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ABSTRACT: A new architecture for multifunctional photo-
electrochemical devices, namely photovoltachromic devices, is
disclosed here, capable of producing electric energy by solar
conversion also modulating the devices’ optical transmittance
in a smart and aesthetically sounding fashion. These devices
generally consist of a titanium dioxide photoelectrode and of a
bifunctional patterned counter electrode made of platinum and
amorphous tungsten oxide. The innovative configuration
described hereafter proposes to split the single patterned
counter electrode into two distinct electrodes, physically
overlapped: the central one is suitably drilled in order to allow
the electrolyte to fill both communicating chambers. These
three electrode devices allow three independent operating
modes: photovoltaic, photoelectrochromic, and photovoltachromic. In this paper, we report the optical, electrical, and
electrochemical characterization of this innovative device, varying both available catalytic surface area and the type of sensitizing
dye. We eventually obtained the following conversion efficiencies, 2.75%, 2.35%, and 1.91%, in samples having different catalytic
areas (397, 360, and 320 mm2, respectively). We inferred that the higher the platinum area on the interposed platinum−
poly(ethylene naphthalate)−indium tin oxide counter electrode, the higher the photovoltaic conversion efficiency. On the other
hand, a decrease of the intercommunication openings generates a slowdown of bleaching processes.
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1. INTRODUCTION

In recent years, several research activities have been directed
toward smart materials and devices in order to achieve a
dynamic solar control in transparent building envelopes. The
open issue of building integration of “smart windows” is
nowadays crucial, considering that the built environment uses
as much as 30−40% of primary energy worldwide. As a matter
of fact, a large number of studies are currently dealing with
chromogenic devices.1,2

It has been demonstrated that electrochromic (EC) and
photovoltachromic (PVCC) windows enhance the energy
performances of windows with respect to conventional shading
and solar control devices. This generates several advantages,
such as the reduction of cooling costs, heating, and ventilation
loads, as well as a considerable cut in the use of artificial
lighting, due to a more correct use of day lighting.3−6

A very promising category of “smart” chromogenic devices is
represented by photoelectrochromics cells (PECCs), a special
kind of self-powered smart windows.7,8 These are electro-
chemical cells consisting of two electrodes, separated by a redox
electrolyte. The photoanode is coated with a layer of dye-
sensitized mesoporous TiO2 (on a transparent conductive

oxide), whereas a cathodic electrochromic material is deposited
on the counter electrode (generally WO3).

9,10 So far, several
architectures11−16 have been proposed for these devices, for
which the coloration process is self-generated, depending on
the available irradiance, and does not require any external
voltage.17−22

In 2009, Wu et al.23 developed a novel device, namely a
photovoltachromic cell (PVCC), composed of a patterned
WO3/Pt electrochromic counter electrode and a dye-sensitized
TiO2 photoanode, proving the reliability of an approach
integrating dye-sensitized solar cell (DSSC)24 and photo-
electrochromic (PEC) technologies. However, the energy
conversion efficiency exhibited by the PVCC was about 0.5%,
and it did not allow to manage separately DSSC and PEC
functionalities.
Recently, we proposed a complete separation of two areas on

the counter electrode, respectively devoted to coloration
(WO3) and to photovoltaic conversion (Pt).25,26 This design
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also allowed a bifunctional and interactive management of the
device features. Nevertheless the counter electrode, electrically
divided into two areas, produced an aesthetically nonoptimized
appearance. In fact, only a part of the device was capable of
smart coloration, while the remaining part was not involved in
the chromic transition, thus resulting as opaque or bleached.
In the present work, we show a completely new architecture

for photovoltachromic devices (Figure 1) undergoing smart
and homogeneous coloration and bleaching, perfectly suitable
for building integration. It is based on three distinct electrodes,
assembled as follows: a highly transparent photoelectrode, a
very thin Pt electrode deposited on a PEN-ITO substrate, and a
WO3 electrode, superimposed in a “sandwich” configuration.
The central platinum electrode was previously drilled in order
to permit the creation of a unique electrolytic chamber inside
the device. The electrolyte fills the two interspaces generating a
suitable electrochemical link. Here, we describe the possible
configurations between DSSC, PECC, and PVCC modes and
report the electrochemical characterizations carried out in order
to demonstrate the effectiveness of such architecture. We
investigated the PV properties corresponding to the variation of
the Pt area, as a consequence of the different sizes of predrilled
holes made on the central electrode. Moreover, an organic dye
(DYE1) was adopted, and its beneficial effects on the
transmittance of devices were assessed.

