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is paper concerns the microstructure of the anodic tungsten oxide (WO3) and its use in an electrochromic (EC) glass device.
When voltages between 100V and 160V were applied to tungsten �lm for 1 h under 0.4 wt. % NaF electrolyte, porous WO3 �lm
was formed. e �lm, which had a large surface area, was used as electrochromic �lm for EC glass. e average transmittance
in a visible region of the spectrum for a 144 cm2 EC device was above 75% in the bleached state and below 40% in the colored
state, respectively. Repeatability using of the colored/bleached cycles was tested good by a cyclic voltammograms method. e
internal impedance values under colored and bleached states were detected and simulated using an electrical impedance spectra
(EIS) technique. e EC glass impedance characteristics were simulated using resistors, capacitors, and Warburg impedance. e
ITO/WO3, WO3/electrolyte, electrolyte/NiO, and NiO/ITO interfaces can be simulated using a resistance capacitance (RC) parallel
circuits, and bulk materials such as the indium tin oxide (ITO) and conducting wire can be simulated by using a series of resisters.

1. Introduction

In recent years, the nanometer technological progress has led
to the creation of many special newmaterials.erefore now,
information photoelectricity, catalysis, and magnetism have
broader application domains because of nanotechnology.
For example, the tungsten oxide (WO3), which has rich
special physics and chemical properties, is widely treated as
electrochromic (EC) [1, 2].

According to a 2012 US department of energy (DOE)
report, windows contribute to about 40 percent of overall
building heating and cooling load with annual impact of
about 4.4 quads, and there is a potential to reduce lighting
impact by 1 quad through day lighting. e Environmental
Protection Agency says an average household spends over 40
percent of its annual energy budget on heating and cooling
costs. By 2020, industry leaders believe that windows will
become active parts of building climate, engineering, infor-
mation, and structural systems. Advanced electrochromic
(EC) technologies such as ECwindowswill darken in sunlight
without the use of an external control circuit. Such windows
would be ideal for applications such as car sunroofs. Accord-
ing to theNational Renewable Energy Laboratory (NREL), by

allowing control of daylighting and solar gain, electrochromic
windows have the potential to reduce annual US energy
consumption by several quadrillion (1015) Btus (quads). e
United States currently consumes a total of about 94 quads of
energy per year [3–5].

EC glass—also known as smart windows or switchable
windows—changes its light transmission properties when
voltage is applied. is type of window has “memory” and
does not need constant voltage once the change has been
initiated [6, 7]. e use of smart glass can allow control of
the amount of light and heat passing through and thus save
heating, air conditioning, and lighting costs. An EC device
is comprised of �ve layers: the working electrode, the ion
conducting layer, and the counter electrode are sandwiched
between two electronically conductive transparent electrodes
coated on glass. Critical aspects of smart glass include
installation costs, the use of electricity, durability, as well as
functional features such as the speed of control, possibilities
for dimming, and the degree of transparency of the glass [8–
10].

Tungsten trioxide (WO3) has been the most widely
used material in EC glass since its electrochromism was



2 Journal of Nanomaterials

Bottom cover

Up cover

Medium cover 

Counter electrode

Fixed column

Medium cover 

Working electrode

(a) (b)

F 1: Schematic diagram of anodizationmold: (a) counter electrode is �xed between top andmiddle cover, working electrode is between
middle and bottomcover, and the counter-working electrodes distance is adjusted by using a �xed column and (b) three-dimensional diagram.

�rst reported in 1969 [11, 12]. Tungsten oxide has a large
number of interstitial sites where guest ions can be inserted.
Tungsten trioxide in its fully occupied state is transparent,
but electrochemical reduction caused it to enter the EC
state [13]. Much work on improving the performance of
EC glass has been published. For example, Nagai et al. [14]
published a study about the durability of the EC glazing.
An all-solid-state structure can enhance the durability of EC
glazing by reducing thermal effect. Reisfeld [15] published
an EC glass fabrication technique involving mixing metal
oxide from sol-gel using colloidal solutions of tungstic acid.
e needed operational voltage was about ±1.3V, and the
number of cycles based on theoretical estimates was about
105∼106 cycles. ey noted that the rate of color change can
be accelerated by increasing the conductivity of the tin-doped
indium oxide (ITO) supporting glass. e blue coloration
of the mixed valence tungsten in the EC �lm prevents the
entry of solar light mainly in the UV and in a large part
of the visible spectrum. ey also mentioned that the effect
of blocking solar radiation can be achieved by adding a
fractional amount ofMoO3. Fang andEames [16] pointed out
the edge effect in EC windows. Even vacuum glazing small
sizes (0.4m × 0.4m), leading to the thermal conductance in
the central glazing region being 3.1% greater than the result,
was calculated using an analytic model that does not consider
edge effects. For larger sizes of vacuum glazing (1m2), the
variation between the central glazing heat transmittance
was calculated using �nite volume and analytic models is
0.4%. Also, they mentioned that high temperatures will both
damage the glazing system andmake the indoor environment
unbearable. e glass pane with the electrochromic layer
must in all installations face the outdoor environment [17–
21].

