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Abstract: In the present study, an iodide/triiodide (I /I3™) redox couple is used in hybrid elec-
trochromic devices (ECDs), and the effects of the applied bias potential and bias time on device
performance are studied. An applied bias potential of ~1 V is sufficient to achieve an initial contrast
ratio of 8:1 in less than 5 min. Increasing both the bias potential and bias time results in an enhance-
ment in loss reactions at the WO3/electrolyte interface, rather than improving optical performance.
Moreover, long-term performance depends on the testing procedure (regularly cycling or after stor-
age), while the formation of iodine (I) decreases the initial transparency of the ECDs and affects their
overall performance. However, its formation cannot be avoided, even without cycling the ECDs, and
the restoration of the optical performance can take place only when the electrolyte is replaced with a
fresh one. Finally, a new methodology is applied for calculating the loss current, and a suggestion is
made to avoid a common mistake in calculating the coloration efficiency of these hybrid ECDs.
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1. Introduction

Electrochromic (EC) smart windows are energy-saving devices that can change their
optical properties with the application of an external bias potential. In this regard, they
offer the dynamic control of light and heat passing through them. Their performance
depends on a variety of parameters, ranging from material aspects to installation condi-
tions, such as climate zones, control strategies, and the orientation of the building [1-5].
Thus, it has been estimated that their use can lead to a large building energy-saving value
of up to ~170 kWh m~2 per year, while the energy needed for their operation is only
0.08 kWh m~2 per year [6,7]. Further advantages include occupant visual comfort, reduced
glare, providing an uninterrupted view of the external environment, and a constant con-
nection with nature, which is not always possible using other competing technologies, like
building-integrated photovoltaics (BIPVs). Moreover, the use of EC smart windows can
lead to higher productivity in the workplace and better job satisfaction, as stated by SAGE
Electrochromics [8].

Of the different types of electrochromic devices (ECDs) that have been proposed [9],
the hybrid type consists of two transparent conductive electrodes (e.g., fluorine-doped
tin oxide (FTO)-coated glass or indium tin oxide (ITO)-coated glass), on which usually a
WO;3 EC layer and a highly transparent catalytic platinum film are deposited, respectively.
Between them, a liquid or a solid redox electrolyte is introduced. Such an ECD with an
iodide/triiodide (I~ /I3~) redox couple in the electrolyte was first proposed by Georg
et al. [10]. During coloration, the following Reactions (1) and (2) take place at the anode
and at the cathode, respectively, and their direction is reversed during bleaching:

Anode (WO3/FTO) : x Li™ +xe™ + WO;3(bleached) — LixWOj3(colored) (R1)
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Cathode (Pt/FTO) : 317 — Iy +2e” (R2)

As a result, electrons injected into the WOj3 film from the external circuit at the anode
during coloration are balanced by electrons transferred from the cathode to the external
circuit and provided via the oxidation of iodide ions to triiodide. Therefore, the role
of a redox couple is to counterbalance a redox reaction at the EC layer (anode) during
the coloration or bleaching of the ECD (Reaction 1), offering practically an unlimited
charge capacity and diminishing the need for the deposition of an ion storage layer at the
cathode [11]. Thus, the device fabrication process is simplified, coloration proceeds at a
lower bias potential [12,13], and bleaching can proceed even under a short circuit, without
the need to apply an opposite bias potential. Moreover, the catalytic layer minimizes
the charge transfer resistance at the cathode, facilitating Reaction 2, even though its high
transparency is crucial for achieving a highly transparent initial state of the ECD.

However, these “hybrid” or “redox” ECDs have the disadvantage of a permanent
internal short circuit due to the direct contact of the EC layer with the redox electrolyte,
leading to a so-called “loss current” (I},;), restricting their optical performance. For example,
when the I /I3~ redox couple is used, the “loss current” is due to Reaction 3, which is the
reduction of I3~ ions at the anode:

Anode: Iy +2¢ — 31 (R3)

In other words, electrons that arrive at the anode during the coloration procedure
can cause optical modulation (Reaction 1) or reduce the triiodide ions in the electrolyte
(Reaction 3) at the EC layer/electrolyte interface, even though it is expected that this a
slow process in the case where WOj is used as the EC layer [10,14]. A high value of “loss
current” increases the amount of energy consumed for the optical modulation of the ECD,
restricts the coloration depth, and increases the coloration time, while the open circuit
memory is also diminished. According to [14], an acceptable value of ;s should be below
10 pA/cm?. Therefore, the total current passing through the ECD during coloration (I;ys)
can be analyzed as the sum of the coloration current (I.,;, Reaction 1) and the “loss current”
(I10ss» Reaction 3). Of course, if the electrolyte is in direct contact with the FTO conductive
substrate, for example, in the case of a porous EC layer, then the reduction of I3~ ions
can also take place at the FTO/electrolyte interface, leading to an extra loss mechanism
(I10ss,FTO), Which also contributes to the value of I;y,. As a result, Iy, can be expressed
using Equation (1):