2. EXPERIMENTAL SECTION
2.1. Preparation of TiO2 Nanorods Paste. TiO2 nanorods were

prepared according to a procedure described elsewhere.27−29 Briefly, in
a typical synthesis, titanium tetraisopropoxide (TTIP, 17.7 mL, 60
mmol) was added to 50 g of oleic acid at room temperature. Then, the
resulting mixture was gradually heated to 270 °C at a rate of about 10
°C/min and then kept at this temperature for 2 h. After the synthesis,
the TiO2 nanocrystals were precipitated upon addition of ethanol or 2-
propanol: acetone mixtures, separated by centrifugation and washed
with acetone to remove the excess surfactant residuals. Then, the
resulting products were easily redispersed in an apolar organic solvent,
such as toluene or chloroform. Nanocrystal suspensions were stirred at
60 °C for 6 h with ethyl cellulose previously dissolved in toluene (10
wt %/wt). The exchanged solvent was carried out as follows: terpineol
was added and the resulting mixture was stirred again for 1 h; finally

toluene was removed by a rotary evaporator to obtain pastes suitable
for doctor-blade deposition. The paste had the following weight
percentage composition: TiO2: 12%; organic capping residuals: 15%;
ethyl cellulose: 5%; terpineol: 68%.

2.2. Preparation of Counter Electrodes. Three different ITO/
PEN substrates were prepared to deposit platinum layers by high
vacuum electron beam evaporation (TemescalSupersource). Holes
having different sizes were drilled on ITO/PEN substrates: 3.14, 40,
and 80 mm2. This resulted in different values of Pt catalytic area:
396.86, 360, and 320 mm2. For clearness sake, devices embodying such
counter electrodes were named, respectively, sample A, sample B, and
sample C, respectively.

The vacuum chamber was initially evacuated to 10−7 mbar, and then
the first 2 nm adhesion layer of titanium was deposited. The platinum
coating, having a thickness of 5 nm, was then deposited. The rate of
deposition was about 0.5 Å/s, and the e-beam power was about 30%.
During the deposition, the vacuum chamber reached a temperature of
about 40 °C.

Tungsten oxide layers were deposited by electron beam deposition
on ITO/glass substrates. The vacuum chamber was initially evacuated
to 10−7 mbar, and then pure dry oxygen was admitted through a
needle valve (20 sccm). The pressure was maintained at 10−4 mbar
throughout the process. The deposition rate was about 1.5 Å/s, and
the e-beam power was about 8%. During the deposition the chamber
reached a temperature of about 210 °C.

2.3. Preparation of Photoelectrodes. FTO glasses were cleaned
in a detergent solution using an ultrasonic bath for 15 min and then
washed with water and ethanol. The TiO2 nanorods paste was
deposited onto F-doped tin oxide (FTO) conducting glass by doctor
blading and gradually heated in an oven at air atmosphere; the
temperature gradient program had three levels at 170 °C (40 min),
350 °C (15 min), and 430 °C (30 min). All the films had the same
value of active area (1 cm2) and a thickness of about 5 μm.

The photovoltaic and electrochemical characterizations were
performed on TiO2 electrodes immersed into a solution 0.5 mM of
(bis(tetrabutylammonium)-cis-di(thiocyanato)-N,N′-bis(4-carboxyla-
to-4′-carboxylic acid-2,2-bipyridine) ruthenium(II) (N719) in a
mixture of acetonitrile and tert-butyl alcohol (v/v, 1:1). After a 1 h
dye-loading process, the N719 sensitized film exhibited a transparency
superior to 25% in the blue-green region and higher than 50% in the
red/near-IR region, whereas after 12 h the transmittance in the visible
range was almost completely cut down. Since good transparency in the
visible range represents a crucial feature for a fully integrated
photovoltachromic window, we finally used a 1 h sensitized N719
electrode.

