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Abstract

Electrochromic windows based on di�erent combinations of the electrochromic materials polyaniline (PANI),
Prussian Blue (PB) and tungsten oxide (WO3), with the solid state polymer electrolyte poly(2-acrylamido-2-methyl-
propane-sulphonic acid) (PAMPS) as an ionic conductor, have been studied. These windows show a large
transmission regulation both in the visible and in the near infrared wavelength region. Integrated over the solar
spectrum, wind\ws with PB deposited on top of PANI, with WO3 as a complementary coating, are typically able to
regulate as much as 50% of the total solar radiation. The relationship between light absorption and charge
extraction in electrochromic windows has been studied. The windows are coloured by applying a potential, which is
then switched o�, and the discharge process is followed by continuously measuring the light absorption and the
charge extraction through a connected resistor. From the resulting linear relationship between the absorption and
charge extraction, the overall absorption coe�cient may be calculated.

1. Introduction

Dynamic sun radiation control in windows may be
achieved by use of electrochromic windows, called
`smart windows' [1±3], which change colour with
applied voltage. It is essential to regulate the whole
solar spectrum (300±3000 nm), that is, both the ultra-
violet (u.v., 300±400 nm), the visible (vis., 400±700 nm)
and the near infrared (n.i.r., 700±3000 nm) region
should be su�ciently regulable. It should be noted
that almost half of the solar energy lies in the n.i.r.
region [2±7].
Commercial applications of electrochromic materials

already exist in the form of car mirrors (e.g., Gentex [8]),
and the following years will probably extend these
applications to larger areas such as sun roofs in cars and
windows in buildings. Electrochromic windows may
easily handle seasonal ¯uctuations, For example, let
sunlight into the buildings during winter and shut o�
sunlight from entering the buildings during summer.
Visible colour changes may also be exploited in an
architectural way (i.e.,`fancy windows' [9]).
With electrochromic windows based on polyaniline

(PANI), Prussian Blue (PB) and tungsten oxide (WO3)
we have been able to typically regulate as much as 50%
of the total solar energy [9±11]. In this work we are
investigating the relationship between light absorption
and electric charge extraction in these windows.

2. Experimental details

Two electrochromic windows, denoted D1 (PANI||
WO3) and D2 (PANI|PB||WO3), which may be written
on the sandwich form as glassjITOjPANIjPAMPSj
WO3jITOjglass and glassjITOjPANIjPBjPAMPSjWO3j
ITOjglass, respectively, have been fabricated. PAMPS
denotes the solid polymer electrolyte poly(2-acrylamido-
2-methyl-propane-sulphonic acid) and ITO denotes the
transparent conductor indium-tin oxide. D1 and D2 are
identical except for the PB layer in D2.
The polyaniline ®lms were deposited electrochemically

at a constant current of 0.015 mA cmÿ2 for 2000 s on
ITO glass plates (90 X (ÿ1) from aqueous solutions of
aniline in sulphuric acid (0.02 M aniline and 0.5 M

H2SO4). The Prussian Blue ®lm was thereafter depos-
ited onto one of the PANI coatings (for D2) by
applying a constant current of ÿ0:0031 mA cmÿ2 for
1500 s in an electrolyte consisting of 0.5 M KHSO4,
0.001 M K3[Fe(CN)6] and 0.001 M Fe2(SO4)3. The
electrolyte for the tungsten oxide formation was pre-
pared by dissolving 4.52 g of tungsten in 60 ml 30%
hydrogen peroxide, and diluting with distilled water to a
total volume of 500 ml, thus giving a tungsten concen-
tration of 0.049 M. The WO3 ®lms were formed on ITO
glass plates by applying a constant potential of
ÿ700 mV vs. Ag/AgCl (3.0 M KCl) for 300 s. Before
further use, the WO3 ®lms were heated at 140 �C for
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1 h. Platinum was used as a counter electrode for the
electrodepositions of PANI, PB and WO3 layers, while
Ag/AgCl (3.0 M KCl) was applied as a reference
electrode.
The electrochromic electrodes (PANI and WO3,