Liotat = leor + Lioss + Iloss,FTO @

Another crucial parameter that affects their performance is the relative position of the
electrochemical potential of the as-prepared WOj3 layer and that of the redox electrolyte,
which determines the direction of charge transfer at the WO;/electrolyte interface. If the
electrochemical potential (vs NHE) of the as-prepared WOj3 layer is higher (more positive)
than that of the redox electrolyte, then electrons will move to the WOj3 layer, inducing
coloration without the need for a bias potential. This phenomenon is called “self-coloration”.
However, during coloration, the electrochemical potential of Li, WO3 moves below that of
the redox electrolyte (more negative) [15]. Consequently, due to the interfacial loss reactions
(Reaction 3), self-bleaching occurs. The higher the difference between the electrochemical
potentials, the more intense the above mechanism is. Furthermore, coloration depth
depends on the bias potential with respect to the redox potential of the electrolyte, where
in general a higher redox potential (more positive) demands a higher value of cathodic
potential for the coloration of the device but on the other hand improves charge storage. For
that reason, in [16], the bias potential for coloration of the ECDs was chosen with respect to
the redox potential of the different redox electrolytes used.

Moreover, the value of the charge transfer resistance at both electrodes is of great
importance. A high charge transfer resistance at the EC layer/electrolyte interface and a
low one at the Pt/electrolyte interface are desirable. For example, a high value of the charge
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transfer resistance at the platinized counter electrode may impede both coloration (depth,
time) and bleaching [11,13,16], whereas a low one at the EC layer/electrolyte interface will
lead to a high “loss current”, enhancing self-bleaching, and high power consumption [16].
Finally, absorption in the blue region from the redox couple, especially in the case of an
I~ /13~ one, leads to a yellowish tint of the devices in the bleached state.

Therefore, efforts have been made to optimize the performance of these hybrid devices,
focusing on decreasing the loss reactions at the WO3 /electrolyte interface and on the catalytic
properties of the counter electrode. Apart from the I” /I3~ redox couple, a variety of other
redox couples have been used (Table S1), such as ferrocene/ferrocenium (FY*) 9,121, potas-
sium hexacyanoferrate(Il) / (III) (KHCF(I) /(III)) [9], tetrathiafulvalene (TTF) [17], tetram-
ethylthiourea/tetramethylformaminium disulfide (TMTU/ TMFDS?*) [9,13,14,18,19], and
recently thiolate/disulfide (T~ /Ty) [11], dissolved in a liquid or a solid electrolyte. For
example, a thiolate/disulfide (T~ /T,) redox couple was used in [11], showing a slow
self-bleaching process, while a solid redox (TMTU/[TMFDS]?**) electrolyte was developed
in [18], exhibiting suppressed loss reactions at the WOj3/electrolyte interface. In [12], a
correlation between device performance and Fc concentration in the electrolyte was found;
above a certain Fc concentration, the self-bleaching process was enhanced. An optimized
concentration in the case of a TTF redox couple, where the ECDs exhibited not only an
improved optical performance, but also a reversible behavior, was reported in [17], while
the effect of the [~ /I3~ ratio was examined in [20]. Moreover, a few barrier layers have been
deposited at the WO3/electrolyte interface [14,21], whereas in [13] and in [22], a counter elec-
trode based on a cobalt sulfide film and on an iridium oxide film, respectively, was examined
in conjunction with a TMTU/TMFDS?** redox couple instead of a platinized electrode.

However, there is a lack of systematic studies regarding the performance of these
hybrid ECDs under prolonged testing under real operating conditions. Furthermore, their
stability has been examined so far only by performing continuous coloration-bleaching
cycles. For example, in [12], a ~20% contrast attenuation was observed after cycling an
ECD having an Fc* redox couple for 10 h, while in [13], more than 100,000 cycles were
performed with less than 5% contrast attenuation for an ECD with a TMTU/TMFDS?*
redox couple and a CoS counter electrode. Moreover, in [23], 11,000 cycles were performed,
and transformation of species in the electrolyte was observed, whereas in [11], the change
in the optical properties of an I~ /I3~ redox electrolyte was reported after 50 consecutive
cyclic voltammetry scans.

In this work, we have fabricated hybrid ECDs having an I'/I3” redox couple and tested
them regularly or after storage for a total period of more than one year. Thus, useful
conclusions were found about the stability of the redox electrolyte, regarding its optical
and electrochemical properties, while its substitution with a fresh electrolyte led to the
restoration of the device’s performance. Moreover, emphasis was given to examining
how the loss reactions at the EC layer/electrolyte interface evolve with time, where the
knowledge so far is limited.