Figure 1. (a) Exploded view of the device. TiO2 and WO3 were deposited on FTO/glass substrates, whereas Pt was deposited on PEN/ITO
substrate. The latter electrode was drilled allowing the electrolyte to fill the two resulting chambers. The three electrodes are then mutually sealed by
Surlyn films. The device was filled with the electrolyte through a predrilled hole made on the WO3 electrode. (b) Schematic representation of three
different counter electrodes studied; the white squares represent the openings made on each electrode.
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2.4. Fabrication of Photovoltachromic Devices. The solar cells
were assembled by placing the platinum electrode (central position)
on the WO3 electrode, and, then, the partially assembled device was
finally jointed to the dye-sensitized photoelectrode (working
electrode). The platinum layer faced the photoelectrode, and the
PEN substrate also faced the WO3 electrode. The three electrodes
were assembled into a sandwich type cell, and 50 μm thick Surlyn hot-
melt gasket spaced them in order to create two chambers. The redox
electrolyte then filled the space between the electrodes, vacuum
pumped through the predrilled hole on the WO3 electrode. Owing to
the holes made in the central electrode (platinum electrode), the
electrolyte filled both the chambers. The external holes, used to fill the
electrolyte chamber, were sealed using a Surlyn hot-melt film and a
cover glass. The redox electrolyte was composed of 0.7 M LiI, 0.005 M
I2, and 0.5 M tert-butylpyridine in dried acetonitrile.
2.5. Optical and Electrochemical Characterization. A New-

port AM 1.5 Solar Simulator (Model 91160A equipped with a 300 W
xenon arc lamp) served as a light source, and its light intensity (or
radiant power) was calibrated to 100 mW/cm2 using as reference a Si
solar cell. Both open circuit voltage decay (OCVD) and photo-
current−voltage measurements were performed using a Keithley unit
(Model 2420 Source Meter).
Electrochemical impedance spectroscopy (EIS) spectra have been

measured by using an AUTOLAB PGSTAT 100 potentiostat
operating in two-electrode mode. Measurements have been carried
out in light at open circuit potential conditions: frequency range 100
kHz−10mHz; ac voltage 10 mV. The frequency-dependent impedance

was fitted by using the Z-View software (from Scribner Associates
Inc.).

Optical transmittance spectra of the short-circuited devices were
observed by a VARIAN 5000 spectrophotometer in a wavelength
range between 300 and 2500 nm. Full spectrum measurements were
obtained by irradiating the short-circuited device using an array of
seven white Luxeon LED (Cool White 6500 K, 7 LED 40 mm−1540
lm at 700 mA), operated by the above-mentioned source meter.

3. RESULTS AND DISCUSSION

3.1. Operating Modes. The proposed architecture consists
of three overlapped electrodes: a dye-sensitized titanium
dioxide photoelectrode (electrode number 1), a central
platinum counter electrode (electrode number 2), and a
tungsten oxide electrode (electrode number 3). Figure 2
depicts the possible operation modes of the device:
Open circuit condition (Figure 2 a): schematic repre-

sentation of DSSC and PECC circuits. In this case, neither
photovoltaic energy nor chromic transition takes place.
DSSC configuration (Figure 2 b): by connecting the

electrodes 1 and 2, the device works as a dye-sensitized solar
cell, producing photovoltaic energy when illuminated: the
incoming light excites the dye, generating an exciton, split into
an electron and a hole. Electrons move toward the external
circuit through the mesoporous titania; the holes move through
the electrolyte. The I3

− ion of the redox couple in the

Figure 2. Scheme of the device cross section, representing the operating modes of the three-electrode PVCC device. Three configurations are
possible: DSSC, PECC, or PVCC, depending on which circuit is closed. (a) Representation of the device circuits in open condition. (b) DSSC
configuration: closed circuit between TiO2 and Pt-PEN-ITO electrode. (c) PEC configuration: electric connection between TiO2 and WO3. (d)
PVCC configuration: when both circuits (DSSC and PECC) are closed.
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electrolyte reduces the oxidized dye. The platinum carries out a
catalytic action, as electrons are transferred to the oxidized
electrolyte species. The ion exchange takes place only in the
first chamber, between the electrodes 1 and 2. In this
circumstance, there is no coloration of the WO3 electrode
(electrode 3).
PECC configuration (Figure 2 c): the connection of

electrodes 1 and 3 generates a photovoltage on the sensitized
titania (electrode 1) producing the driving force to inject
electrons and inducing the intercalation of Li+ cations into the
tungsten oxide film (electrode 3), resulting in coloration. Once
coloration is completed, there is no more electron flow through
the PECC circuit because WO3 is saturated with electrons and
Li+ cations since all the color centers have been occupied by
cations, proportionally to the given driving force.
In this case, the Li+ ions migration affects both first and

second electrolyte chambers: during the coloring processes the
cations are attracted by tungsten oxide electrode, negatively
charged by the injected electrons. As it is discussed in the
following paragraph, during the cations deintercalation
(bleaching process), their diffusion depends on the size of
the openings made on the central electrode. In this
configuration, no photovoltaic energy is produced.
PVCC configuration (Figure 2 d): by connecting electrode

1 with electrodes 2 and 3, the device produces photovoltaic
energy (DSSC circuitelectrodes 1 and 2), and, at the same
time, chromic transition takes place (PECC circuitelectrodes
1 and 3). In this condition, tuning the voltage values on the
DSSC circuit, it is possible to vary the coloration intensity on
the WO3 electrode. Changing the voltage value means shifting
the energy Fermi level of titania, so that the coloration
phenomena is produced by the difference of the energy levels
between TiO2 and WO3.

