the WO3 matrix by virtue of which the trans-
port channels become inaccessible to the ions. With increase of
Au-NPs causes further loss of ionic intercalation–deintercalation
capability of the WO3. Au-8 is the optimum quantity of the Au-
NPs that can be embedded in the present study. To study the
reaction kinetics of (de)intercalation processes chronoamperom-
etry (CA) technique was used. Fig. 5 shows the CA curves revealing
3
a 0.5 M LiClO4 + PC electrolyte upon application of a step potential
of ±0.5 V versus SCE for 10 s. In accordance with the theory [1],
a well-known asymmetric behaviour is observed for all the WO3

Fig. 5. Chronoamperometry curves of the WO3 samples: (1) Au-0, (2) Au-4, and (3)
Au-8, recorded in 0.5 M LiClO4 + PC electrolyte upon application of step potential of
±0.5 V versus SCE for 10 s.
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Table 1
Electrochromic parameters of the pure and Au-anchored WO3 thin films.

Sample Transmittance, T Qi (mC/cm2) Coloration efficiency, � (cm2/C) Response time (s) Diffusion coefficient, D (cm2/s)

Tb Tc tb tc
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provides deintercalation and bleaches the film. Due to high
electric field of the order of 107 V/m generated around Au-NPs,
the SPR phenomenon is quenched and hence does not affect the
bleaching process.
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Au-0 0.80 0.51 26 43
Au-4 0.78 0.34 14 59
Au-8 0.75 0.23 11 108

amples, with cathodic current being smaller and anodic current
eing larger. This asymmetric behaviour suggests that the Au-4 and
u-8 samples do not impede kinetic process of ionic intercalation
nd deintercalation. Response time is one of the most important
lectrochromic parameters of a film concerning its practical appli-
ations. Response time for coloration (tc) and bleaching (tb) is the
ime required for the anodic/cathodic current to achieve a steady
tate level after the application of reactive voltages. The response
imes (tc and tb) of all the samples are determined from CA study. All
he electrochromic parameters including response times for pure
nd Au-anchored WO3 samples are listed in Table 1. It is seen that
he response times tc and tb decreased considerably with Au incor-
oration from 7.54 to 4.75 and from 6 to 4.7, respectively. The tc for
u-4 and Au-8 samples is almost half than that for pure Au-0 sam-
le, suggesting faster response time upon Au incorporation. This
ay be due to the fact that the amount and extent of ions interca-

ated into the WO3 matrix decreases (as studied from CV study) and
ence relatively fewer ions take part in the reaction. Their transport
ecomes much faster due to additional conductivity imparted by
u-NPs to the WO3. Hence coloration-bleaching kinetics is faster

or Au-4 and Au-8 samples. Diffusion coefficient of Li+ in pure and
u-anchored WO3 samples is determined from CVs recorded at dif-

erent scan rates. It can be determined from logarithmic graph of
urrent versus time as described in our earlier article [23]. The dif-
usion coefficient decreases from 3.8 × 10−11 to 1.7 × 10−11 cm2/s
ith incorporation of Au nanoparticles. The reduction in diffusion

oefficient of Li+ ion for Au-4 and Au-8 samples further confirms the
act that the extent of ionic intercalation wanes, complementing to
he CV results. This result is in contrast to the literature [18] where

values increase from 1 × 10−8 to 5 × 10−8 cm2/s with increas-
ng content of Au nanoparticles in WO3 thin films deposited by
ol–gel technique. The magnitudes of ‘D’ in both the cases differ
ue to the different methods of fabrication. Sol–gel method facil-

tates thin film deposition at lower temperatures as compared to
he PSPT. Hence PSPT grown samples are relatively more compact
nd adherent to the substrates.

Fig. 6 shows the transmittance spectra of thin films in their
olored and bleached states. The coloration efficiency (�) was esti-
ated using change in optical density (�OD) at � = 630 nm and

ntercalated charge density (Qi) by Eq. (1),

= �OD�=630 nm

Qi
= ln(Tb/Tc)

q/A
(1)

here Tb and Tc are the transmittance values of the film in its
leached and colored state, respectively. q is the charge and A is
he active area of the film. High value of � for electrochromic film

eans that electrochromic device should have adequate optical
egulation upon less intercalation of charges and causing a better
tability and reproducibility of colored/bleached (c/b) cycles. The
alue of � increased from 42.7 cm2/C for pure Au-0 to 108 cm2/C for
u-8 sample. On the contrary, Naseri et al. reported decrease in �
rom 35 to 7 cm2/C with incorporation of Au nanoparticles. Though,
he amount of intercalated charges is subsequently reduced for Au-
mbedded films in our case, there is large increase in �OD and �.
his implies the existence of an additional complementary mech-
nism that can be attributed to SPR in Au-NPs [13].
6.0 7.54 3.8 × 10−11

4.6 5.35 2.2 × 10−11

4.7 4.75 1.7 × 10−11

Enhancement in electrochromism of WO3 thin films by incorpo-
ration of Au-NPs is studied by He et al. [24,25]. They have attributed
this enhancement to the change in conductivity of the electrode,
which increases the rate of electrochromic reaction and Schottky
barrier formed at the WO3/Au interface and surface effect of gold
nanoparticles. However, on account of the observed decrement in
cathodic peak current (Fig. 4), i.e. intercalated charge for embed-
ded films, we propose that the SPR of gold nanoparticles assist
the coloration process and the SPR quenching by high electrostatic
field does not affect the bleaching process resulting in an enhanced
optical modulation. The proposed mechanism is as follows:

(i) During coloration, the electrochromic intervalence charge
transfer reaction

WO3 + xLi+ + xe− → LixW+6
1−xW+5

x O3

gives rise to absorption in the near IR region thereby imparting a
blue color to the film. At the same time, the SPR in Au-NPs cause
photonic absorption in the red region, rendering blue color to
the gold nanoparticles. Thus, both electrochromic and SPR are
going hand in hand and subsequently boost the coloration pro-
cess.

(ii) During bleaching, the electrochromic intervalence charge
transfer reaction

LixW+6
1−xW+5

x O3 → WO3 + xLi+ + xe−
1050900750600450300

Wavelength, λ (nm)

Fig. 6. Transmittance spectra for colored (C) and bleached (B) states of WO3 sam-
ples: Au-0, Au-4, and Au-8.
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This proposition however requires more detailed study to ascer-
ain the aforementioned phenomena. This is our future work.

. Conclusions

In conclusion, the SPR phenomenon by embedded gold nanopar-
icles can exclusively be used to enhance the optical modulation
n an electrochromic host matrix like WO3. The enhanced optical

odulation at a lower level of intercalated charge increases the col-
ration efficiency and decreases the response times. The proposed
echanism of SPR assisted coloration and electric field induced SPR

uenching during bleaching seems to be the working mechanisms
f Au-NPs embedded spray pyrolyzed WO3 with reticulated mesh
ike morphology.
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