2. Experimental Section
2.1. Fabrication of Hybrid Electrochromic Devices

Amorphous tungsten oxide films (WOj3) with high optical transparency in the visible
range were prepared by electron beam gun (e-gun) evaporation. Initially, high-purity
WO3 powder (99.99%) and FTO glass substrates (15 Ohm/sq) were appropriately placed
inside a vacuum chamber. Then, evaporation took place at about 10~ mbar and at room
temperature. In addition, the deposited film thickness (600-700 nm) was controlled using a
quartz thickness controller [24]. The crystal structure, morphology, and stoichiometry of
the as-prepared WOs films were examined previously in [25] and in [26].

Platinum films were electrodeposited using an aqueous H,PtClg solution (0.002 M)
and an Autolab PGSTAT 204 potentiostat. During a typical three-electrode electrodeposition
procedure, a constant potential of —400 mV relative to an Ag/AgCl reference electrode was
applied for 60 s. Deposition took place on the conductive side of an FTO glass substrate
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(15 Ohm/sq), while a Pt wire served as the counter electrode [27]. As a result, nearly
spherical Pt nanoparticles, covering a fraction of the FTO glass substrate, were deposited,
as shown in our previous work [27].

For assembling the ECD, the two electrodes (i.e., WO3/FTO and Pt/FTO) were ar-
ranged facing each other, slightly displaced to preserve space for electrical contacts. The
devices were sealed peripherally using a low-temperature thermoplastic sealant (Surlyn,
50 um) at 120 °C for 10 min under pressure, which acted also as a spacer. Then, the space
between the two electrodes was filled with a liquid redox electrolyte composed of 0.5 M
lithium iodide (Lil) and 0.005 M iodine (I7) in acetonitrile (ACN). More specifically, the
electrolyte was inserted from one of the two small holes pre-drilled in the counter electrode.
The other hole served for air leaking during filling with the electrolyte. Finally, the holes
were sealed using Surlyn (supplied by Greatcell Solar Materials, Queanbeyan, Australia)
and small pieces of glass.

2.2. Characterization of Redox Electrochromic Devices

The coloration of the ECDs was performed using an electrical circuit comprising mini
silicon solar cells (BPW34) as the power source, an LED lamp for illumination, a 0.5 kOhm
resistor, and of course the ECD, all connected in series. To achieve the desired applied bias
potential (Vpy), up to 4 mini silicon solar cells were connected in series, and the current
passing through the ECD during coloration was calculated from the potential difference
across the 0.5 kOhm resistor.

Similarly, bleaching of the ECDs was performed by connecting their terminals with
a 1 kOhm resistor, where again the resulting bleaching current was calculated from the
potential difference across the 1 kOhm resistor. All the electrical signs were recorded using
a datalogger, connected to a PC.

The typical testing procedure comprised 3 steps, as described in Table 1, except
otherwise mentioned. At the end of each step, the transmittance spectrum was recorded.

Table 1. Steps of a typical coloration-bleaching cycle.

Steps 1 2 3
Bias coloration Open circuit Bleaching through a 1 kOhm resistor
(5 min) (5 min) (10 min)

In general, the transmittance T(A) spectra of the ECDs were recorded using a Perkin
Elmer Lambda 650 UV / VIS Spectrometer, at normal incidence, while calculation of the dif-
ferent optical performance indicators was carried out as described in our previous work [24].
Cyclic voltammetry of complete ECDs was performed using the above potentiostat with a
scan rate of 50 mV/s.

The incident photon to current efficiency (IPCE) spectrum of a BPW34 mini silicon solar
cell was obtained using a QE-PV-Si quantum efficiency /IPCE measurement kit produced
by Oriel. An Oriel 94011A solar simulator, equipped with an AM1.5G filter, in conjunction
with a Keithley 2601 source measure unit was used for recording the characteristic I-V
curves of the BPW34 mini silicon solar cells.

3. Results
3.1. Effect of the Applied Bias Potential

Figure 1a shows the variation in the luminous transmittance (17,,,) during a testing
procedure of a hybrid ECD for the different values of the applied bias potential (Vpy), while
the corresponding full transmittance spectra in the visible and near-IR regions appear in
Figure S1. To vary Vpy, up to four BPW34 mini silicon solar cells were connected in series.
A typical IPCE spectrum and characteristic I-V curves of BPW34 mini silicon solar cells
connected in series appear in Figure S2, and their characteristic photovoltaic parameters
appear in Table S2.
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Figure 1. Variation in the luminous transmittance (T},,,) (a), the potential at the terminals of the
BPW34 mini-Si solar cells (Vpy) (b), the potential at the terminals of the ECD (Vgc) (c), the total
current density (I;ys,) passing through the ECD during a coloration-bleaching cycle (d), the luminous
optical density modulation with respect to the total charge (e), and the luminous optical density
modulation with respect to the charge released during bleaching, skipping the open circuit step in the
testing procedure for calculating the coloration efficiency (f), for the different values of the applied
bias potential.

