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Abstract An electrochromic (EC) thin film based on
composite of tungsten oxide and Ag nanoparticles was pre-
pared by physical vapor deposition (PVD) method. In this
method, WO; nanoparticles powder with uniform rate was
deposited in vacuum on fluorine doped tin oxide (FTO)
coated glass substrate. The Ag nanoparticles powder was
utilized to decorate the surface of WO; thin film by using
PVD method. The EC thin film was annelid to inject the
Ag nanoparticles into the surface of thin film. The EC
nanocomposite thin film with the approximate thickness of
315 nm and smooth surface was obtained. EC properties
of WO;—Ag thin film was investigated by cyclic voltam-
metry (CV) and the visible transmittance to compare the
existence of Ag nanoparticles beside WO; nanoparticles
by PVD method. Also, the optical response and coloration
efficiency (CE) of samples were investigated. In particular,
a significant optical modulation (39.65% at 632.8 nm) and
high CE (74.2 cm?/C at 632.8 nm) are achieved that are
much better than thin film only composed of WO;.

1 Introduction

Over the last years, the use of renewable energy sources
has been growing for many different applications. However,
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using energy efficiently is one of the most important energy
solution strategies. As an example of these strategies, using
energy from sunlight through photovoltaic phenomenon
is being widely demanded as a fundamental alternative of
future energy solutions. But the uncontrollable and periodic
natures of these alternative energy sources are encouraged
the attempts to use of an efficient energy storage system.
For instance, using smart windows on buildings by replac-
ing highly glazed glass is one of the important of these
attempts [1, 2].

In briefly, the smart windows can be optimized either
for cooler or hotter climates or designed to give a compro-
mise between the two extremes. The use of this technol-
ogy became popular in 1980s. Such windows were widely
based on electrochromism with variable transmittance of
light and solar energy. Electrochromic (EC) phenomenon
that companied with the double injection and extraction of
electrons and ions shows a reversible and optical change
due to oxidation/reduction mechanism after applying differ-
ent voltages (<3 V) [3-5]. The EC materials can be divided
to three categories such as inorganic materials (transition
metal oxides), single molecular materials and organic poly-
meric materials (m-conjugated conducting polymers) that
can be used for various applications as elements of infor-
mation display, automotive rear-view mirrors, smart win-
dows and military camouflages [6-8]. Electrochemical
devices (ECDs) at simplest state are formed of three lay-
ers: EC materials, electrolytes and electrodes. Extensive
researchs on each of these layers are done to enhance the
efficiency of ECDs. As an inorganic material, WO; has
been extensively studied because it has fast response time,
intercalation properties (H*, Li*, Na* and K™), high col-
oration efficiency and wavelength selectivity as compared
with other inorganic electrochromic materials [9-12]. The
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reversible electrochromic effect in the case of WO; can be
expressed as [13]:

WO; + xe” +xM* & M,WO;(M = H*,Li*,Na*) (1)

In this process, the electronic structure of WO; is modi-
fied simultaneously with injection or extraction of elec-
trons and ions and subsequently the Fermi level is moved
upwards. As a result of changing of Fermi level, the opti-
cal property of WOj thin film transforms from a transparent
state (Bleached state) to an absorbing one (Colored state).
In the composite case when metallic nanoparticles are dec-
orated in the WO; matrix, the electrochromic phenomenon
can be modified because of a change of the dielectric con-
stant of the oxide matrix [14]. In the last decade, WO, com-
posite films containing metal nanoparticles such as Au, Ag
and Pt have attracted attention of researchers, which results
in the enhancement of coloration efficiency (CE) as well as
the durability [15—17]. The electrochromism of metal oxide
composite is evaluated in order to enhance the electrochro-
mic properties of pure metal oxide in terms of color tuning
via as shift in the absorption band.

In the present work, we synthesized the WO, powder as
a famous EC metal oxide by sol-gel method and deposited
on FTO-coated glass by using the physical vapor deposition
(PVD) apparatus. The WO,—Ag thin film was prepared by
deposition of Ag nanoparticles on the surface of WO, layer
and aneling process. The EC properties of the WO;—Ag
thin film were investigated by cyclic voltammetry (CV) to
illustrate reversible color changes and response time. More-
over, the result was compared with WOj thin film.