PANIjPB and WO3) for the two device con®gurations
were glued together with the solid polymer electrolyte
PAMPS after a procedure described elsewhere [12], and
sealed with epoxy. The electrochromic device area was
1:0 cm� 3:1 cm �3:1 cm2�. It should be noted that our
electrochromic windows are small laboratory windows,
while a real window at full scale requires either
application of higher voltages or better conducting
transparent electrodes. Higher voltages may degrade the
electrochromic materials and the transparent conductor
at the window edges. Better conducting transparent
electrodes implies a higher transparent coating conduc-
tivity or a highly conducting grid (e.g., thin copper
wires) in combination with the transparent coating.
These considerations may help eliminate problems with
inhomogeneous electrochromic layers and slow gradu-
ally colour changes over large window surfaces, for the
electrochemical depositions and the operation of the
windows, respectively. The PANI, PB and WO3 ®lms
were each less than 1 lm thick, while the PAMPS layer
was about 0.1 mm. A schematic drawing of the device
con®gurations with and without PB is shown in Fig-
ure 1, with electrode reactions as described elsewhere [9].

An AutoLab PGSTAT20 potentiostat/galvanostat/
frequency response analyser was used in the electro-
chemical deposition of PANI, PB and WO3 ®lms, and in
the impedance measurements. The transmission exper-
iments were carried out with a Cary 5 u.v±vis.±n.i.r
spectrophotometer in the 290±3300 nm wavelength
region. Before recording the transmission spectra a
constant potential was applied for several minutes
(sometimes hours) with a Gerhard Bank Elektronik
GoÈ ttingen potentiostat MP81 to stabilize the colour
changing ®lms. The potential was also applied during
the wavelength scan. Applying a positive potential to the
PANI or the PANIjPB electrode, both PANI, PB and
WO3 turned to a blue colour, while the window was
bleached (made almost transparent) by reversing the
polarity of the electrodes.
The experimental set-up for measuring light absorp-

tion and voltage with time during discharging through
di�erent resistors (1:2 X±21 MX, open circuit) is shown
in Figure 2. A computer interfaced Solartron Schlum-
berger 7150 Plus digital multimeter was used to
measure the voltage during the discharging. A light
beam with intensity I0 (at a wavelength of 600 nm) is
sent through the sample (i.e., PANI, PB, WO3) of
thickness x. The windows are coloured by applying a
potential, which is then switched o�, and the discharge
process is followed by continuously measuring the light
absorption, A0, and the voltage, U, over a connected

Fig. 1. Schematic drawings of the ECW con®gurations without PB (D1) and with PB (D2).

Fig. 2. Experimental setup for measuring light absorption and voltage with time during discharging through di�erent resistors and open circuit.

Linear relationship between light absorption and charge extraction is depicted.
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resistor. The charge extraction, Q, is calculated from
the current, i, through the resistor, R, applying Ohm's
law integrating over the time, t. From the Beer±
Lambert law and the resulting linear relationship
between the absorption and charge extraction, the
absorption coe�cient a may be calculated. Further
details are given in the following Section.

3. Results and discussion

The measured transmission spectra in the 290±3300 nm
wavelength region for the two electrochromic windows
D1 (without PB) and D2 (with PB) are given in
Figure 3, showing a large transmission modulation,
especially for D2. The applied potentials are listed from
top to bottom in the ®gures, corresponding to a
decreasing order of the transmission spectra. Employing
a calculation procedure described elsewhere [9±10], it is
found that the total solar energy regulation is 41% for
the window based on PANI and WO3 (D1), while the
inclusion of PB (D2) yields a total solar energy
modulation of 53% [11]. As with most of the work on
electrochromic windows so far, it should be noted that
also these windows are radiation absorbing, rather than
radiation re¯ecting. Re¯ection modulation is generally
being preferred for several reasons [13±19]: (i) absorbing
window panes may become unacceptable hot, which