Transition metal oxides of WO3 have transparent and
semiconducting physical characteristics that make them
usable for electrochromic �lm in electrochromic glass. In

recent years WO3 thin �lm has been manufactured by using
an anodic oxidation process, purely using chemical solutions
and parameters as objects of study [22, 23]. NanoporousWO3
thin �lm should be able to cause hydrogen (H+) or lithium
(Li+) ions to bemore rapid in the reaction process that carries
on the proliferation, thereby increasing the color/bleach rate.
Large-scale development of electrochromic glass based on
porous �lms can potentially result in tremendous increase
color/bleach rate, extended durability, insulated heat transfer,
and energy savings. In addition, the production process
will be relatively environmentally friendly. e knowledge
generated by this research will signi�cantly advance research
in the area of the WO3 �lm fabrication and use �lm as
insulator and electrochromic �lm in electrochromic glass
applications.

In principle, electrochemical impedance spectroscopy
(EIS) measures a broad frequency range that can provide
information on the interfaces of electron transport and
charge transfer characteristics [24–29]. An analysis of electro-
chemical devices that describes electron transport and charge
recombination in nanoparticle and nanotube �lm has been
presented based on a transmission line model [30–33]. Kern
et al. [34] indicated that Nyquist plot characteristics in the
low-frequency range correspond to the electrolyte, while the
middle-frequency range re�ects the anode, and the high-
frequency range corresponds to the cathode. Hoshikawa [35]
also reported that the 𝜔𝜔1, 𝜔𝜔2, 𝜔𝜔3, and 𝜔𝜔4 semicircles were
attributable to electron transfer at the transparent conduction
oxide (TCO)/electron transport oxide (TiO2) interface, TiO2,
TiO2/electrolyte interface, and the diffusion impedance of
ions in the electrolyte, respectively. Labidi et al. [36] discussed
the EIS properties of surface morphology of WO3 thin
�lms which were prepared by RF sputtered, and, indicated
that e AC impedance spectroscopy is a powerful method
to understand the nature of conduction processes and the
mechanism of gas/solid interactions. e Nyquist response
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F 2: SEM images showing the porous structure on anodic tungsten oxide when tungsten was anodized in 0.4 wt.% NaF electrolyte, at
25∘C for 1 hr and voltages of (a) 20V, (b) 40V, (c) 60V, (d) 80V, (e) 100V, (f) 120V, (g) 140V, and (h) 160V were applied.
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F 3: Schematic diagram of electrochromic glass based on
porous WO3 and multilayered structure. (a) An under layer of
WO3 was �rst deposited on the ITO glass and then a metal W
�lm on the WO3, (b) metal W �lm was used to form a porous
WO3 of electrochromic �lm by anodization, and (c) the 144 cm2

electrochromic device includes aworking electrode (ITO,WO3), ion
conductor (electrolyte), and counter (Pt, NiO2, ITO).

dry air O3 decomposed, and the adsorption of oxygenmainly
affects the characteristics of the space charge region at the
WO3 grain boundaries.

Electrochromic glass has been developed since the 1970s
and especially since the 1990s. However, there are still some
aspects that could be improved such as the rate of color
change and the lifetime of the EC glasses. In this paper, we
use anodic porous WO3 as EC �lm. We also report results
from an EIS analysis that describes ohmic resistance, electron
transfer resistance, diffusion resistance, charge-transfer resis-
tance, contact capacitance, chemical capacitance, electrolysis
capacitance, and double-layer capacitance in porousWO3 EC
glass.