26 Consequently, it is possible to tune
the injected charge on the WO3 electrode when the relative
energy levels of titania and tungsten oxide are modified: if the
voltage value is higher than about 0.50.6 V, the coloration
intensity of WO3 electrode is high, because the energy Fermi
level of titania is higher than the conduction band of the WO3
electrode. This depends on the fact that the existing energy gap
does not allow electrons, intercalated into WO3 electrode, to
flow back to the TiO2 electrode, through the external PECC
circuit; oppositely, if the voltage value is less than 0.50.6 V,
the Fermi level of titania results lower than that of tungsten
oxide and the electrons come back: the coloration intensity is
proportional to the voltage applied.
3.2. Photovoltaic and Electrochemical Characteriza-

tion. A photovoltaic and electrochemical characterization was
performed to assess the impact of the size of platinum
electrodes on the photovoltaic and chromic transitions.
IV measurements were carried out to characterize the

photovoltaic performances of the devices with respect to the
dimensions of three different Pt active areas: 397 mm2 (sample
A), 360 mm2 (sample B), and 320 mm2 (sample C). In this
order, the photovoltaic conversion efficiencies were 2.75%,
2.35%, and 1.91%, respectively. In Figure 3 we report the curves
of the devices in DSSC configuration. A significant dependence
of the photovoltaic conversion efficiency on the available
platinum surface area was observed: devices embodying a
smaller Pt area showed a significant decrease of photovoltaic
parameters (Table 1). It is possible to infer that, passing from
sample A to sample C, a lower amount of iodine (I3

−)
undergoes reduction, negatively affecting the internal resistance
of the cell, especially in terms of fill factor (FF). In sample C

not only the FF but also the current density decreased: this
effect may depend on a higher value of charge transfer
resistance at the platinum/electrolyte interface. The difference
between the performance between samples A and B mainly
affected the increase of series resistance (Rseries); on the other
hand, in sample C, a further increase of the Rseries was added to
a significant reduction of the shunt resistance (Rshunt), which
strongly affects the FF of the PV circuit.30

Even if all the samples analyzed have a platinum area bigger
than that of the titania photoelectrode (100 mm2), the
progressive reduction of the catalytic surface facing the
photoelectrode results in a photovoltaic performance drop.
Table 1 shows the main parameters of the photovoltaic

performances of the devices.
As we already demonstrated,26 a split configuration of the

counter electrode does not affect consistently the photovoltaic
efficiency of the device in PVCC mode with respect to DSSC
mode. Similarly, in this architecture the photovoltaic perform-
ances of the devices in PVCC configuration were just 2% lower
than those operating in DSSC configuration, due to a small
reduction of Voc and FF. In stationary PVCC configuration
(when the WO3 electrode is colored), there is no electrons flow
through the PECC circuit. Here the energy produced by the
TiO2 photoanode can be exploited in an external load, and only
a small amount (around 2%) is necessary to maintain the WO3
electrode colored.
EIS measurements were carried out in order to obtain a

complete electrochemical assessment for the three-electrode
PVCCs. Generally, three characteristic arcs can be obtained
from EIS spectra (Nyquist plot, Figure 4) when the device is
controlled in open circuit conditions and irradiated with light
(100 mW/cm2). The low-frequency arc (in the mHz) is

Figure 3. I−V measurements carried out on devices in DSSC
configuration. The letters given in the legend refer to a specific active
area of the central platinum electrodes.