may lead to degradation of the di�erent layers, (ii)
absorbing modulating windows have lower thermal
transfer e�ciency, (iii) absorption modulation requires
thicker ®lms than re¯ection modulation, leading to
higher manufacturing and operation costs, and (iv)
spectrally selective modulation (®ltering) is believed to
be more readily achieved by re¯ection regulation (free
charge carrier density and dynamics) than by bound
electron absorption modulation. Besides, especially
polymers (e.g., PANI) are considered to be sensitive to
u.v. radiation, although this degradation risk is lowered
by the u.v. absorption in the glass panes.
Long time memory experiments for D1 and D2 are

depicted in Figure 4. The windows were kept on the
shelf with no attachments to the electrodes during and
between the measurements (i.e. true open circuit). The
memory in the transparent state was measured up to
seven days, and showed only a small transmission
change in the n.i.r. region, while the transmission in the
u.v.±vis. region was almost identical after seven days,
for both D1 and D2. In the coloured state the memory
was not so stable as in the transparent state, but
nevertheless the windows retained a substantial colour-
ation for 1±7 days, and even after 176 days there is still
some memory left, for both D1 and D2. All these long
time memory measurements (Figure 4) were carried out
before the subsequent experiments depicted in Fig-
ures 5±13, which is important to note as we during the

Fig. 3. Transmission against wavelength for electrochromic windows D1 and D2 at di�erent applied potentials. Total solar energy regulations

are 41% and 53%, respectively [11].

Fig. 4. Transmission against wavelength for di�erent times of measurement after switching o� the potential.
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discharge experiments (Figures 5±13) probably experi-
enced an internal short circuit in the D2 window,
resulting in irreversible changes (further discussed be-
low).
With an experimental setup as shown in Figure 2 the

light absorption (at 600 nm) and voltage were measured
with time during discharging through di�erent resistors
and at open circuit. In Figure 5 the absorption and
voltage in the open circuit case (multimeter connected,
input resistance >10 GX in the actual voltage range)
were measured up to ®ve days, showing a gradually
absorption and voltage decrease for both D1 and D2.
After ®ve days potentials of 400±600 mV were still
obtained (from initially 1200 mV).
Two examples of the absorption (at 600 nm) and

voltage measured with time (up to 5 h) during discharge
through resistors of 3 kX and 1 MX for D1 are shown in
Figure 6, while the similar plots for the other resistors in
the whole resistor range 1:2 X±21 MX and open circuit

are not depicted here. Correspondingly, the absorption/
voltage vs. time measurements for D2 are shown in
Figure 7. Naturally, both the absorption and the voltage
decrease during the discharge through resistors, for both
D1 and D2. For D1 and resistors between 1:2 X±10 kX
the voltage drops rapidly close to zero, while between
100 kX±21 MX ± open circuit, the voltage decreases
substantially more slowly with increasing resistance. For
D1 and resistors between 1 MX±21 MX ± open circuit
the absorption decrease signi®cantly more slowly. Un-
fortunately, during the experiments D2 changed behav-
iour in the way that the voltage drops rapidly close to
zero even for large resistors and open circuit. Besides,
the absorption decrease for large resistors and open
circuit is more or less the same as for low resistor values.
In addition, the absorption is lower at an applied
potential of +1200 mV than it normally should be. This
is probably due to an internal short circuit in the D2
window. The results for D2 may therefore not be

Fig. 5. Absorption (at 600 nm) and voltage against time (up to ®ve days) for the open circuit condition for D1 and D2.

Fig. 6. Absorption (at 600 nm) and voltage against time for resistors of 3 kX and 1 MX for D1.