2. Experimental Procedures

2.1.WO3, W, NiO, and Pt Films Deposition. PorousWO3 EC
glass was fabricated on ITO glass as follows. (1) e WO3
thin �lm was deposited by RF magnetron sputtering using
a 4-inch tungsten metal target with a purity of 99.99%. A
mixture of argon and oxygen gasses with an Ar/O2 ratio of 3
was used for the deposition. Working pressure was set to 5 ×
10−3 Torr and sputtering power during deposition was 100W,
while the thickness of the �lm was about 50 nm. (2) Tungsten
(W) �lm was deposited by DC magnetron sputtering on
WO3. Working pressure (without O2) was set to 5 × 10−3 Torr
and sputtering power during deposition was 150W, while
the thickness of the �lm was about 100 nm. (3) NiO thin
�lm was deposited by RF magnetron sputtering using a 4-
inch nickel metal target with a purity of 99.99%. A mixture
of argon and oxygen gasses with an Ar/O2 ratio of 1 was
used for the deposition. Working pressure was set to 5 ×
10−3 Torr and sputtering power during deposition was 100W,
while the thickness of the �lmwas about 50 nm. (4) Platinum
(Pt) particles were deposited by DCmagnetron sputtering on
NiO. Working pressure (without O2) was set to 5 × 10−3 Torr
and sputtering power during deposition was 10W for 14 sec.

2.2. Porous WO3 Fabrication. e WO3 porous �lm was
made by anodization of tungsten �lm. According to the
tungsten Porubaix diagram [37] when tungsten in an ionic
containing electrolyte, for example, sodium �uoride (NaF)
solution and applied a voltage, the tungsten (W) can oxidize
to a porous tungsten oxide (WO3). e speci�c surface area
value of WO3 can further be tested by BET (Brunauer,
Emmett, Teller). Porous anodic tungsten oxide was fabricated
by anodizing tungsten �lm in an anodization mold (Figure
1). A Ti counter-electrode net was �xed between a top cover
and a middle cover, working tungsten �lm electrodes were
�xed between the middle cover and a bottom cover, and
the counter-working electrode distance was adjusted using
a �xed column. At the same time, the working electrode
and counter-electrode served, respectively, as the positive
and negative terminal for a DC power supply. A sample of
working and counter-electrodes was sandwiched in themold,
and a silicon rubber sheet was used to prevent electrolytic
leaking into the mold. e top, middle, and bottom covers
were fastened using threaded Te�on screws. Pressure was
applied to the Te�on tubes to keep the top cover and bottom
substrate in close contact. Finally, the working electrode
in the mold was anodized in 0.4 wt.% NaF electrolyte, and
voltage of 20V to 160V was applied for 1 h at 25∘C. However,
when the applied voltage is up to 160V, the partial of porous
WO3 �lm was destroyed.

2.3. Electrochromic Device. Electrochromic devices with a
con�guration consisting of glass/ITO/WO3/1M LiClO4-
PC/Pt-NiO/ITO/glass and a size of 144 cm2 were obtained
by assembling two pieces of coated glass as follows. e
two electrodes were assembled into a sandwich type cell
and sealed with a hot-melt �lm (S�1170, Solaronix, thick-
ness 0.1mm) between electrodes interface. Electrolyte was
injected into the space between the two electrodes with a
syringe to fabricate an EC glass device. e device was then
sealed with vacuum glue (Torr Seal) around electrodes and
the electrolyte injecting hole.

2.4. Characterization of Electrochromic Glass. e micro-
morphology of the porous WO3 �lm was examined using
a scanning electron microscope (SEM, JEOL 6500). e
optical transmission and re�ection spectra were recorded
using a UV-VIS-NIR optical photometer (JASCO V570)
with an integrating sphere (JASCO ISN-470) in the range
from 200 to 800 nm. e electrochromic properties were
characterized using cyclic voltammetry (CV) method with a
Zahner Impedance Measuring Unit (IM 6). Two electrodes
were used to perform electrochemical tests in 1M LiClO4
electrolyte in propylene carbonate solution. e internal
impedance was evaluated using electrochemical impedance
spectroscopy (EIS). e EIS measurements were carried
out with a Zahner Impedance Measuring Unit (IM 6).
Electrochemical measurements were carried out using two
electrode con�gurations: the glass/ITO/WO3/porous WO3
as working electrode and Pt-NiO/ITO electrode as counter-
electrode. Cell impedance measurements were recorded over
a frequency range of 3M to 5mHz with AC amplitude of
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F 4: Images of electrochromic glass devices and optical transmittance spectrum: (a) electrochromic glasswith transparent characteristics
in a bleached state, (b) electrochromic glass with blue translucent characteristic in a dyed state, and (c) the glass has transparency of 82% and
21.1% in bleached and dyed states.

10mV. e EIS data was analyzed by the equilibrium circuit
mold and �tted by Microso Excel programs.

