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Abstract

‘‘Symmetric materials’’ devices, where both electrodes are made of the same electrochromic materials, allow the in
situ study of side reactions. Each transferred charge that is not used for the expected electrochromic reaction will
cause a colour change in the whole symmetric device. Two electrochromic materials, WO3 and IrO2, are successively
used to show how to obtain information about side reactions such as faradaic efficiency, reversibility and potential
limits from the symmetric experiment. This in situ approach with a polymer electrolyte shows significant differences
compared to results obtained with studies in aqueous electrolytes.

1. Introduction

Almost all the electrochromic large-area windows which
have been investigated up to now have a five-layered
structure [1–5] which consists of two thin films of
different electroactive materials, at least one being
electrochromic, separated by an electrolyte and sand-
wiched between transparent electron-conducting sub-
strates. Because of the very small distance between the
two active layers it is very difficult to introduce a
reference electrode into the device [6]. Therefore these
devices are in most cases two-electrode systems and the
control of the cell voltage does not allow monitoring of
the potentials of each active layer [7].
Rauh and Cogan [8, 9] have shown how to predict the

potential distribution between the two electrodes in
different coloured states. These features are strongly
related to the manufacturing parameters such as the
thicknesses of both active layers and their level of
oxidation/reduction when the device is made. The same
model, which takes into account the oxidation and
reduction potential limits of both materials, allows the
determination of the safe cell voltage window and the
electrode at which the side reaction occurs. However,
this model has always been used with quasi-equilibrium
data on active layers in a liquid electrolyte. The
behaviour of the layers could be significantly different
in a real device working under dynamic conditions.

This work proposes an indirect approach to study,
in real conditions, the behaviour of electroactive
materials and the effect of side reactions on the limits
of oxidation or reduction. When a current is applied
to ‘‘symmetric materials’’ devices (cells where the same
electrochromic material is used on both electrodes),
one electrode darkens while the other electrode
bleaches [10]. Thus, the whole device shows almost
no electrochromic effect provided no side reaction
occurs. In contrast, assuming side reactions are not
electrochromic, any change in colouration indicates
the presence of side reaction(s). Colorimetric measure-
ments therefore provide indirect information about in
situ side reactions.
In the following, experimental results on WO3 and

IrO2 electrochromic materials with protonic conductors
devices are shown. Most of the discussion will focus on
the IrO2 results because its known pseudo-capacitive
behaviour [6, 8–14] allows an easy link between charge
and potential and therefore gives an easier way of
understanding results. However, this approach can be
applied to all kinds of electrochromic devices, including
those where oxides or polymers are used as electroactive
or electrolyte layers. If the electrochromic material
exhibits a non pseudo-capacitive behaviour, the deter-
mination of the insertion isotherm, that is to say the
relationship between inserted charge and potential,
should then be carried out.
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The expected normal reactions for WO3 and IrO2 in
protonic devices are the following electrochromic inser-
tion of protons, written in the colouring direction:

WO3 þ xe� þ xHþ¢HxWO3 ð1Þ

HyIrO2 ¢ IrO2 þ ye� þ yHþ ð2Þ

For both materials in aqueous liquid electrolytes, the
side reactions are water oxidation with oxygen evolution
and proton reduction with hydrogen evolution. Differ-
ent side reactions may occur with an acidic polymer
electrolyte. The nature of these side reactions will be
discussed. However the goal of this work is not to
determine the exact nature of the side reactions but to
focus on the consequences of side reactions on the
electrochromic properties of the devices.

2. Experimental

The symmetric materials devices used in this work have
a five-layered structure where the same electrochromic
material, either a WO3 or IrO2 thin film, is used on both
electrodes.
The transparent electron-conducting layer, deposited

on glass, is SnO2:F with a sheet resistance of 10 W/h
(i.e. for a square device geometry). The WO3 and IrO2

layers were deposited by planar DC magnetron sputter-
ing from a metallic (tungsten or iridium) target in an
argon/oxygen plasma. The layer thicknesses are indi-
cated in nm: for example a 40/120 IrO2 device is a
symmetrical device with non-symmetric thicknesses
(40 nm at the working electrode and 120 nm at the
counter electrode side).
All the devices have an area of about 40 cm2. All the