Fig. 7. Absorption (at 600 nm) and voltage against time for resistors of 3 kX and 1 MX for D2.
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directly compared to D1. However, as will be shown in
the following for D2, there is a linear relationship
between absorption and charge for all resistor values
except 1:2 X, absorption coe�cients may still be esti-
mated, and for low resistor values an electrochromic
e�ciency may be calculated.
The relationship between light absorption and charge

extraction was investigated. Based on the data from
Figure 6 the absorption is plotted vs. the charge
extraction for D1 in Figure 8, yielding an approximately
linear relationship except for the smallest resistor of
1:2 X. Correspondingly, from Figure 7 a linear relation-
ship is plotted in Figure 9 (except for 1:2 X) for D2. The
deviation from linearity at 1:2 X may be explained from
the fact that in the case of almost electrical short circuit,
the absorption change may not be so fast in relationship
to the voltage drop, compared to absorption/voltage
relationships at larger resistors.
The measured absorption A0, or optical density (OD),

is written on the logarithmic form

A0 � OD � log10�1=T � � log10�I0=I� � lg�I0=I� �1�

where T denotes the transmission, I0 the incident light
intensity and I the transmitted light intensity (from the
sample, i.e., window). From the well-known Beer±
Lambert law (see Fig. 2)

I � I0eÿax �2�

one may write Equation 1 as

A0 � �a lg e�x � a0x �3�

where a denotes the absorption coe�cient and x the
sample thickness (i.e., PANI, PB, WO3). Assuming,
which is supported by the measurements (Figs. 8 and 9),
that the absorption change is proportional to the charge
extraction (or injection), that is,

A0 � a0x � kQ � k
Z

i�t� dt �4�

the absorption coe�cient may be calculated from

a � A0=�x lg e� � kQ=�x lg e� � k
R

i�t� dt
x lg e

� k
R

i�t� dt
0:434 x

�5�

where the correlation slope k is found from Figures 8
and 9 (and similar plots for the whole resistor range),
and the charge extraction Q is calculated by integrating
the current i(t) (given by Ohm's law; U = Ri, where U
and R denote the voltage and resistance, respectively)
over the time t. Based partly on earlier measurements of
PANI and WO3 coating thicknesses, PANI and PB are
each assumed to be 50 nm in thickness, while WO3 is
assumed to be 400 nm.

Fig. 8. Absorption against charge extraction for resistors of 3 kX and 1 MX for D1.

Fig. 9. Absorption against charge extraction for resistors of 3 kX and 1 MX for D2.
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The calculated k and a values are given in Tables 1
and 2, for D1 and D2, respectively. The kmean and amean

values are calculated from the mean correlation slope k
for each resistor in Figures 8 and 9 (and the whole
resistor range). The kA0�0:4�kA0�0:3� and aA0�0:4�aA0�0:3�
values are calculated from the tangent correlation slope k
at an absorption value of 0.4 for D1 (0.3 for D2) for
each resistor in Figures 8 and 9 (and the whole resistor
range). Applying this tangent correlation slope at one
certain absorption value may contribute to ensure that
the electrochromic window is in the same state for the
calculations.
The k values for D1 are of the same order for resistors

between 10 X±100 kX, while for larger resistors the k
values are increasing somewhat, which may indicate that
some kind of relaxation processes are becoming more
dominant at lower discharging (larger resistors). Fur-
thermore, the long time memory experiments at open
circuit in Figure 4 (and Figure 5) indicate that relax-
ation processes, with decreasing absorption as a result,
take place. For D1 the average values are found to be:
kmean � 0:040 (mC)ÿ1, kA0�0:4 � 0:036 (mC)ÿ1, amean �
1:4� 106 mÿ1 and aA0�0:4 � 1:3� 106 mÿ1. The k values
for D2 increases more or less steadily for the whole