3. Results and Discussion

3.1. Structure and Characterization of EC Device. Figure 2
shows SEM images of the porous structure on the anodic
tungsten oxide when tungsten was anodized in 0.4 wt.% NaF
electrolyte at 25∘C for 1 h and the following voltages were
applied: (a) 20V, (b) 40V, (c) 60V, (d) 80V, (e) 100V, (f)
120V, (g) 140V, and (h) 160V.eWO3 pore sizes increased
with the amount of voltage applied. When 20V was applied,
the WO3 �lm had an island structure but no pores formed.
When voltage was increased to between 40 and 80V, the
WO3 �lm was etched by �uorine ions (F−) to form partially
random porous WO3 �lm. Furthermore, when voltages were
increased to 100V∼160V, the pores in the WO3 widened to
form a more regular porous WO3 �lm.

Figure 3 shows a schematic diagram of EC glass using
porousWO3 and a multilayer structure. (a) An underlayer of
WO3 (50 nm) was �rst deposited on the ITO glass and then
metal W �lm was deposited on the WO3 (100 nm), (b) metal

W �lm was used to form porous WO3 electrochromic �lm
by anodization, and (c) the 144 cm2 electrochromic device
including a working electrode (ITO (200 nm), WO3), ion
conductor (electrolyte), and counter (Pt, NiO (50 nm), ITO).
Porous WO3 is transparent before absorbing hydroxylated
or lithiated materials. Aer voltage (−) is applied to WO3
electrochromic �lm, its color changes to blue. WO3 elec-
trochromic �lm can serve as an intercalation host for H+

and Li+. PorousWO3 �lm causes hydrogen (H+) and lithium
(Li+) ions to bemore rapid in the reaction process that carries
on the proliferation, increasing the color/bleach rate. e
reactions describing the intercalation/deintercalation of ionic
species can be represented as

WO3 + 𝑥𝑥H
+ + 𝑥𝑥e− ⟺WO3−𝑥𝑥(OH)𝑥𝑥 (1)

WO3 + 𝑥𝑥Li
+ + 𝑥𝑥e− ⟺ Li𝑥𝑥WO3 (2)

Figure 4 shows a photograph of the 144 cm2 EC glass
device. Figure 4(a) shows the as-prepared state and the
transparent state. When a voltage is applied to the device,
the active layer changes from transparent to the translucent
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F 5: Cyclic voltammetry of porous WO3 electrode performed between −3V and +3V with a scan rate of 50mV in 0.1M HClO4-PC
electrolyte: (a) 1 cycle and (b) 10, 100, and 1000 cycles.

T 2: Parameters determined by �tting the EIS experimental data
to the equivalent circuit shown in Figure 8.

Elements Bleached Dyed
𝑅𝑅0 (ohm) 6.29 6.25
𝑅𝑅1 (ohm) 1.2 1.1
𝑅𝑅2 (ohm) 0.5 0.65
𝑅𝑅3 (ohm) 110000 120000
𝑅𝑅4 (ohm) 1 1.7
𝑅𝑅5 (ohm) 7 45
𝐶𝐶1 (𝜇𝜇F) 80 350
𝐶𝐶2 (𝜇𝜇F) 900 420
𝐶𝐶3 (𝜇𝜇F) 1200 3000
𝐶𝐶4 (𝜇𝜇F) 1500 3800
𝐶𝐶5 (𝜇𝜇F) 1100 2800

blue color associated with WO3 reduction and simultaneous
Li+ insertion, as shown in Figure 4(b). Inversion of the
applied voltage results in WO3 oxidation and the device
returns to its initial transparent state. e coloring voltage
used in the EC glass was ±1.5V over 30 sec. e optical
transmittance characterization of the device in the wave-
length range 400–800 nm is shown in Figure 4(c).e average
transmittance in the visible region of the spectrumwas above
75% in the bleached state and below 40% in the colored state,
respectively. e cyclic voltammograms of porous WO3 �lm
are shown in Figure 5(a). e scan rate of measurements was
50mV/s in the −4V and +4V ranges. It is known that elec-
trochromic �lm is colored by charge in�ection (WO3+𝑥𝑥(Li

++

e−) → Li𝑥𝑥WO3), and a part of this charge was extracted
(Li𝑥𝑥WO3 → WO3 + 𝑥𝑥(Li+ + e−)) during the subsequent
bleaching process. Repeating the colored/bleached cycles, as
shown in Figure 5(b), demonstrated good electrochemical
stability as Li+ ion can be almost inserted and extracted
reversibly in the 10, 100, and 1000 cycle tests.