Table 1. Photovoltaic Parameters Measured in DSSC Mode,
Varying the Amount of Active Area of Pt Counter
Electrodesa

samples Pt area (mm2) η (%) FF Voc (V) Isc (mA/cm2)

A 397 2.75 0.63 0.70 6.10
B 360 2.35 0.59 0.70 6.02
C 320 1.91 0.54 0.71 5.50

aPhotovoltaic conversion efficiencies reported in this table showed a
standard deviation of 2.5%.
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attributed mainly to the Nernst diffusion of I3
− within the

electrolyte. The middle frequency arc (in the 10−100 Hz
region) is related to the transport/recombination process of the
injected electrons within the TiO2 porous films and the charge
transfer process of the injected electrons at the interface
between TiO2 and the electrolyte. The high-frequency arc (in
the kilohertz range) is related to the charge transfer process at
the interface between the redox couple and the platinum
counter electrode.31−34 We made the measurements in open
circuit voltage conditions (VOC), in DSSC configuration, to
monitor the charge transfer resistance (Rct) at the platinum/
electrolyte interface, in devices embodying platinum counter
electrodes having different catalytic surface areas.
We mainly observed that passing from sample A to sample C,

and then reducing the Pt active area, the Rct parameter
increased, producing a significant rising of the series resistance.
In more details, in sample A, the Rct was 13.7 ohm/cm2; in
sample B it was 69.8 ohm/cm2, and in sample C the
corresponding value for Rct was 109.6 ohm/cm2.
The first part of the x-axis, where the Nyquist plot curve

intercepts the axis, represents the surface resistance (Rs) of the
electrode, which was almost the same for the sample A and B
(about 26.5 ohm/cm2), increasing considerably in sample C
where electrodes presented a smaller platinum area up to 35
ohm/cm2 due to a smaller amount of the PEN-ITO conductive
layer.
The open circuit voltage decay (OCVD) measurement gives

useful information about the recombination rate between
titanium dioxide and the electrolyte in dye-sensitized cells.34 It
consists of measuring the voltage decay of TiO2 electrode when
the lamp is switched off. The recombination rate is proportional
to the observed voltage decay. The curves in Figure 5 report the
OCVD plot of the devices operating in PVCC mode: the TiO2
electrode was connected to the Pt electrode, through the
potentiostat, and to the WO3 electrode through an external
cable. When irradiated by light and keeping the DSSC circuit in
VOC condition, the WO3 electrode colored via the short-
circuited PECC circuit. Once the lamp was switched off, after
an initial small and fast voltage decay, due to titanium dioxide
electron loss from the conduction band, the voltage decay
slowed down as the electrons started to flow back from the
PECC circuit with a rate strongly influenced by the lithium
diffusion constant in WO3. The OCVD of TiO2 in PVCC mode

was controlled by the deintercalation of Li+ ions from WO3
electrode. For this reason the voltage decay of TiO2 and the
bleaching time of WO3 are strongly correlated.

26 The faster the
deintercalation, the higher the bleaching rate. The time
necessary to reach full voltage decay in PVCC configuration
coincides with the time required to obtain a complete bleaching
of the WO3 electrode.
As described above and represented in Figure 5, the OCVD

plot for devices operating in PVCC mode is reported, varying
the hole sizes on the central electrode. We observed that the
hole sizes affected the OCVD measurements: for smaller
opening sizes, the deintercalation time was higher and the
resulting bleaching rate was very slow. On the contrary, in
devices embodying counter electrodes having larger openings
on the ITO/PEN electrode, the decay time decreased by a
significant factor (about 10). At the same time, devices with
bigger openings between first and second chambers (samples B
and C) showed a completed voltage decay after about 500 s;
the one with smaller area (sample A) needed about 5000 s. The
reason for this behavior is explained as follows: when the Li+

ions deintercalate from WO3, they move toward the TiO2
diffusing inside the electrolyte with TiO2 electrode attracting
the Li+ ions during the voltage decay; the shielding effect due to
the presence of the central electrode hinders the pathway for
cations, producing a high concentration of lithium cations
nearby the WO3 electrode, generating a low gradient. This
phenomenon is confirmed by the increase of bleaching time in
devices fabricated with smaller communication openings. The
intermediate electrode acts as a shield and lowers the
deintercalation rate of Li+ from WO3.

3.3. Optimization of the Device for Building Integra-
tion. In order to enhance the optical transparence of the
device, in view of a potential building integration of this smart
multifunctional photoelectrochemical windows, we aimed at a
further increase of transmittance throughout the visible
spectrum. For this reason, a full sensitized organic dye
(DYE1) was adopted and embodied in a device having a
counter electrode geometry here reported for sample B. In
Figure 6, it can be observed that three-electrode PVCCs admit
almost all of the visible spectrum through the device, in the
transparent state, turning to an opaque state when operating in
the PVCC mode.