We observe that with Vpy increasing from 0.55 to 1.05 V (Figure 1b), the coloration depth
increased significantly from 36.6 to 16.6% (Figure 1a), while the coloration time decreased
slightly from less than 3 min to 1-2 min. Note that the coloration time was defined as the time
needed for the ECD to attain 90% of its maximum optical modulation (AT).

Subsequently, a minor improvement was observed in the coloration depth for Vpy
~1.5 V, while it remained nearly constant when Vpy increased further (~1.8 V) (Figure 1a,b),
even though the coloration time for Vpy ~1.8 V decreased even further to less than 1 min.
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At the same time, the voltage at the ECD terminals (Vgc) exhibited a sub-linear increment
with Vpy (Figure 1c). In particular, its value at the end of the coloration step tends to an
upper bound value of nearly 1 V (Figure S3a). Meanwhile, the total current passing through
the ECD during coloration (I;,,) increased linearly with Vpy (Figure 1d and Figure S3b).

Even though AODy,,,, increased linearly with V¢, as expected [10,14] (Figure S3c), its
variation with the total charge during coloration (Qy.t,;) was sub-linear (Figure 1e). Due to
the fact that both AODy,,,;, and V¢ tend to an upper bound value when Vpy is increased
above ~1 V, we can assume that initially, I,; will also show the same behavior with Vpy.
Finally, for a certain Vpy, I;y, attains a maximum value, after an initial increment, and
then a lower steady-state one (Figure 1d), as observed also in [12]. The time needed for
the steady state is approximately the same as the coloration time. Therefore, after Iy, has
reached its steady-state value, we can assume that Iy, =~ Ijpss [28], and thus, the major
part of the increment in I;,;; with Vpy can be attributed to the increment in I}, showing
enhanced interfacial losses with an increase in Vpy [14]. As a result, I}, increased from 7.65
to 194, 464, and 676 pA/cm? as Vpy increased from 0.55 to 1.05, 1.5, and 1.8 V, respectively.
In other words, when the ECD reaches its final colored (charged) state, then all the current
passing through the ECD is due to the interfacial loss reactions (Reaction 3) and I, tends
to zero. If this mechanism is not possible, for example, due to the presence of a barrier
layer, then the total current should fall to zero, resembling the behavior of a battery during
charging.

Under open circuit conditions, partial bleaching of the ECD (Figure 1a) and a sig-
nificant voltage drop at the ECD terminals (Figure 1c) were observed, due to the loss
reactions at the EC layer/electrolyte interface (Reaction 3). Moreover, the initial voltage
drop was more pronounced as Vpy increased, due to the higher difference between the
electrochemical potential of LiyWO3 and the redox potential of the electrolyte. This is due
to the lower value (more negative) of the electrochemical potential of LiyWO3; vs NHE
since its value becomes more negative as the optical density of the EC layer increases [14].
However, after 5 min under open circuit conditions, both T}, and V¢ converge when
Vpy > 1.05 V. Finally, after the ECD terminals were connected with a 1 kOhm resistor, the
ECD was bleached (discharged) (Figure 1c), returning in all cases to its initial optical state
(Figure 1a). As a result, an opposite bleaching current (Figure 1d) was measured, from
which the charge released during bleaching (Qpj, after oc) Was calculated.

As expected, the values of Qpy, gfter oc When Vpy > 1.05V are nearly the same (Figure 1d,
inset). Moreover, a large difference was observed between the values of Qytar and Qpy, after oc
for the same Vpy value (Figure 1d, inset) for two reasons: firstly, as explained above,
Qiotar includes also the charge responsible for triiodide reduction (Reaction 3) at the EC
layer/electrolyte interface (Qy,ss), and secondly, part of the stored charge in the WOj3 film is
lost during the open circuit step, as explained above. By skipping the open circuit step in
the testing procedure (Figure S4a—c), a more accurate estimation of the overall stored charge
in the WOj3 film (Qp, 10 oc) Was possible (Figure 1d, inset). As a result, AODy,,, now varies
linearly with Qpy, no oc (Figure 1f), and from the linear regression analysis, the coloration
efficiency could be calculated, being 24.3 cm? C~!, considering that the area of the ECD
was 1.6 x 1.6 cm?. In this manner, a better estimation of the coloration efficiency is possible,
since when using Qtyt,;, as is common in the relevant literature [11-13], an underestimation
takes place.

Finally, since the ECD returns to its initial optical state after bleaching, we can assume
that Q.1 = Qp1, 1o oc- Therefore, Qjyss can be calculated indirectly from Equation (2):

Qloss = Qtotul - le,no oc (2)

and as appears in Figure 54d, Q;,ss improved significantly with Vpy, as assumed above. It
is characteristic that the Qjyss/ Qrorar Tatio varies from 0.14 to 0.72, 0.85, and 0.89 when Vpy
increases from 0.55 to 1.05, 1.5, and 1.8, respectively. Alternatively, I}y (0r equally Qjpss) can
be calculated by the difference between I, and the coloration or optical current (Ioy), as
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proposed by Bogati et al. in [14,16]. However, a previously known and constant coloration
efficiency is a prerequisite.