3.2. Internal Impedance Detection Using EIS Molding and
Fitting. Figure 6(a) shows the EIS measured data of EC glass
under dyed (■) and bleached (□) states.e Bode plot curves
show that both bleached and dyed EC glasses have impedance
values between 100 and 101 ohms in high-frequency ranges
(from 102 to 106Hz). Furthermore, they have impedance
values between 101 and 105 ohms in low-frequency ranges
(from 102 to 10−4Hz). Because the working and counter-
electrodes consist of ITO, Pt particles, and WO3, and NiO
semiconductor �lms, the electrodes have low impedance. On
the other hand, the electrolyte is composed of 1M LiClO4 in
propylene carbonate, which has high impedance. erefore,
the impedance in high- and low- frequency ranges is repre-
sented by the electrodes and electrolyte characterizations in
the Bode plot. e Nyquist plots also show that the EC glass
had higher impedance in a bleached state than in a dyed state
in wide frequency ranges, as shown in Figure 6(b), and in
high- frequency ranges, as shown in Figure 6(c).

An EC glass circuit, shown in Figure 7(a), was con-
structed based on the EC glass structure. In this circuit,
the ohmic impedance includes ITO resistance (𝑅𝑅01, 𝑅𝑅03)
and transport wire resistance (𝑅𝑅02). e working parts
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F 6: AC impedance curves of porous WO3 electrode from electrochromic glass under dyed (■) and bleached (□) states: (a) bode plot,
(b) Nyquist plot, and (c) Nyquist plot in a high-frequency range.

of the ITO/WO3 and WO3/electrolyte interfaces are pre-
sented as 𝐶𝐶1//𝑅𝑅1 and 𝐶𝐶2//𝑅𝑅2. e electrolyte is presented
as 𝐶𝐶3/(𝑅𝑅3 + 𝑊𝑊). e counterparts of the NiO/electrolyte
and ITO/NiO interfaces are presented as 𝐶𝐶4//𝑅𝑅4 and 𝐶𝐶5//𝑅𝑅5.
e equilibrium circuit, including a series circuit of working
electrode, electrolyte, and counter electrode are shown in
Figure 7(b). In order to present semicircles and simplify
the mathematical operations analysis in each working, elec-
trolyte, and counterpart, the equivalent circuit is portrayed
separately in Figure 7(c). Figure 8 shows the experimental
(O) and �tted (�) data for the EG glass impedance under
(a) dyed and (b) bleached conditions� the inset �gures are
the Nyquist plots in high-frequency ranges. Figure 9 shows

the equilibrium circuit and simulation plot of EG glass (a)
working (𝐶𝐶1//𝑅𝑅1+(𝐶𝐶2//𝑅𝑅2)), (b) electrolyte (𝐶𝐶3//(𝑅𝑅3 + 𝑊𝑊),
(c) electrolyte/counter (𝐶𝐶4//𝑅𝑅4), and (d) counter (𝐶𝐶4//𝑅𝑅4)
impedances in the bleached state. Also, (e), (f), (g), and (h)
show the EG glass impedances in the dyed state. e detail
equilibrium circuits andmathematical results were in Table 1
and the appendix.

Based on the equilibrium circuit model in Figure 7, the
EIS data in Figure 8, and the speared circuit model in Figure
9, the �tted results are in Table 2.e ohmic resistance (𝑅𝑅0) is
independent of dyed/bleached states.e values of𝑅𝑅0 (6.25 to
6.29Ω) can be observed at the start point on the Nyquist plot.
e resistance between ITO and WO3 is called the contact
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F 7: Schematic diagramof (a) porousWO3 EC glass structure that can be simulated by using resister, capacitor, andWarburg impedance.
Each interface of ITO/WO3, WO3/electrolyte, electrolyte/NiO, and NiO/ITO can be simulated using a RC parallel circuit, and bulk material
such as ITO and conducting wire can be simulated by a series of resistors. (b) and (c) Equivalent circuit used for modeling the EIS of EC glass.
e impedance of the bulkmatter is simulated by𝑅𝑅0 = 𝑅𝑅01+𝑅𝑅02+𝑅𝑅03, the impedance of working electrode is simulated by (𝐶𝐶1//𝑅𝑅1+(𝐶𝐶2//𝑅𝑅2)),
the electrolyte is simulated by 𝐶𝐶3//(𝑅𝑅3 +𝑊𝑊), and the counter electrode is simulated by (𝐶𝐶4//𝑅𝑅4) +(𝐶𝐶5//𝑅𝑅5).

resistance (𝑅𝑅1). Lower 𝑅𝑅1 (1.2 and 1.1Ω) was observed
in the presence of a good contact between the ITO and
WO3.e other resistances–electron transfer resistance (𝑅𝑅2),
diffusion resistance (𝑅𝑅3), charge-transfer resistance (𝑅𝑅4), and
contact resistance (𝑅𝑅5)–re�ect the working, electrolyte, and

counter resistances. When the EC glass is dyed, the Li+ and
H+ ions dope to WO3 �lm and the concentrations of Li+
and H+ ions in the electrolyte are reduced. erefore, the
electrodes/electrolyte and bulk electrolyte interfaces of 𝑅𝑅2,
𝑅𝑅4, and 𝑅𝑅3 have higher resistances in the dyed (0.65, 1.7, and
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F 8: Experimental (○) and �tted (—) data for EC glass under (a) dyed and (b) bleached states; inset �gures are Nyquist plots in high
frequency ranges.