2 Experimental
2.1 Materials

Sodium tungstate (Na,WO,-2H,0), Ag nanoparticles pow-
der, lithium perchlorate, propylene carbonate (PC), hydro-
gen peroxide (35%), deionized water (DI), hydrochloric
acid, ethanol and acetone were purchased from Merck. The
FTO-coated glass was purchased and cut into small pieces
with the size of 2x0.9 cm?.

2.2 Instruments

Deposition of the thin films was done by PVD Appara-
tus (Meca 2000, France) that equipped with thickness
gauge and operated in 107 torr. CV analyses were done
by using the potentiostat/galvanostat Autolab (Nova
software model PGSTAT 302N, Metrohm, Netherlands)
coupled with a personal computer. CV was measured in
0.5 M LiClO, in propylene carbonate solution that the
FTO-coated glass slide was used as the working electrode
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and a thin foil of platinum and Ag/AgCl (KCI saturated)
were used as counter and reference electrodes, respec-
tively. The FTIR spectra of the samples were measured
in the range 400-4000 cm™! by an infrared spectrometer
(Bruker, Tensor27 model). The structural characteriza-
tion of the samples was investigated using a GBC MMA
XRD with Cu-Ka radiation (A=1.54056 A) operated at
35 kV in the 20 range of 5-85 nm with a step of 0.04 nm.
The morphology of the thin film was characterized by a
field emission scanning electron microscopy (FESEM,
model MIRA3 TESCAN, operated at 15 kV) and an
atomic force microscopy (AFM, model: AP 0100, Park
Scientific Instruments). Element identification results
were obtained by energy disperse X-ray spectroscopy
(EDX). The optical properties of the films were inves-
tigated by UV-Vis spectrophotometer (Shimadzu 210
spectrophotometer).

2.3 Syntheses of WO; particles

0.1 M of Sodium tungstate was prepared by dissolving
adequate amount of Sodium tungstate in deionized water
containing 35% H,0, and was stirred for 20 min at room
temperature. The amount of H,0, was set as a molar ratio
of 1:4 (W/H,0,). Since tungsten oxide (WO;) synthesis
is carried out under acidic conditions and to progress
reactions, Nitric acid was added drop wise to adjust the
pH value of the solution to 2 [4]. The mixture was kept
stirring until a clear pure yellow solution formed. After
stirring, a clear pure yellow yields a pale yellow settle-
ment. In the resulting pale yellow yields was filtered,
washed with deionized water and dried at 150 °C for 2 h
to get WO; powder.
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Fig. 1 The curves of current and deposition rate versus time in depo-
sition process



J Mater Sci: Mater Electron (2017) 28:14855-14863

14857

100
90
80
70
60
X 50
= L
40
30
20 720 cm™L
10
0 " 1 " 1 " 1 " 1 " 1 " 1 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™
Fig. 2 FTIR spectrum of WO; synthesized powder
—— WO, -200°C
(200)
——WO,-400°C
(100) —— WO, -500°C
(001)
(002)
~ 1)Eoy;e [T “on
& [
2
2]
g \L
e N W TN Y
10 20 30 40 50 60 70 80
26 / degree

Fig. 3 XRD patterns of WO; synthesized powder between 5° and
85° at different annelid temperatures

2.4 Preparation of WO;—-Ag nanocomposite thin film

WO; synthesized powder was deposited on the FTO-
coated glass substrates (resistance 28-34 Q/cm?) using
PVD method. Firstly, the FTO-coated glass was cleaned
with common detergent and water, HCI 0.1 M, ethanol
and finally acetone for 10 min in the ultrasonic bath and
at room temperature, respectively. The partial of the FTO
was masked as a conducting electrode until during the
deposition of WO, and Ag powders was protected. Ade-
quate amount of WO; powder was added into tungsten
boat and due to Fig. 1 by increasing the step by step of
current, the rate of deposition was fixed at 0.3 Alsec. In
the deposition process, the thickness and the rate of depo-
sition was monitored by digital thickness display monitor.
After the 165 min, the thickness of the film was increased
to 315 nm. In the next process, Ag nanoparticles powder
as a dopant was used by PVD method. In this process,
deposition was continued with deposition rate of 0.1 A/
sec for one minute. The annelid process to crevasse the
Ag nanoparticles was applied for 1 min and at 375 °C.