Figure 4. Nyquist plot of the devices varying the platinum active area
of the central electrode.

Figure 5. OCVD plot of the device in PVCC configuration varying the
platinum active area of the central electrode.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am501648z | ACS Appl. Mater. Interfaces 2014, 6, 9290−92979294



In Figure 7, a comparison between the transmittance
properties of the devices prepared with N719 and DYE1, in

bleached and colored state, is reported. The measurements
were carried out in the conditions described in section 2.5. The
spectra with white squares and circles are relative to bleached
state; those in the dark refer to colored state. In the bleached
state, DYE1-sensitized cell reveals a higher ΔT throughout the
visible spectrum (range 400−700 nm) with respect to N719-
sensitized devices. Instead, in the infrared part of the spectrum
(range 700−2500 nm) the optical transmittance of the dyes is
quite similar. Subsequently, to monitor the devices in colored
conditions, the PECC circuit (electrodes 1 and 3) was closed.
An optical modulation of 40% at 650 nm at 1 sun was observed,
starting from T = 56% in the bleached state. In colored
conditions, the DYE1-sensitized device is slightly clearer than
the N719-sensitized one. This fact is probably due to the
coincident values of the photovoltage and the equal number of
color centers in the tungsten oxide films.
Furthermore, the optimized device, embodying DYE1 full

sensitized photoelectrodes, with the aim to achieve a high
transmittance, provides satisfactory photovoltaic performances
(JSC = 5.10 mA/cm2, FF = 0.58, VOC = 0.68 V, η = 2.01%), if
related to the energy conversion efficiency of above-mentioned
N719-sensitized PVCCs.

The idea of using a PEN intermediate counter electrode was
influenced from several, significant considerations, summarized
as follows:
Fabrication issues: the depth of the electrolyte chamber

was reduced due to the use of a thin PEN/ITO layer, replacing
a glass one, implying the use of a smaller amount of electrolyte
used in the device. Also the distance between photoelectrode
and the tungsten oxide counter electrode resulted as reduced.
Development issues: costs and environmental impacts of

such devices could be dramatically cut by simply replacing a
typical glass electrode with a polymeric one, especially in view
of a potential industrial production.
Structural issues: the use of a lightweight, interposed PEN

layer could imply a significant enhancement in terms of
structural performances, prefiguring the fabrication of a
laminate glass. Further research activity would be required to
demonstrate the latest aspect. The principal challenges to be
faced in order to achieve the scale-up of this technologies are
those addressed in the fabrication of dye-sensitized solar cells
modules.35

■ CONCLUSIONS

The article discloses a novel architecture for PVCCs, based on
the design of two distinct counter electrodes consisting of two
physically separated platinum and tungsten oxide layers,
deposited on different conductive substrates, arranged in
order to form two intercommunicating electrolytic chambers.
Such an engineered architecture allows a twofold outcome: a
self-powered fast-responsive control of the optical trans-
mittance and the generation of electrical power through solar
energy conversion. We assessed the electrochemical effect of
the different sizes of openings on the intermediate electrode,
resulting in different values of available catalytic surface area.
The conversion efficiencies obtained were 2.75%, 2.35%, and

1.91% in samples having different catalytic areas (397, 360, and
320 mm2, respectively). It has been inferred that the higher the
platinum area on the interposed Pt-ITO-PEN counter
electrode, the higher the photovoltaic conversion efficiency.
Moreover, an increase of platinum surface area generated a
slowdown of bleaching processes.
An efficient blue-absorbing organic dye (DYE1) was also

tested to optimize the optical transmittance of the device with
respect to dye N719. The higher transmittance in the bleached

Figure 6. Photos of the device in the transparent and fully colored conditions, respectively. The dye used to optimize the transmittance of the device
is DYE1.

Figure 7. Transmittance spectra of the device, sensitized with N719
and DYE1, respectively, in bleached and colored states.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am501648z | ACS Appl. Mater. Interfaces 2014, 6, 9290−92979295



state of DYE1 fully sensitized devices demonstrates their higher
suitability for architectural integration purposes.
In conclusion, this is the first experimental demonstration of

a full-area device able to change its transmittance from a highly
transparent state to an almost completely dark one. The choice
of the electrochromic material and of the dye-sensitization
dramatically affects the aesthetic characteristics of the device
both in bleached and in colored conditions. This aspect
highlights the relevance of chromic engineering, representing a
crucial point toward the development of large-area multifunc-
tional smart windows to be integrated in the next generation of
building glass facades.
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