3.2. Effect of Bias Time

Subsequently, the applied bias potential (Vpy) was kept constant at ~1.5 V, using
three series-connected BPW34 mini silicon solar cells, and the bias time was varied from
5 to 20 min. As shown in Figure 2a, when the bias time is prolonged above 5 min, a
minor improvement in the coloration depth results. The same also holds for the Vgc
values (Figure 2b). At the same time, [;,,; exhibited a steady-state value of around 1.2 mA
(Figure 2c), irrespective of the bias time. If this current is provided continuously by an
external source, a constant V¢ and a uniform coloration will be maintained. As a result,
Qtotar increased from 0.36 to 1.4 C, while AODy,,, was practically constant (Figure 2d).
Therefore, since the optical modulation of the ECD is the same in all cases, we can assume
that Q. is also the same for the different bias times, and therefore the increment in Q;y;y
is attributed solely to the contribution of Q). Finally, the Ty, and V¢ values at the end
of the open circuit step (Figure 2a,b) and the values of Qp, sfter oc (Figure S5), as calculated
from Figure 2¢c, were the same, irrespectively of the bias time, whereas in all cases the ECD
returned to its initial optical state.
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Figure 2. Variation in the luminous transmittance (T7,,,) (a), the potential at the terminals of the
BPW34 mini-Si solar cells (Vpy) (b) and the potential at the terminals of the ECD (Vgc) (b), the total
current density (Iyy,) passing through the ECD during a coloration-bleaching cycle (c), and the
luminous optical density modulation with respect to the total charge (d) for the different values of
the bias time.
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3.3. Stability of the Hybrid ECD

The stability of the hybrid ECD was also examined by performing a prolonged aging
test for at least one year. Initially, the hybrid ECD remained under open circuit conditions
in the dark for 3 days to examine if self-coloration takes place. Indeed, an overall reduction
in the transmittance was observed (Figure 3a), with the luminous transmittance in the
colored state (T}, 1) decreasing from 55 to 47.2% (Figure 3b). This fact shows that the
electrochemical potential (vs NHE) of the as-prepared WOj3 layer is higher (more positive)
than that of the redox electrolyte. As a result, the transfer of electrons from the redox
electrolyte to the WOj film is possible, inducing self-coloration [14].

0d ——3d——13d 59d

B0 15:’)d - 729?(? \— 332Id ---- nev\I/ electrol 60 2
(a) (b) -
B 50 E
;\ZT —m— initial
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Figure 3. Transmittance spectra of a hybrid ECD for different days post-fabrication (a); variation in
the luminous transmittance at different stages (b), the potential at the terminals of the ECD (Vgc) (c),
and the total current (I;,,;) passing through the ECD (d) for different days post-fabrication.

Then, for the following 10 days, we observed an intense coloration, where the device
exhibited a T}, ¢, of 5-6% and a contrast ratio above 7:1 (Figure 3b, Table 2). Moreover,
the electrical properties of the ECD did not show any significant changes (Figure 3c,d).
Optical and electrical losses during the open circuit step were also observed, as expected
(Figure 3c,d). Finally, it is worth mentioning that the ECD could not return to its initial
optical state and the values of both Vrc and Iy, were not equal to zero at the end of the
bleaching step (Figure 3c,d), showing a remaining coloration of the ECD.
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Table 2. Characteristic optical performance indicators, total charge, and charge released during
bleaching for different days post-fabrication of the ECD.

Days AODy,, CR Quotel AVEe (%) ATy (%) Ol afiorec
3 0.935 8.6:1 237.7 425 66.1 31.87
13 0.850 7.1:1 209.4 38.9 78.9 34.8
59 0.430 2.4:1 231.8 45 72.6 17.8
100 0.422 2.6:1 182.1 35.6 60.2 14.17
200 0.569 3.7:1 133.9 215 488 28.8
330 0418 2.6:1 99.87 25.9 55 16.7
eleiifj‘yte 0.900 7.9:1 111.9 12.1 272 78.5

Afterwards, the ECD was stored under open circuit conditions for nearly 45 days,
and for the following 150 days, the ECD was tested regularly. As appears in Figure 3a,
a significant change in the transmittance spectra occurred. More specifically, a gradual
reduction in the transmittance of the ECD up to 600 nm was observed, as compared with
the transmittance measured immediately after assembling the device (day 0), possibly due
to the formation of free iodine (I). Similarly, a reduction in the transmittance in the case
of an I~ /I3~ redox electrolyte in the 400-700 nm region after 50 consecutive voltammetry
scans was observed in [11]. As the authors stated, the absorption in the blue region resulted
initially from the production of I3~ ions, having an absorption maximum at 360 nm, and then
from their further oxidation to iodine, which shows a strong absorption for A > 430 nm [18].