experiments were performed at room temperature. In
experiments involving liquid electrolytes, a three-elec-
trode cell was used with a saturated calomel electrode as

reference electrode and a 0.25 M H3PO4 aqueous solu-
tion as electrolyte.
All the symmetric materials devices investigated used

a proton-conducting polymer electrolyte made up of a
PEO–H3PO4 complex. Both layers were precharged
(reduced) with a three-electrode potentiostatic configu-
ration in an aqueous acidic electrolyte before assembly.
The potential used for this reduction was +0.1 V/SCE
for the IrO2 layers and ) 0.2/SCE for the WO3 layers.
This preconditioning was required because the as-
deposited layers are almost completely oxidized. There-
fore if these materials in the completely oxidized state
were to be assembled together, the exchanged charged
would immediately be with side reactions. The impor-
tance of this manufacturing step (often called precharg-
ing) is now well documented for most electrochromic
devices [15, 16].
This precharging was followed by the usual manufac-

turing steps (polymer coating, drying and curing in an
autoclave). The potential value (in V/SCE) of each
electrode in the short-circuited state in the resulting
device was then different from the precharging one and
was experimentally determined.
In order to obtain a better sensitivity, spectrophoto-

metric measurements were recorded at 550 nm for the
IrO2 devices and 410 nm for the WO3 ones (the
transmittance being respectively named T550 and T410).

3. Results and discussion

3.1. Voltammetry of WO3 devices

Figure 1 shows the voltammogram of a 350 nm WO3

layer in aqueous acidic electrolyte, recorded with a three
electrode configuration. It exhibits the expected peak
shape in oxidation [1]. In comparison, Figure 2 shows
the voltammetric response of a 350/350 WO3 symmetric
device, recorded with a two electrode configuration,
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Fig. 1. Cyclic voltammogram for a 350 nm WO3 recorded at 5 mV s)1 in an acidic electrolyte with a three electrode configuration.
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where only the voltage between the two WO3 layers is
controlled. As expected from the symmetry of the device
(same material and same thickness for the two active
layers), the voltammogram in Figure 2 is symmetrical
about (0,0).
There is no easy quantitative correlation between both

experiments. In particular, no specific relationship
should be found between the peak positions in both
experiments. Experiments on symmetrical devices do
not correspond to a regular voltammetric experiment for
each individual WO3 layer. Because of the uncontrolled
partition of the voltage between working and counter
electrode, the actual scan rate for each layer could be
variable and significantly different from that imposed on
the whole device.
Nevertheless, a qualitative comparison between both

experiments could be done. It is seen from the Figure 1
that the reduction of a WO3 layer is faster than its
oxidation: in the almost completely oxidized state, the
potential changes significantly with a very small amount

of charge. So, in the symmetric materials device, the
oxidation on one side will be the slowest step, reflected
in the shape of the voltammogram. For positive
voltages, the working electrode monitors the shape
whereas for negative voltages the counter-electrode
does. With this explanation, the curve shapes and
therefore the behaviour of the WO3 layer in both
conditions (oxide/polymer or oxide/liquid electrolyte
interface) are qualitatively the same.
In the potential window explored, no side reaction

appears to occur: no electrochemical signature of
another reaction is observed.

3.2. Voltammetry of IrO2 devices

Figure 3 shows the voltammogram of a 40 nm IrO2

layer in aqueous acidic electrolyte, with the expected
pseudo-capacitive behaviour [13, 14]. In comparison,
Figure 4 shows the voltammetric response of a 40/40
and 40/120 IrO2 symmetric devices. They also exhibit
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Fig. 2. Cyclic voltammogram for a 350/350 WO3 symmetric device, recorded at 5 mV s)1.
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Fig. 3. Cyclic voltammogram for a 40 nm IrO2 recorded at 5 mV s)1 in an acidic electrolyte with a three electrode configuration.
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pseudo-capacitive behaviour, as expected since a sym-
metric device is equivalent to a two series pseudo-
capacitances circuit: 1/Cdevice = 1/CWE + 1/CCE.
The pseudo-capacitance C was estimated from the