3 Results and discussion
3.1 Structural studies

WOj; synthesized powder was annelid at 200, 400, 500°C
for 1 h. FTIR spectra of the samples show in Fig. 2. FTIR
spectra exhibit characteristic vibrations of WO; particles
in the range 400-4000 cm~'. The bands at 941, 816 and
720 cm™! are attributed to the O-W-O stretching mode
in WO; [18-22]. Figure 3 shows the XRD patterns of
WO; synthesized powder between 5 and 85 nm at differ-
ent annelid temperatures. All the diffraction peaks indicate
the monoclinic phase of WO;. The mean crystalline size
(nm), full with at half maximum of peaks (FWHM) and

Table 1 Information about size, FWHM and integral breadth of XRD major peaks

Peak 300°C 400°C 500°C
Size (nm) FWHM Integral breadth Size (nm) FWHM Integral breadth Size (nm) FWHM Integral breadth

(100) 11 0.840 1.204 27 0.330 0.524 35 0.253 0.388
(001) 20 0.461 0.706 22 0.410 0.487 33 0.233 0.369
(200) 23 0.210 0.308 27 0.342 0.433 56 0.162 0.243
(111) 33 0.279 0.497 34 0.270 0.426 33 0.282 0.479
(201) 16 1.638 1.299 41 0.227 0.401 39 0.316 0.510
3000 - - - 31 0.304 0.530 39 0.332 0.591
(002) 28 0.349 0.605 37 0.258 0.330 68 0.141 0.245
(220) 24 0.398 0.423 24 0.409 0.462 27 0.648 0.406
401 - - - 50 0.208 0.315 51 0.203 0.318
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Fig. 4 Cyclic voltammogram of WOj; (red line) and WO5;-Ag (blue
line) thin films in a 0.5 M solution of LiClO,-PC. (Color figure
online)

integral breadth measured using X-powder software based
on Scherrer’s formula (Eq. 2) reported in Table 1 [23],

p= K& 2)
BcosO

where D is the mean crystalline size, K is the shape factor
(K~0.9), A is the wavelength of the X-ray (A=1.54056 A),
0 is Bragg diffraction angle and f is the broadening of the
diffraction peak measured at FWHM.
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Fig. 5 FESEM images of a WO; thin film and b WO;—Ag thin film
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3.2 CV studies

Figure 4 exhibits the CV curves of the WO; and WO;-Ag
thin films in 0.5 M LiClO,-PC solution in the potential
region from —1.0 to +1.0 V (vs. Ag/AgCl) at scan rate of
50 mV/s. It compares the presence of Ag nanoparticles that
are decorated in this method. The WO; thin film exhib-
its the oxidation broad peak at —0.3 V and the reduction
broad peak due to the intercalation process of Li* into and
the deintercalation of Li* out from the WOj; thin film. On
the other hand, the WO;—Ag thin film shows the oxidation
broad peak at —0.15 V that is happened farther. Further-
more, the WO;—Ag thin film has excellent conductivity at
positive and negative potentials. It means that the Ag nano-
particles increase the current in this process and it causes
better electrochromic inhabitation.