During this period, T}, o Varied within the range of 22-13%, showing a trend of
improving the coloration depth and the AODy,,,,, as the device was cycled (Figure 3b)
(Table 2). Moreover, during coloration, Vg increased considerably. More specifically, its
value at the end of the coloration step increased from 0.6 V to nearly 0.9 V (Figure 3c and
Figure Sé6a), while at the same time, only a minor increment in the Vpy value occurred,
from 0.98 V to 1.1 V (Figure S6b), depicting a small change in the operating point of the
mini-Si solar cells. Therefore, the increment in the Vg value was not due to the increment
in the Vpy value.

A decrement in Iy, could explain the Vgc increment, since the voltage drop at the
terminals of the 0.5 kOhm resistor would decrease, leaving a larger part of Vpy to be applied
at the terminals of the ECD. Indeed, both the maximum value of I;y,; and its steady-state
value at the end of the coloration step, which correlates well with I, decreased (Figure 3d).
For example, the steady-state value of I;,;; was 0.73 mA after 59 days and decreased to
0.4 mA after 200 days. As a result, Qs showed a clear trend for reduction (Figure S6c¢)
(Table 2), and the improvement in the optical performance can be attributed to the reduced
losses and the training effect of the WOj; film due to the continuous operation.

Moreover, the increment percentage of T}, during the open circuit step varied from
73% (day 55) to 50% (day 200), and the voltage drop percentage varied from 45% (59th day)
to nearly 20% (200th day) (Figure S6a), both showing reduced optical and electrical losses.
As aresult, Qp after oc Showed an increment from 17.8 mC (59th day) to 28.8 mC (200th day)
(Figure S6b) (Table 2). Finally, the device could return to its initial optical state, and both
VEc and Iy, were equal to zero after nearly 100 s of bleaching (Figure 3c,d), showing a
complete bleaching (discharge) of the ECD.

A second and longer storage period under open circuit conditions followed for
130 days. After that, the initial transmittance of the ECD decreased further (Figure 3a)
for A <600 nm, Ty, . increased to 18.2% (Figure 3b), and in general, the optical perfor-
mance deteriorated (Table 2). A further drop in Iy, or equally in Qi was also observed
(Figures 3d and Sé6c). During the open circuit step, the increment percentage of Ty, and
the voltage drop percentage were 55% and 26%, respectively (Figures 3b and Sé6a) (Table 2),
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and the value of Qpy, after oc Was 16.7 mC, less than that before the storage period. It seems
that, as after the first storage period, the performance of the ECD was affected negatively
by storage under open circuit conditions. Nevertheless, the performance drop was not so
intense after the second storage period. The exact influence of storage under open circuit
conditions is not clear and needs to be further examined.

Nevertheless, by comparing days, before and after the second storage period, where
the ECD exhibited the same optical density modulation (AODy,,,,,) (i-e., for days 100 and
330), reduced values of AT}, AVEgc, and Qyot and an improved value of Qpy, gter oc Were
observed (Table 2). That is another indication regarding the reduction in losses at the EC
layer/electrolyte interface, after a prolonged testing period.

We believe that one of the reasons behind the reduction in losses, after a prolonged
testing period, is the instability of the redox electrolyte. More specifically, the reduction
in the initial transmittance of the ECD for A < 600 nm (Figure 3a), as discussed above,
indicates the formation of free iodine [11,18,20]. Initially, the concentration of free I, is very
low, since iodine is almost transformed to triiodide according to Reaction 4 [29]:

L+ Im & I (R4)

After prolonged testing, the direction of Reaction 4 is reversed, leading to the con-
sumption of I3~ ions and the formation of free I,. Another possibility is the oxidation of
triiodide ions to iodine according to Reaction 5 [11]:

20; ¢ 3L +2¢” (R5)

Reaction 5 takes place at more positive potentials than Reaction 2; therefore, it can
be avoided by properly selecting the applied bias potential [10]. The presence of I, can
also negatively affect the conductivity of the electrolyte [20]. Therefore, due to the reduced
availability of I3~ ions, the losses at the WOj3/electrolyte interface are reduced. At the
same time, a slight variation in the redox potential of the electrolyte to lower values is
expected [29].