120000Ω) than in the bleached (0.5, 1.0, and 110000Ω) state.
In contrast, when Li+ ions move back to the electrolyte and
dope to NiO �lm,𝑅𝑅5 has higher resistance in bleached (45Ω)
than in dyed (7Ω) states.

e capacitance re�ects the characteristic of charge quan-
tity on matter interface. Since a resistance and capacitor par-
allel (𝑅𝑅//𝐶𝐶) circuit can present a semicircle on a Nyquist plot,
expressedmathematically, the imaginary value is [𝜔𝜔𝑅𝑅2𝐶𝐶𝐶𝐶𝐶+
𝐶𝜔𝜔𝑅𝑅𝐶𝐶𝜔2𝜔], where 𝜔𝜔 is angular frequency, 𝑅𝑅 is resistance,
and 𝐶𝐶 is capacitor. When 𝐶 + 𝐶𝜔𝜔𝑅𝑅𝐶𝐶𝜔2 tends to zero, the
imaginary has a larger value; therefore the highest point on
the semicircle can be evaluated as 𝜔𝜔 𝜔 𝐶𝐶𝑅𝑅𝐶𝐶. ere are clear
semicircles of electrolysis impedance shown in the simulation
results in Figure 9, except in Figures 9(b) and 9(c). Because
the resistances refer to the length of the diameter of the
semicircle, the electrolysis capacitances can be calculated by
𝐶𝐶 𝜔 𝐶𝐶𝜔𝜔peak𝑅𝑅, where𝜔𝜔peak is the angular frequency at the top
of the semicircle.

e contact capacitance (𝐶𝐶𝐶) re�ects the charge transfer
between the ITO and WO3 interface. Charges (Li+) trans-
ferring from WO3 to ITO in EC glass have a higher 𝐶𝐶𝐶 in
the colored (350 𝜇𝜇F) than that in the bleached (80 𝜇𝜇F) state.
e chemical capacitance (𝐶𝐶2) re�ects the charges in the
WO3 and electrolyte interface. EC glass has a lower 𝐶𝐶2 in the
colored (900 𝜇𝜇F) than in the bleached (420 𝜇𝜇F) state. When
EC glass is bleached, most of the charges move back to the
bulk electrolyte and there is a greater quantity of charges on
the WO3/electrolyte interface than that in the colored state.
Because the electrolyte (1MLiClO4+PC) used in the EC glass
has low conductivity, a Warburg impedance characteristic
can be observed in Nyquist plot. A Warburg impedance ele-
ment can be used to model semi-in�nite linear diffusion.e
equilibrium circuit of a low conductivity electrolyte includes
a capacitor (𝐶𝐶3) series to parallel elements (𝑅𝑅3//𝑊𝑊) where𝑊𝑊
is Warburg impedance (2𝜎𝜎2/𝑗𝑗𝜔𝜔; 𝜎𝜎 is Warburg constant. e
electrolyte capacitance (𝐶𝐶3) re�ects the capacitance effect in
electrolyte. Because charges move back to the electrolyte, the

EC glass has a lower C3 in the colored (1200 𝜇𝜇F) than in the
bleached (3000 𝜇𝜇F) state.

e double-layer capacitance (𝐶𝐶4) re�ects the elec-
trolyte/counter interface and also re�ects the surface area of
Pt on the NiO. It is expected that Pt sputter deposition on
the counter electrode increases the surface area of the counter
and, consequently, promotes the separated LiClO4 into Li+
and ClO−

4 . Because ClO
−
4 moves to the counter surface in the

colored state, the EC glass has a higher 𝐶𝐶4 in the colored
(3800 𝜇𝜇F) than in the bleached (1500 𝜇𝜇F) state. e contact
capacitance (𝐶𝐶5) re�ects charge transfer at the ITO and NiO
interface. Because charges (ClO−

4 ) transfer from NiO to ITO,
the EC glass has a higher 𝐶𝐶5 in the colored (2800 𝜇𝜇F) than in
the bleached (1100𝜇𝜇F) state.