average current I in voltammetric experiments I and the
scan rate v(C = I/v), see Table 1. Previous studies show
that the pseudo-capacitance of an IrO2 layer could be
considered as proportional to its thickness [6, 8–14]. The
equivalent capacitance for a 100 nm IrO2 layer, C100, is
then calculated for each previous experiment (assuming
the symmetric device is a two series pseudo-capacitances
circuit) and shown in Table 1.
Further experiments could confirm the capacitive

behaviour (other voltammetric experiments at various
scan rates for example) and the proportionality with the
layer thickness, but those points have already been
reported [6, 8–14]. Our results show a small decrease in
the equivalent pseudo-capacitance when the IrO2 layer is
in contact with the polymer electrolyte (about a 10%
decrease). Taunier et al. [6] found opposite results for
the same comparison: experiments with a 55 nm IrO2

layer yielded a C100 value of 40 mF cm)2 for exper-
iments in acidic liquid electrolyte and 44 mF cm)2 in
polymer electrolyte. This property seems to depend
strongly on the manufacturing steps of the devices (no
vacuum drying in this work and no autoclave step in the
work of Taunier et al.). However the variations in both
studies are small (around 10%) and do not question the
discussion proposed in the present work.

3.3. Occurrence of side reactions

The voltammetric responses in Figures 2 and 4 do not
show the electrochemical signature of a side reaction
within the voltage window explored. The transmitance,
T550, remained constant (less than 0.2% deviation from
the initial value) during the voltammetric sweeps. This
quasi-constant colouration suggests that the dynamic
conditions used here are slow enough to observe
reversible behaviour of the electrochromic reactions
with no side-reaction. During charge transfer, one
electrode darkens while the other electrode bleaches by
exactly the same quantity. Any side-reaction would
affect the current efficiency thus creating an imbalance
between the colouration of the two layers and modifying
the transmittance of the whole device.

3.4. Colouration efficiency of IrO2 films

For almost all electrochromic materials, the colour
change can be related to an increase in the number of
coloured centers electrochemically produced in the mate-
rials. The usual Beer–Lambert law of absorption pro-
duces a linear relationship between absorption and
charge density, which is proportional to the concentra-
tion of coloured centres through Faraday’s law. This
relationship is usually characterized by the colouration
efficiency, defined by the slope of the Log10(T550) versus

-75

-50

-25

0

25

50

75

-0,6 -0,4 -0,2 0 0,2 0,4 0,6

Current Density

/ µA cm−2

Voltage / V

Fig. 4. Cyclic voltammograms for a 40/40 IrO2 symmetric device (continuous line) and a 40/120 (dotted line) IrO2 symmetric device,

recorded at 5 mV s)1.

Table 1. Average current, pseudo-capacitance and equivalent pseudo-capacitance for a 100 nm IrO2 layer extracted from the different volam-

metric results on IrO2

Device Average current

density /lA cm)2
Pseudo-capacitance

/mF cm)2
Pseudo-capacitance,

C100 for a 100 nm layer/mF cm)2

40/40 IrO2 33 6.6 33

40 IrO2 �75 �15 �37
40/120 IrO2 52 10.3 34
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Q curve, whereQ is the charge density exchanged between
two different oxidation states [1–8]. This linear relation-
ship is generally valid up to a few tens of mC cm)2.
The colouration efficiency of the IrO2 materials was

determined with several galvanostatic experiments in
liquid electrolyte on both IrO2 layers (40 and 120 nm
thick). Linear variations were observed for both layers
up to 20 mC cm)2, with very comparable slopes (13 and
14 cm2 C)1). In the following discussion, the colouration
efficiency will therefore be considered as constant. To
allow comparison with results from symmetric devices
the colouration efficiency needs to be corrected for the
difference in capacitance (see Table 1). The value used
will then be: 13.5 � 37/33.5 = 15 cm2 C)1. This cor-
rected value is in good agreement with previously
published results, which range from 10 to 18 cm2 C)1

for different IrO2 thin films [6, 8–12].