To verify our above assumptions regarding the role of the electrolyte, the electrolyte
was replaced with a fresh one. First, we observed that the transmittance of the ECD returned
to its initial state (day 0) (Figure 3a,b) and the device exhibited optical performance (optical
density modulation, coloration depth, contrast ratio) similar to that during its first cycle
(3rd day). However, a significantly reduced value of Iy, was measured during coloration,
leading to a reduced value of Qs (Figures 3c and Séc). Moreover, reduced optical and
electrical losses during the open circuit step (Table 2) were also observed. All the above
resulted in a Qpy, sfter oc value 2.5 times larger than that in the first cycle (3rd day) (Table 2).
Finally, the device could return to its initial optical state after bleaching. Therefore, we can
assume that under prolonged testing, changes occur in not only the concentration of the
electrolyte but also the properties of the EC layer/electrolyte interface. An increment in the
charge transfer resistance at the WOj3/electrolyte interface, due to possible adsorption of
electrolyte species, could explain the above results well.

It is interesting to note that the CE is not affected by the replacement of the electrolyte
with a fresh one, since the slope in the AODy,,,,, vs. Qp, nooc graph remains the same
(Figure 4a). Moreover, Figure 4b shows cyclic voltammograms of the above ECD for
different days post-fabrication. Their shape is typical in the case where an amorphous WO3
film is used as the EC layer [18]. Moreover, WO3 is a well-known cathodic electrochromic
material, meaning that it is colored during the cathodic scan. During the cathodic scan, a
negative shift of the voltage value where coloration begins (the point where current changes
sign from positive to negative) was observed, showing that a higher applied bias potential
was necessary for coloration. The voltammogram area during the cathodic pulse decreases
considerably, revealing an overall decrement in charge density exchanged during coloration
(Figure 4c). Replacement of the electrolyte causes a slight positive shift of the voltage value
where coloration begins, and an increment in Q. by almost 80% (Figure 4c). Also, the
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ratio of Q.. /Qp is equal to 1, showing a reversible coloration-bleaching procedure. Finally,
the potential value, where the current tends to zero during the anodic pulse, was found to
decrease, showing that the deintercalation of Li* ions was made easier due to the training
of the WO3 film.
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Figure 4. (a) Variation in the luminous optical density modulation with respect to the charge
released during bleaching, skipping the open circuit step in the testing procedure for calculating the
coloration efficiency, (b) typical cyclic voltammograms of a hybrid ECD different days post-fabrication,
and (c) calculated charges from the cyclic voltammograms.

To examine further the effect of the prolonged testing on the overall performance
of a hybrid ECD, the first coloration-bleaching cycle was performed 70 days after its
fabrication, followed by only four more coloration-bleaching cycles, for a total period
of nearly 18 months. In the meantime, only the transmittance was measured, and the
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ECD remained under open circuit conditions. Initially, due to self-coloration, an overall
decrement in the transmittance was observed, while after 50 days, the transmittance of the
ECD for wavelengths above 600 nm returned to its initial value (day 0), showing that self-
coloration was no longer possible (Figure 5a). Nevertheless, the transmittance of the ECD
at short wavelengths reduced continuously, due to the absorption of the electrolyte, even
before the first coloration-bleaching cycle was performed. For example, the transmittance
at 500 nm was reduced from its initial value of 53.1% to 47.8% and then to 38.4% after
70 days and 560 days, respectively. Therefore, the formation of free I, can take place even
without the application of a bias potential, due to Reaction 4.
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Figure 5. Transmittance spectra of a hybrid ECD, where its first coloration-bleaching cycle was
performed 70 days after its fabrication, for different days post-fabrication (a); variation in the luminous
transmittance at different stages (b), the potential at the terminals of the ECD (Vgc), (c) and the total
current (I;yy,) passing through the ECD (d) for different days post-fabrication.

During the first operation cycle, an intense coloration and optical irreversibility were
not observed, as before. In general, the optical performance of the device was compa-
rable to that of the previously aged ECD, showing a small improvement after 560 days
(Figures 5b and S7, Table 3). Again, an increment in Vgc values during coloration oc-
curred; i.e., the Ve value at the end of the coloration step increased from 0.59 V to
0.99 V (Figures 5c and Sé6a), whereas both the maximum value of I;,,; and its value after
5 min of coloration decreased (Figure 5d), with a small exception for Iy, max of 350 days.
Accordingly, Qs showed a clear trend for reduction (Figure S7b and Table 3). Opti-
cal and electrical losses during the open circuit step also showed a trend for reduction
(Figures 5b,c and S7b). All the above resulted in an improved value of Qu, sfter oc, being
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3 times larger after 560 days, compared with its value after the first coloration-bleaching
cycle (70th day) (Figure S7b and Table 3). Finally, the substitution of the electrolyte with
a fresh one remarkably improves the performance of the ECD, where optical and elec-
trical losses were minimized. Note that the fresh electrolyte used here was the EL-HPE
high-performance electrolyte, supplied by GreatSellSolar materials.

Table 3. Characteristic optical performance indicators, total charge, and charge released during
bleaching for different days post-fabrication of an ECD, where its first coloration-bleaching cycle was
performed 70 days after its fabrication.