3.3 Morphology studies

The morphologies of the WO, and WO,;—Ag thin films are
characterized using FESEM and AFM. Figure 3 displays
the FESEM and EDX images of WO; and WO;-Ag thin
films. It can be seen that the WO; thin film is consisted of
uniform particles with cleft surface (Fig. 5a). The cleft sur-
face of WOj; thin film is suitable to penetrate of the other
nanomaterials such as Ag nanoparticles into its surface.
Figure 5b exhibits the WO;—Ag thin film. It shows that
the structure of the surface is changed after deposition of
Ag nanoparticles and annelid process. Figure 6 shows the
graph of X-Map of Ag and tungsten nanoparticles on the

MIRA3 TESCAN

->|‘|M| -

200 nm

WD: 4.89 mm
Det: InBeam SE

SEM HV: 5.0 kV

RMRC



J Mater Sci: Mater Electron (2017) 28:14855-14863

14859

surface of WO;—Ag thin film. In these pictures, the sprawl
distribution of present particles can be seen on the surface
of WO;—Ag thin film. Figure 7 shows the EDX of differ-
ent samples which confirm the presence of fundamental
elements for each sample. In Fig. 7a, two fundamental
elements of WOj; thin film and in Fig. 7b three fundamen-
tal elements of WO;—-Ag thin film can be observed. The
weight and atomic percentages of elements in structures of
the WO; and WO;—Ag thin films are reported in Table 2.
Figure 8 shows the AFM images of WO; and WO;-Ag
thin films. In the Fig. 8a can be seen that the morphol-
ogy of the WO; surface has an approximate roughness

Name =Grid AgLa HT150kV 1.212nA

about 16 nm and Fig. 8b shows that surface morphology
of WO;—Ag thin film has roughness about 29 nm. These
surface morphologies help to electrochromic performance
because of the thin film surface can be operated better in
beside of electrolyte.

3.4 EC properties

The transmittance of the prepared thin films changes at dif-
ferent applied DC voltage from —1.0 to +1.0 V. The vis-
ible transmittance spectra of the WO; and WO;—Ag thin
films under different DC voltage were recorded in Fig. 9.

"Name =Grid W La HT150kV 1212nA

Fig. 6 The X-Map graph of Ag and W nanoparticles on the surface of WO;—Ag thin film
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Table 2 The detailed structures of the WO; and WO;—Ag thin films

Sample Element W% A%

WO, (6} 18.07 71.70
w 81.93 28.30

WO;-Ag (6} 23.42 77.44
W 73.99 21.29
Ag 2.59 1.27

Figure 9 shows and compares the visible transmittance
spectrum of WO; and WO;—Ag thin films at two applied
DC voltages, the first in bleach state at +1.0 V and the sec-
ond in colored state at —1.0 V. The maximum value of the
optical transmittance of the WO, thin film in bleached state
is 78.93% at 632.8 nm while the minimum value of the
optical transmittance in colored state is 43.47% in the same
wavelength. So, the difference of transmittance (AT %) for
WO; thin film is equal to 35.46% at 632.8 nm. The visi-
ble transmittance of the WO;—Ag thin film decreases from
80.74 to 41.09% at 632.8 nm when the applied DC voltage
decreases from +1.0 to —1.0 V. So, the maximum differ-
ence of transmittance for this thin film is equal to 39.65%
at 632.8 nm that is higher than the maximum difference of

5.0 nm/div

transmittance for WOj; thin film. These values are reported
in Table 3, briefly.

The coloration switching response is a very predomi-
nant parameter for EC materials. The switching time is
computed as the time required for 90% change in the full
transmittance modulation at 632.8 nm. Figures 10 and 11
show the current transient response and corresponding
switching curves at 632.8 nm for WO; and WO;-Ag thin
films in 0.5 M LiCIO,-PC electrolyte. For the WO;—-Ag
thin film, the DC voltage steps was applied from —1.0 to
+1.0 V and subsequently, the response time for bleached
and colored states are calculated as 5.3 and 4.4 s, respec-
tively, which are faster than those of the WO3 thin film
(6.9 and 5.3 s). Figure 11 shows the current transient
density through the electrochromic film at a consecutive
switching in 30 s that it start in about 3 ms for nano-
composite thin film (WO;-Ag) and it has a sharp drop
to zero after the first few seconds. Since 30 s we change
voltage from + to — that it makes the current transient
density change from + to — and vice versa. Also we can
compares the current densities of (WO;) and (WO;-Ag)
thin films at different sequential switching from +1.0 V
to —1.0 and from —1.0 to +1.0 V. As it can be seen, the
interchanged charge in WO5;—Ag thin film is less than