3.5. Symmetric IrO2 devices under galvanostatic control

In order to study side reactions, symmetric material
devices with non-symmetric thicknesses were used. The
thinner layer will almost always be the limiting
electrode, where side reactions occur, as discussed
further.
Figures 5 and 6 show different galvanostatic experi-

ments on 40/120 IrO2 symmetric devices. Under these
conditions, the charge density is proportional to time. In
each case the experiment started from the short-circuited
state. Figures 5 and 6 show the transmittance and the
voltage variation with time during a galvanostatic
experiment at +20 lA cm)2 and ) 20 lA cm)2 respec-
tively. The voltage changes show relatively slow varia-
tions: the maximum slope is around 2 mV s)1. The
assumption of reversibility of the electrochromic reac-
tions is reasonable in these galvanostatic experiments.

3.6. Direction of the transmittance variation

When positive current was applied, the IrO2 working
electrode coloured whereas the IrO2 counter electrode
bleached. The bleaching of the whole device in Figure 5
therefore reveals a side oxidation reaction at the working
electrode (40 nm thick): some charge is consumed
without colouring the working electrode.
Based on the same argument, the darkening of the

whole device in Figure 6 reveals a side reduction
reaction at the working electrode: some charge is
consumed without bleaching the working electrode.
These experiments indicate that in order to detect side

reactions the colouration parameter (T550) is more
sensitive than the electrochemical one: i.e. the changes
in slope of the voltage variation with time are very slow.

3.7. Side reaction faradaic efficiency

Colouration efficiencies, that is to say the slope of the
Log10(T550) versus Q curve, named g, are available from
the transmittance versus time curve after the change of
slope (see inset on the Figures 5 and 6, values taken after
the second arrow):

experiment with positive current gþ ¼ þ7 cm2 C�1

experiment with negative current _g� ¼ �10 cm2 C�1

It is then possible to estimate the importance of the
side reaction through its faradaic efficiency, i.e. the
proportion of current consumed by the side reaction
instead of by the electrochromic reaction. If 100% of the
positive current is used by the side oxidation reaction at
the working electrode, no colour change will occur on
this electrode and the transmittance will then account for
the counter electrode change. In this case, the transmit-
tance of the device will increase with the colouration
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Fig. 5. Variation of the transmittance (e) and voltage (continuous line) with time during a galvanostatic experiment at + 20lA cm)2 up to

+ 20 mC cm)2 for a 40/120 IrO2 symmetric device. The first arrow points out the moment when the change in transmittance exceeds 0.2%.

The second arrow points out the beginning of a stabilized regime with linear variation of the transmittance.
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efficiency of an IrO2 layer (estimated at 15 cm2 C)1).
Thus the value of the experimental efficiency
( + 7 cm2 C)1) indicates that the side oxidation reaction
consumes 45% of the total constant current. In the same
way, the experimental efficiency in Figure 6
() 10 cm2 C)1) shows that the side reduction reaction
consumes 65% of the total constant current.

3.8. Potentials limits

Charge limits of the safe operating window (no side
reaction) are available from the transmittance versus
time curves. They are deduced from the instant
when deviation of transmittance happens (determined
for a DT550<0.2%, see first arrow around 300 s on
Figures 5 and 6). Starting from the short-circuited
state, + 6.1 mC cm)2 or ) 5.5 mC cm)2 can be
safely exchanged. The maximum exchanged charge
under safe conditions is then 11.6 mC cm)2.

In order to convert these charge limits into potential
limits, two steps are required:
• the insertion isotherm curve, the relationship be-
tween inserted charge and potential, will allow the
conversion of exchanged charges into voltage
changes and will therefore give a safe voltage win-
dow for the device. Due to its pseudo-capacitive
behaviour the IrO2 material exhibits a linear inser-
tion isotherm. The following capacitance values will
then be used to convert the exchanged charges into
voltage changes:

whole deviceð1=Cdevice¼1=CWEþ1=CCEÞ
Cdevice¼9:8mFcm�2

working electrode,40nm IrO2layer C40¼13mFcm�2

counter electrode,120nm IrO2layer C120¼40mF cm�2

• the individual value of the potential of each layer
versus a reference electrode in one state is then
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required in order to give the corresponding safe po-
tential window for each electrode. In order to deter-
mine the potential of both layers in one state, one
symmetric materials device was exposed to short-cir-
cuit conditions immediately after manufacturing.
The device was then dismantled and the polymer
electrolyte removed from the two active layers. The
potential of each layer was then measured in acidic
solution. The same potential value was found for
the two layers: +0.2 V/SCE. This is different from
the +0.1 V/SCE potential in the precharging step in
aqueous electrolyte.
Scheme 1 illustrates how to extract the safe potential

window of an IrO2 layer in contact with a polymer
electrolyte (in V/SCE) using the previous discussion.
For one cycle at room temperature and dynamic

conditions of ±20 lA cm)2, these limits are:

�0:2<V<þ 0:7 V/SCE: ð4Þ

This potential window is narrower than that deter-
mined by steady-state experiments in the acidic aqueous
electrolyte [8, 9, 11]:

�0:25<V<þ 1:1 V/SCE. ð5Þ

These results are surprising. However other observa-
tions on real electrochromic devices confirm this behav-
iour and will be discussed below in terms of the nature
of the side reactions.

3.9. Reversibility of the side reactions in IrO2 and WO3

symmetric devices

The last feature of the side reactions investigated in this
work is the irreversibility. The irreversibility can be

characterized through the remaining transmittance dif-
ference at the end of cyclic galvanostatic experiments.
Figure 7 shows the transmittance variation versus

charge density during two cyclic galvanostatic experi-
ments for a 40/120 IrO2 device. In one experiment the
charge density was cycled between 0 and +20 mC cm)2

by applying a constant current density of +20 lA cm)2

for the forward sweep and ) 20 lA cm)2 for the reverse
sweep. In the second experiment, the charge density was
cycled between 0 and ) 20 mC cm)2 by applying a
constant current density of ) 20 lA cm)2 for the
forward sweep and +20 lA cm)2 for the reverse sweep.
The extracted reversibility parameter is given in

Table 2. As for the potential limits, it should be noted
that this reversibility is very different at the oxide/
polymer interface compared to that at the oxide/liquid
electrolyte. In water, the oxidation is irreversible.
The analysis made on IrO2 symmetric devices was not

performed for WO3 devices because the non pseudo-
capacitive behaviour of this material prevents straight-
forward data treatment. We will only present the results
of the side reaction irreversibility experiment, since it is
remarkably different from that observed with IrO2.
Figure 8 shows the colouration response of a 200/800
WO3 symmetric devicewith non-symmetric thicknesses in
a galvanostatic experiment performed starting from the
short-circuit state when +20 lA cm)2 up to +15 mC
cm)2 then +20 lA cm)2 was applied. In contrast with
IrO2, since WO3 is a cathodic colouring material, the
darkening of the whole device during the first half of the
experiment, corresponding to positive current, reveals a
side oxidation reaction at the working electrode.With the
WO3 symmetric device, the reversibility of the side
oxidation reaction is very poor (10% of reversibility with
DTLmax = ) 5.5% and DTLend = ) 5.0%).
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3.10. Nature of side reactions

As in aqueous electrolyte, the most probable anodic side
reaction is the oxidation of water on both materials.
However the observed difference in reversibility is
indicative of different mechanisms.
In WO3 symmetric devices, the behaviour is very

similar to that observed in aqueous electrolyte, espe-
cially the very poor reversibility. The oxygen gas formed
on WO3 is probably quickly dissolved in the polymer
electrolyte and diffuses away from the WO3/polymer
interface towards the bulk electrolyte. When the current
is reversed the reduction of oxygen previously formed is
rapidly limited by diffusion towards the electrode.
The good reversibility of the side reaction on IrO2 and

the abnormally low value of the potential where the side
reaction occurs can be linked to other observations on
real electrochromic devices with polymer electrolyte.
When an as-deposited IrO2 layer (almost completely
oxidized) is put in contact with an acidic polymer
electrolyte, spontaneous bleaching of the layer is
observed. The as-deposited layer, which exhibits a
potential of about +1.0 V/SCE, is then spontaneously
reduced by a species which is oxidized at a potential
lower than +1.0 V/SCE. This spontaneous bleaching of
the as-deposited IrO2 layer during manufacturing allows
satisfactory functioning of a real WO3/IrO2 device made
with as-deposited layers without a precharging step

before assembly [4]. This behaviour may be associated
with oxidation of water which does not produce oxygen
gas but leads to an adsorbed form of oxygen ‘‘O’’ at the
IrO2/polymer interface:

H2O¢ ‘‘O’’ þ 2e� þ 2Hþ ð6Þ

The low value of the reaction potential (+0.7 V/SCE)
indicates that the formation of adsorbed oxygen would
be easier than the formation of the oxygen molecule
(thermodynamical potential around +1.0 V/SCE). This
has already been observed for various other electro-
sorption reactions and especially for the oxidized
platinum surface in acidic solutions in the anodic region
before oxygen gas evolution [17]. If the potential is kept
below the thermodynamic potential for oxygen evolu-
tion, water oxidation leads to a species which mostly
stays at the interface (adsorbed form). When the current
is reversed, this species will be easily reduced (no mass
transport is needed) and this explains the good revers-
ibility observed in this case.

3.11. Comments on the design of electrochromic device

The use of the potential limits and the limiting electrode
in order to design electrochromic devices was first
described by Rauh and coworkers [8, 9] and will not be
detailed here. For an actual electrochromic window
using WO3 and IrO2 materials, a contrast of 5 (for

Table 2. Global transmittance variations after + or ) 20 mC cm)2 on a 10/120 IrO2 device and estimation of the reversibility of the side-

reaction

Experiment DTLmax/% after

±20 mC cm)2
DTLend/% at

100% charge yield

Reversibility / % Side reaction

+20 mC cm)2 then ) 20 mC cm)2 (Figure 7, )) +4.2 +1.2 70 Oxidation

) 20 mC cm)2 then +20 mC cm)2 (Figure 7) ) 6.5 ) 0.7 90 Reduction
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example when the transmittance varies from 50% to
10%) is obtained when about 15 mC cm)2 is ex-
changed. The present results clearly show that a 40 nm
IrO2 layer is not sufficient to cycle the window without
side reactions. The thickness of the IrO2 layer in this
type of device is often under-estimated. However the
good reversibility of the side reaction on IrO2 will
partially hide the occurrence of these side reactions.
Other consequences for the design of electrochromic

devices, especially on the bleached state transmittance,
have also often been emphasized in previous work [18,
19]. In an actual WO3/IrO2 electrochromic device, the
quasi-irreversible side reaction in oxidation on WO3

may be used in order to adjust the charge balance
between the electrodes and improve, for example, the
transmittance under short-circuited conditions. This
effect would be similar to the increase in transmittance
in the bleached state observed at the beginning of an
UV-exposure test on WO3 electrochromic devices [20,
21]. The same irreversible oxidation on WO3 occurs with
light or an electrical driving force. However, even if this
procedure (post-manufacturing transmittance adjust-
ment) is easy and very efficient for the first cycles, its
impact on the long term durability may be questionable.

4. Conclusion

This work shows that modifications of the optical
properties of symmetric material devices constitute
reliable tools to study in situ side reactions occurring
at the electrochromic material/electrolyte interface. The
transmittance changes are often more sensitive than the
electrochemical changes or bubble appearance.
The study with in situ conditions (same interfaces as in

an actual electrochromic window with a polymer elec-
trolyte), shows that previously ex-situ determined val-
ues, in aqueous media, are not adequate: side reactions,
which are irreversible in aqueous media, are partially
reversible with a polymer electrolyte. This is particularly
true for the overcharge of the IrO2 electrode where
reversibility can be as great as 95%.
The study of symmetric material devices would also

be relevant to electrochromic devices in various other

situations such as experiments performed under really
dynamic conditions, experiments in solid state devices at
different temperatures and experiments with a large
number of cycles.
Finally, it is a general method for all types of

electrochromic materials (oxides or polymers) and of
electrolytes (oxides, polymers or liquids). The analysis
performed on IrO2 material is extendable to any
electrochromic material. However, more complex data
treatment would be required in order to take into
account a hypothetical non constant colouration effi-
ciency and a more complex insertion isotherm than the
pseudo-capacitive one of IrO2.
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