Days AODyyum CR (Q;fg)’ AVgc (%) ATy (%) Qb(l;gfcfe)r oc
70 0.358 231 251.4 454 66.3 8.1
200 0.416 2611 191 28.7 60.2 145
350 0.398 2.5:1 177.8 2.1 56.1 153
560 0.482 3.0:1 918 184 516 233
Fresh 0.6437 4411 93 113 236 45
electrolyte

Finally, Figure 6 shows images of hybrid ECDs, immediately after assembling and
after one year, where the more intense yellowish tint is obvious.

’ S L A # ” .-

Figure 6. A hybrid ECD with an I~ /I3~ redox electrolyte immediately after its fabrication (left) and
after one year (right). Only three coloration-bleaching cycles have been performed in this case.

In summary, the above-described mechanisms that are responsible for the performance
variation of hybrid ECDs, and especially the instability of the redox electrolyte, take place
irrespective of whether the device is cycled or not. Therefore, this is a significant limitation
imposed using an iodide/triiodide redox electrolyte.

4. Conclusions

In the present study, we have examined the effect of the applied bias potential and the
duration of the bias on the performance of a hybrid EC device having an iodide/triiodide
redox couple. We found that an applied bias potential of ~1 V was enough to achieve a
contrast ratio of nearly 8:1 and a coloration time of a few minutes. Further increasing the
applied bias potential up to 1.8 V resulted mainly in the enhancement of the loss reactions
at the WO3/electrolyte interface, rather than in the improvement in the optical performance
(coloration depth and time) of the ECD. These loss reactions take place also during the
coloration of the ECD and must be considered to correctly estimate the coloration efficiency.
Therefore, for an optically reversible device, it is better to use the charge deintercalated from
the WOj3 film during bleaching (Qp; 4,0 oc), rather than using the charge measured during
coloration (Qy,1), due to the significant contribution of Q) in the value of Qyy,, which
can be up to 90% depending on the applied bias potential value. Optical modulation cannot
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be improved further by prolonging the bias time up to 20 min, even though a significant
value of loss current (~1.2 mA) passes through the ECD, which must be maintained to keep
a uniform coloration. Nevertheless, after nearly two months of testing under real operating
conditions, the contrast ratio declined from 3:1 to 2:1, even though a reduction in losses
at the WOj3/electrolyte interface was observed, and remained nearly constant for the next
ten months. The above findings were attributed mainly to the instability of the electrolyte
(i.e., formation of free I,) and the possible increment in the charge transfer resistance at the
WOs/electrolyte interface. The replacement of the electrolyte was the only way to restore
the performance of the ECDs, since a similar behavior was observed even without cycling
the device. This is a significant limitation when an I~ /I3~ redox couple is used, affecting
the performance not only of hybrid ECDs but also of photoelectrochromic devices. The
use of a fresh electrolyte resulted in optically reversible devices even from the first day of
their operation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/en16207084/s1, Table S1: Comparative table with hybrid ECDs
having different redox electrolytes; Figure S1: Transmittance spectra of a hybrid ECD during a
coloration-bleaching cycle for the different values of the applied bias potential (Vpy), which was
increased using series-connected mini silicon solar cells: (a) 1 mini silicon solar cell, (b) 2 mini silicon
solar cells, (c) 3 mini silicon solar cells, and (d) 4 mini silicon solar cells; Figure S2: (a) Typical I-V
curves of up to 4 series-connected BPW34 mini-Si solar cells and (b) a typical IPCE spectrum; Table S2:
Characteristic photovoltaic properties of series-connected BPW34 mini silicon solar cells; Figure S3:
(a) Variation in the voltage at the ECD terminals (Vgc) with respect to the applied bias potential
(Vpy), (b) linear increment in Iy, passing through the ECD with the applied bias potential (Vpy),
(c) linear increment in the luminous optical density modulation with the voltage at the ECD terminals
(VEc); Figure S4: Variation in the applied bias potential Vpy (a), the potential at the terminals of the
ECD (VEc) (b), and the total current density (I;5,;) passing through the ECD (c) during a coloration—
bleaching cycle; (d) variation in Qj,s with the applied bias potential (Vpy); Figure S5: Variation in the
total charge (Qyota) and the charge released from the WO3 layer during bleaching (Qpi, after oc) With the
bias time, after an open circuit step; Figure S6: (a) Variation in the potential at the terminals of the
ECD (VEc) at the end of each step during a coloration-bleaching cycle with days post-fabrication,
(b) variation in the applied bias potential (Vpy) for specific days post-fabrication during coloration of
the ECD, (c) variation in AODy, Qpotar, and Qpy, after o With days post-fabrication (open symbols are
used in the case of the fresh electrolyte); Figure S7: (a) Variation in the potential at the terminals of
the ECD (Vgc) at the end of each step during a coloration-bleaching cycle with days post-fabrication;
(b) variation in AODy,, Qjotar, and Qpy, after oc With days post-fabrication (open symbols are used in
the case of the fresh electrolyte).
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