resistor range (an average value may only be taken
between 10 X±300 X), which is probably due to some
unknown internal short circuit in the D2 window. An
internal short circuit will lead to decreasing discharge
through the resistors with increasing resistor values, and
with approximately the same absorption change this will
result in higher correlation slope values (k � A0=Q,
Equation 4). However, the calculation of the a values
is not in¯uenced by the increasing k values since the
decreasing charge extraction is compensated by the
multiplication with the charge in the expression for
a (Equation 5). For D2 the average values are found
to be: kmean � 0:045 (mC)ÿ1, kA0�0:3 � 0:050 (mC)ÿ1,
amean � 0:99� 106 mÿ1 and aA0�0:3 � 1:1� 106 mÿ1

(the k values are taken only between 10 X±300 X). With
no internal short circuit in D2 the absorption coe�cients
would have been larger as the absorption changes would
also have been larger (e.g., Equation 5). A visualization
of some of the results in Tables 1 and 2 is given in
Figures 10 and 11, showing the correlation slope k and
the absorption coe�cient a for di�erent applied resistors
(for both D1 and D2).
The electrochromic e�ciency g is de®ned as the

absorption change A0 (or DA0) divided by the consumed

Table 1. Corresponding k and a values for di�erent resistors for the

electrochromic window D1 (Figs 2 and 8)

Electrochromic area 3.1 cm2. Assumed: PANI = 50 nm and WO3 =

400 nm

Resistor

/W
kmean

/(mC))1
kA¢=0.4

/(mC))1
amean

/106 m)1
aA¢=0.4

/106 m)1

1.2 ± 0.038 ± 4.3

10 0.033 0.041 1.5 1.9

100 0.041 0.036 1.4 1.2

300 0.040 0.032 1.4 1.1

1 ´ 103 0.048 0.038 1.2 0.96

3 ´ 103 0.040 0.030 1.5 1.1

10 ´ 103 0.039 0.042 1.5 1.6

100 ´ 103 0.036 0.036 1.5 1.5

1 ´ 106 0.062 0.051 1.4 1.1

11 ´ 106 0.41 0.29 1.3 0.91

21 ´ 106 0.21 0.22 0.67 0.70

Average* 0.040 0.036 1.4 1.3

* For resistor values between 10 W±100 kW and 10 W±11 MW for

k and a, respectively

Table 2. Corresponding k and a values for di�erent resistors for the

electrochromic window D2 (Figs 2 and 9)

Electrochromic area 3.1 cm2. Assumed: PANI = 50 nm, PB = 50 nm

and WO3 = 400 nm

Resistor

/W
kmean

/(mC))1
kA¢=0.3

/(mC))1
amean

/106 m)1
aA¢=0.3

/106 m)1

1.2 ± 0.014 ± 3.6

10 0.035 0.047 1.0 1.4

100 0.047 0.047 0.97 0.97

300 0.053 0.056 0.93 0.98

1 ´ 103 0.079 0.079 1.1 1.1

3 ´ 103 0.092 0.11 0.89 1.1

10 ´ 103 0.19 0.23 0.95 1.1

100 ´ 103 0.99 0.99 1.1 1.1

1 ´ 106 15 16 0.93 0.99

11 ´ 106 140 140 1.0 1.0

21 ´ 106 260 260 1.0 1.0

Average* 0.045 0.050 0.99 1.1

* For resistor values between 10 W±300 W and 10 W±21 MW for

k and a, respectively

Fig. 10. Correlation slope k between absorption and charge plotted against applied resistors for the electrochromic windows D1 and D2.
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charge density, q, and is here found from multiplying the
correlation slope, k, with the actual electrochromic area
(3.1 cm2) as follows:

g � DA0=q � DA0 �Area=Q � kmean �Area �6�

The average electrochromic e�ciencies (bleaching e�-
ciencies in these cases, at 600 nm) as depicted in
Figure 12 are calculated to 120 cm2 Cÿ1 for D1 and
140 cm2 Cÿ1 for D2 (for resistor ranges 10 X±100 kX
and 10 X±300 X, respectively). These values may be