e impedance spectra of the porous WO3 EC glass
showed internal resistance consisting of at least thirteen
components. It was found that the resistances of the ITO (𝑅𝑅0𝐶
and 𝑅𝑅03) and the transport wire (𝑅𝑅02) appeared as ohmic
impedance. e ohmic impedance value was not affected
by colored/bleached states. e other resistances—electron
transfer resistance (𝑅𝑅𝐶, 𝑅𝑅2, and 𝑅𝑅5), diffusion resistance
(𝑅𝑅3), and charge-transfer resistance (𝑅𝑅4)—as the internal
resistances were affected by colored/bleached states that are
determinative in the performance of EC glass. e interface
capacitances of contact capacitance (𝐶𝐶𝐶 and 𝐶𝐶5), chemical
capacitance (𝐶𝐶2), electrolysis capacitance (𝐶𝐶3), and double-
layer capacitance (𝐶𝐶4) are determinative in the performance
of charges on the interfaces.

4. Conclusions

A 144 cm2 electrochromic device was fabricated using ITOs,
NiO, porous WO3 �lm, and Pt particles. e characteristics
of the EC glass were determined using UV-VIS-NIR, CV, and
EIS equipments. e average transmittance in the colored
and bleached states was 15.7% and 60.2%, respectively.
e repeatability of the colored/bleached cycles over 1000
cyclic voltammograms tests was good. In EIS analysis, the
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F 9: Nyquist plots and simulated circuits in EC glass of working electrode (a, e), electrolyte (b, f), and counter electrode (c, d, g, h) under
dyed (a, b, c, d) and bleached (e, f, g, h) states.
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ohmic impedance (𝑅𝑅0) value was about 6.3Ω. e other
resistances—electrodes/electrolyte and electrolyte interfaces
(𝑅𝑅2, 𝑅𝑅4, and 𝑅𝑅3)—have higher resistances in colored (Li+
ions move to WO3) than in bleached (Li+ ions move back
to electrolyte and NiO) states. In contrast, 𝑅𝑅5 has higher
resistance in the bleached than in the dyed state. e contact
capacitance (𝐶𝐶1 and 𝐶𝐶5), electrolysis capacitance (𝐶𝐶3), and
double-layer capacitance (𝐶𝐶4) all have higher values in
the colored than in the bleached state, but the chemical
capacitance (𝐶𝐶2) is the opposite.

We have shown that anodic WO3 can be used as elec-
trochromic �lm in EC glass. e fabrication process can be
extended to TiO2 and Ta2O5, which are electrochromic and
solid charge conductive �lms.Adetailed study of porous �lms
used for EC glass using anodization will be described in a
future paper.

Appendix

(1) (𝐶𝐶𝐶𝐶𝑅𝑅). See also Figure 10
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(2) {𝐶𝐶1𝐶𝐶[𝑅𝑅1 + (𝐶𝐶2𝐶𝐶𝑅𝑅2)]}. See also Figure 11
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+ 𝑗𝑗𝑗𝑗2𝑅𝑅1𝑅𝑅2 × 1 − 𝑗𝑗2𝑗𝑗1𝑗𝑗2𝑅𝑅1𝑅𝑅2

× 1 − 𝑗𝑗2𝑗𝑗1𝑗𝑗2𝑅𝑅1𝑅𝑅2
2

+𝑗𝑗𝑗𝑗2𝑅𝑅2 + 𝑗𝑗𝑗𝑗1𝑅𝑅2 + 𝑗𝑗𝑗𝑗1𝑅𝑅1
2

−1

𝑍𝑍RE = 𝑅𝑅2 + 𝑅𝑅1 × 1 − 𝑗𝑗2𝑗𝑗1𝑗𝑗2𝑅𝑅1𝑅𝑅2 + 𝑗𝑗𝑗𝑗2𝑅𝑅1𝑅𝑅2

× 𝑗𝑗𝑗𝑗2𝑅𝑅2 + 𝑗𝑗𝑗𝑗1𝑅𝑅2 + 𝑗𝑗𝑗𝑗1𝑅𝑅1 

× 1 − 𝑗𝑗2𝑗𝑗1𝑗𝑗2𝑅𝑅1𝑅𝑅2
2

+𝑗𝑗𝑗𝑗2𝑅𝑅2 + 𝑗𝑗𝑗𝑗1𝑅𝑅2 + 𝑗𝑗𝑗𝑗1𝑅𝑅1
2

−1

𝑍𝑍𝐼𝐼𝐼𝐼 = 𝑗𝑗𝑗𝑗2𝑅𝑅1𝑅𝑅2 × 1 − 𝑗𝑗2𝑗𝑗1𝑗𝑗2𝑅𝑅1𝑅𝑅2

− 𝑅𝑅2 + 𝑅𝑅1 × 𝑗𝑗𝑗𝑗2𝑅𝑅2 + 𝑗𝑗𝑗𝑗1𝑅𝑅2 + 𝑗𝑗𝑗𝑗1𝑅𝑅1 

× 1 − 𝑗𝑗2𝑗𝑗1𝑗𝑗2𝑅𝑅1𝑅𝑅2
2

+𝑗𝑗𝑗𝑗2𝑅𝑅2 + 𝑗𝑗𝑗𝑗1𝑅𝑅2 + 𝑗𝑗𝑗𝑗1𝑅𝑅1
2

−1
.