4.121m Histogram 16.5 nm
2.06 nm | Height: 16.5 nm | 18.5 nm
4000 | |
2000 | |
0 - T
0.0 10.0 20.0 nm

Fig. 8 AFM images of WO; and WO;—Ag thin films. Scan size is 3X3 pm
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Fig. 9 Visible transmittance spectra of WO; and WO;—Ag thin films
under different potentials from —1.0to +1.0 V

WO; thin film. It can be caused that CE of the thin film
is enhanced. CE that is important criterion for evaluating
EC materials, is extracted from the slope of the change

of optical density (AOD) between two favorable opti-
cal states at a certain wavelength versus corresponding
charge density inserted (or extracted) charge density (Q)
per unit area (A). It can be investigated according to the
Eqgs. 3 and 4 [18]:

CE = AOD/(Q/A) 3)

AOD(}) = 1og§ “)
TC

where T, and T), refer to the colored and bleached trans-
mittances of the EC film, respectively. Figure 12 shows
the alteration curved of optical density according to the
electric charge exchange from the electrolyte to the elec-
trochromic films [24]. Also the slope of the curves demon-
strates the amount of CE. As we can see, the plot of AOD
at 632.8 nm versus the charge density at coloration DC
voltage —1.0 V for WO; and WO;—Ag thin films. The CE
can be obtained as the slope of the line fitting the linear
region of the plot. The CE values of samples are calculated
to be 63.5 cm*C for WO, and 74.2 cm?/C for WO,-Ag
thin films.
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Table 3 Electrochromic

Sampl DC voltage steps/V T, /% T,/% AT/% CE/cm*C /
properties of WO, and WO - ample voltage steps. /% ] % o cm 7/s Tgls
Ag thin film in 0.5 M solution WO, +1.0 -1.0 4347 7893 3546 635 53 6.9
LICIO,-PC at 632.8 nm WOsAg  +1.0e-10 41.09 8074  39.65 74.2 44 53
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Fig. 10 Electrochromic responses at 632.8 nm for WO; thin film
(=1.0 to +1.0 V) and WO;-Ag thin film (=1.0 to +1.0 V) in 0.5 M
LiClO,4-PC electrolyte
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Fig. 11 The current curves versus time for WO; thin film (-1.0 to
+1.0 V) and WO;-Ag thin film (1.0 to +1.0 V) in 0.5 M LiCIO,-PC
electrolyte

4 Conclusions

The WO, particles have been successfully synthesized with
sol-gel method that crystalline size were estimated from
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Fig. 12 Variation of the in situ optical density (OD) versus charge
density for WO thin film and WO5;—Ag thin film

XRD which all the diffraction peaks indicate the mono-
clinic structure phase of WO; and it deposited on FTO-
coated glass substrate by PVD method. The WO;—Ag nano-
composite has been deposited on FTO by PVD method
and compered with pure WO; thin film in EC properties.
FESEM shows, thin films are consisted of uniform particles
and EDX images confirm the presence of fundamental ele-
ments for each sample. CV result shows the Ag nanopar-
ticles increase the current and it causes better EC inhabi-
tation. AFM confirms surface morphologies that WO;-Ag
nanocomposite can be operated better in beside of electro-
lyte. In the other hand, the composition of Ag nanoparticles
has improved some advantages and properties to the EC
film. First, the change of transmittance of WO;—Ag nano-
composite thin film at 632.8 nm has increased to 40.59%
at DC voltage steps —1.0 to +1.0 V in 0.5 M LiCIO,-PC
solution. Second, the response time of WO;—Ag thin film
for bleached states has decreased from 11 to 8.9 s and for
colored states decreased from 4.2 to 3.9 s at same DC volt-
age steps. Third, the CE of WO;—Ag nanocomposite thin
film at 632.8 nm increases to 74.2 cm®/C. At the end, we
can find out that, In this experimental work, we improve
three important applied EC‘s properties by dopant of Ag
nanoparticles on surface of WO; thin film: (change of
transmittance) that optimize 4-5%, (coloration efficiency)
that enhance 10.7 cm?/C and (switching response) for both
bleached and colored positions were amended.
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