compared to a bleaching e�ciency of 120 cm2 Cÿ1 (at
550 nm) reported earlier from potential step experiments
for a PANI, PB and WO3 based window [20].
The electrochemical impedance for D1 and D2 shown

in Figure 13 was measured at applied potentials of
ÿ1800 mV and +1200 mV, and for di�erent times
(from minutes to days) after switching o� the applied
potential. It is seen that the impedance increases from
the coloured state (+1200 mV) to the transparent state
(ÿ1800 mV) for both D1 and D2, for example, by
switching o� the potential of +1200 mV the impedance

Fig. 11. Absorption coe�cient a plotted against applied resistors for the electrochromic windows D1 and D2.

Fig. 12. Electrochromic e�ciency at 600 nm calculated as the product of kmean and the electrochromic window area in the resistor range

10 X±100 kX and 10 X±300 X for D1 and D2, respectively.

Fig. 13. Impedance spectra for D1 and D2 measured at potentials of ÿ1800 mV and +1200 mV, and for di�erent times after switching o� the

applied potential. Short and long time denote some minutes and 5 days, respectively. Area 3.1 cm2. Measured frequency range 50 kHz±10 mHz

(10 points/decade) with a sinusoidal amplitude of 5 mV. Frequency range (in ®gure): 50 kHz to 390 Hz (ÿ1800 mV), 260 Hz (short time after

ÿ1800 mV), 200 Hz (long time after +1200 mV), 0.98 Hz (short time after +1200 mV) and 0.60 Hz (+1200 mV) for D1 and 50 kHz to 160 Hz

(short time after ÿ1800 mV), 4.2 Hz (long time after +1200 mV), 0.23 Hz (short time after +1200 mV) and 0.01 Hz (+1200 mV) for D2.
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is gradually increasing and approaching at long times
the impedance spectra for the transparent state. Imped-
ance spectroscopy is strictly only valid for steady state,
which is clearly not the case here. To attempt to utilize
impedance spectroscopy in connection with the correla-
tion between absorption and charge, one should per-
form relative fast frequency scans taking less time than
the timescale for signi®cant changes in the system (i.e.,
relative high frequencies may be necessary).
These electrochromic windows with two (D1) and

even three (D2) electrochromic layers, and where the
doping mechanisms in PANI include both redox pro-
cesses and proton doping [21±23], are complicated
systems where several reactions may take place. This is
indicated in Figures 8 and 9 where the relationship
between the light absorption and the electric charge is
not completely linear. It might be worth the e�ort to
investigate this further, for example, in connection with
the earlier presented `hole method' [11], although this
method has limitations in kinetic measurements.

4. Conclusions

High solar transmission modulation was achieved for
the electrochromic windows. The window based on
polyaniline (PANI) and tungsten oxide (WO3) (abbre-
viated PANIjjWO3) regulates 41%, while the window
based on polyaniline (PANI), Prussian Blue (PB) and
tungsten oxide (WO3) (abbreviated PANIjPBjjWO3)
regulates as much as 53% of the total solar energy.
The electrochromic windows PANIjjWO3 and

PANIjPBjjWO3 have demonstrated satisfactory memory
e�ects. The memory is quite good in both the bleached
and coloured state for 1±7 days, and there is still some
memory left in the coloured state after 176 days.
Light absorption and voltage were measured against

time during discharging through di�erent resistors.
A linear relationship between absorption and charge
extraction was found, allowing calculation of absorption
coe�cients, �1:4� 106 mÿ1 for PANIjjWO3 and
� 1:0� 106 mÿ1 for PANIjPBjjWO3. Electrochromic
e�ciencies were also calculated from these linear rela-
tionships, 120 cm2 Cÿ1 and 140 cm2 Cÿ1 for PANIjj
WO3 and PANIjPBjjWO3, respectively.
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