(A.2)

(3) [𝑗𝑗3//(𝑊𝑊 + 𝑅𝑅3)]. See also Figure 12


1

𝑗𝑗𝑗𝑗𝑗𝑗3
× 𝑅𝑅3 +

2𝜎𝜎2

𝑗𝑗𝑗𝑗


× 
1

𝑗𝑗𝑗𝑗𝑗𝑗3
+ 𝑅𝑅3 +

2𝜎𝜎2

𝑗𝑗𝑗𝑗


−1

= 
1

𝑗𝑗𝑗𝑗𝑗𝑗3
×
𝑗𝑗𝑗𝑗𝑅𝑅3 + 2𝜎𝜎2

𝑗𝑗𝑗𝑗


× 
1

𝑗𝑗𝑗𝑗𝑗𝑗3
+
𝑗𝑗𝑗𝑗𝑅𝑅3 + 2𝜎𝜎2

𝑗𝑗𝑗𝑗

−1

= 
𝑗𝑗𝑗𝑗𝑅𝑅3 + 2𝜎𝜎2

𝑗𝑗2𝑗𝑗3


× 
𝑗𝑗𝑗𝑗 − 𝑗𝑗2𝑗𝑗3𝑅𝑅3 + 2𝑗𝑗𝑗𝑗𝑗𝑗3𝜎𝜎

2

𝑗𝑗2𝑗𝑗3

−1

= − 𝑗𝑗𝑗𝑗𝑅𝑅3 + 2𝜎𝜎2 × 𝑗𝑗2𝑗𝑗3𝑅𝑅3 + 𝑗𝑗 𝑗𝑗 + 2𝑗𝑗𝑗𝑗3𝜎𝜎
2

× 𝑗𝑗2𝑗𝑗3𝑅𝑅3 − 𝑗𝑗 𝑗𝑗 + 2𝑗𝑗𝑗𝑗3𝜎𝜎
2

× 𝑗𝑗2𝑗𝑗3𝑅𝑅3 + 𝑗𝑗 𝑗𝑗 + 2𝑗𝑗𝑗𝑗3𝜎𝜎
2

−1

= − 𝑗𝑗𝑗𝑗3𝑅𝑅2
3𝑗𝑗3 − 𝑗𝑗2𝑅𝑅3 + 𝑗𝑗2𝑗𝑗2𝑅𝑅3𝑗𝑗3𝜎𝜎

2

+2𝜎𝜎2𝑗𝑗2𝑗𝑗3𝑅𝑅3 + 𝑗𝑗2𝑗𝑗𝜎𝜎2 + 𝑗𝑗𝑗𝑗𝑗𝑗𝑗3𝜎𝜎
𝑗

× 𝑗𝑗𝑗𝑗𝑗2
3𝑅𝑅

2
3 + 𝑗𝑗2 + 𝑗𝑗𝑗2𝑗𝑗2

3𝜎𝜎
𝑗 + 𝑗𝑗𝑗2𝑗𝑗3𝜎𝜎

2
−1

𝑍𝑍RE =
𝑗𝑗2𝑅𝑅3 − 2𝜎𝜎2𝑗𝑗2𝑗𝑗3𝑅𝑅3

𝑗𝑗𝑗𝑗𝑗2
3𝑅𝑅2

3 + 𝑗𝑗2 + 𝑗𝑗𝑗2𝑗𝑗2
3𝜎𝜎𝑗 + 𝑗𝑗𝑗2𝑗𝑗3𝜎𝜎2

𝑍𝑍IM = −
𝑗𝑗3𝑅𝑅2

3𝑗𝑗3 + 2𝑗𝑗2𝑅𝑅3𝑗𝑗3𝜎𝜎
2 + 2𝑗𝑗𝜎𝜎2 + 𝑗𝑗𝑗𝑗𝑗3𝜎𝜎

𝑗

𝑗𝑗𝑗𝑗𝑗2
3𝑅𝑅2

3 + 𝑗𝑗2 + 𝑗𝑗𝑗2𝑗𝑗2
3𝜎𝜎𝑗 + 𝑗𝑗𝑗2𝑗𝑗3𝜎𝜎2

.

(A.3)
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