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Abstract

This paper covers a number of aspects of a novel flexible electrochromic foil capable of varying its optical transmittance. The foil includes
thin films of tungsten oxide and nickel oxide and an intervening polymer electrolyte serving as lamination material. Concerningscientific
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spects, we discuss the prevalent defects in amorphous tungsten oxide and how they lead to a consistent picture of the optical
ungsten oxide films as a function of non-stoichiometry and ion intercalation. We also present a refined model for the coloration
ue to proton extraction/insertion in surface sheaths of nano-crystallites of nickel oxide. We then turn to aspects oftechnologyand treat way

o enhance the bleached-state transmittance by mixing the nickel oxide with another oxide having a wide band gap, pre-assem
nsertion/extraction by facile gas treatments of the films and practical device manufacturing. The final part covers someapplicationswith
mphasis on architectural “smart windows” capable of achieving improved indoor comfort together with significant energy savin

owered demands for space cooling. We also touch upon applications concerning eyewear.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Electrochromic materials are able to reversibly change
heir optical properties upon charge insertion/extraction
nduced by an external voltage[1–3]. The materials can be in-
egrated in electrochromic devices of several different types,
hich can be all-solid-state constructions as well as polymer

aminated ones, with or without self-powering by solar
ells [4]. These devices open a number of technologically
nteresting possibilities to modulate optical transmittance,
eflectance, absorptance and emittance. Recently, special
ttention has been devoted to designs incorporating elec-

rochromic hydrated nickel oxide films operating in conjunc-
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tion with electrochromic tungsten oxide. This combina
of materials is favorable with regard to electrochem
potentials and also for the possibility to attain a neutral
color in the dark state. Rigid (usually glass-based) dev
[5–17] as well as flexible, polyester-based foil devi
[3,9,18]have been investigated during the last decade.

Among the numerous applications of electrochrom
we note architectural “smart windows”, which are able
combine improved indoor comfort (less glare and the
stress) with good energy efficiency (especially lowered
conditioning loads in cooled buildings)[18]. The use o
“smart windows” has been discussed in some detail in
ature on innovative architecture[19,20]. Other application
concern non-emissive displays, variable-reflectance mi
variable-transmittance eyewear for a variety of applicat
and variable-emittance surfaces for temperature stabiliz
of space vehicles.

921-5107/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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The object of this paper is to summarize a number of state-
of-the-art issues with regard to electrochromic foil devices
incorporating cathodically coloring tungsten oxide and an-
odically coloring nickel oxide. We cover some aspects re-
lated to science, technology and applications with focus on
developments that have taken place during the recent past.

2. Scientific aspects

Our understanding of basics features of the elec-
trochromism in tungsten oxide and nickel oxide have pro-
gressed significantly during the past few years. We first in-
troduce the main defects believed to prevail in amorphous
tungsten oxide films and then demonstrate that these defects
lead to a conceptually simple framework for reconciling a
large body of optical data for films with varying stoichiom-
etry and level of ion intercalation. We then turn to nickel
oxide and a refinement of the conventional model for elec-
trochromic coloration and bleaching.

2.1. Defect states in amorphous tungsten oxide

We discuss tungsten oxide following recent work by
Niklasson et al.[21]. This material is based on corner-sharing
WO octahedra. They are perfectly ordered in the WOsingle
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to form V2+ along with two W5+ ions. The electron–phonon
interaction is strong in tungsten oxide so that structural rear-
rangements can occur easily with tungsten ions approaching
each other, implying that doubly charged (W–W)10+ com-
plexes are formed. Recent band structure calculations have
identified the existence of such complexes and have shown
that the extra electrons occupy states deep in the band gap
[26,28]; these states are obviously occupied by two electrons
and hence filled. It is interesting to note that the formation of
the (W–W)10+ complexes can be seen as a manifestation of
Anderson localization[29], which is pronounced as a conse-
quence of the strong electron–phonon interaction. We expect
that V2+ is the most common type of vacancy in tungsten
oxide.

Oxygen over-stoichiometry is possible in tungsten oxide,
at least when produced by sputter deposition[30]. This ex-
cess of oxygen can be accommodated if there are hydroxyl
bonds between adjacent oxygen atoms as illustrated, highly
schematically, by W6+–(O–O)2−–W6+. The extra oxygen
atoms can be viewed asoxygen interstitials; they can be neu-
tral or singly or doubly charged as a result of electron trapping
[31]. There is no fundamental reason against vacancies and
interstitials being present simultaneously in tungsten oxide
films.

Electrochromism in tungsten oxide is induced byinterca-
lation of small ions, typically being H+ or Li+. Specifically,
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rystal but subject to variation in bond angle and bond le
n the “amorphous” state characteristic for electrochro
lms[1]. Stoichiometric WO3 is basically an ionic solid com
rising W6+ and O2− ions, although there is also some
alency[22]. The valence and conduction bands are b
n O2p and W5d orbitals, respectively. Each tungsten i
urrounded by six oxygen ions forming an octahedron;
xygen ion is bound to two tungsten ions in a linear con
ration according to W6+–O2−–W6+.

Tungsten oxide has a propensity to form s
toichiometric structures, manifested in the crystalline
s the Magńeli phases. In amorphous structures, the m
ommon defect is theoxygen vacancy, which can be neutr
V0), singly charged (V+) or doubly charged (V2+). A neu-
ral vacancy has an electron concentration similar to th
he stoichiometric compound, but it is energetically fav
ble to transfer one or both of its electrons to neighbo

ungsten ions. When one electron is transferred, the situ
an be represented as W5+–V+–W6+. The electron transferre
o the W5+ site enters the conduction band of tungsten
de. Considering V2+, the two electrons can be transfer
o one or two adjacent tungsten ions. The former of t
ases will lead to the formation of W4+. We note in this
onnection that optical absorption due to transitions betw

4+ and W5+ states has been proposed as being the o
f electrochromism in tungsten oxide[23–25]. This mode

s problematical, though, and W4+ states appear to be en
etically unfavorable[26]; they have been verified by X-ra
hotoelectron spectroscopy only at O/W ratios as sma
2.6 and below[27]. It is energetically more advantageo
e regard H+ since the foil devices discussed below r
ainly on proton transport. The insertion of H+ breaks up

he continuous W–O–W network to form structures of
ype W6+–O2−–H+ (W5+). In a schematic chemical pictu
he hydrogen ion is bound to an oxygen ion while its o
lectron is transferred to a neighboring tungsten site the

orming W5+. This is analogous to the case of V+ discusse
bove, i.e., the electron enters the conduction band of
ten oxide.

.2. Optical properties of amorphous tungsten oxide
lms

This section discusses the optical properties of tung
xide films having defect structures as discussed above
lms were prepared by sputter deposition and subseq
oltammetric cycling to ensure reversible properties u
onditions that were specified elsewhere[32,33].

Stoichiometric WO3 films are transparent for energies
ow the fundamental band gap at∼3 eV, and ion intercala
ion leads to electrochromism manifested in a broad ab
ion band centered at∼1.2 eV, which produces a distinc
lue color[1]. An early model described this phenome

n terms of intervalency charge transfer with electrons tr
erred from a W5+ site to an adjacent W6+ site [34]. This
odel has since been refined by introducing the pol

oncept[35], and quantitative fits to experimental data h
een achieved by accounting for transitions between l

zed states in a Gaussian density of states[32,36]. Hence
t appears that electrochromism in tungsten oxide is fir
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linked to the existence of W5+ sites (an alternative model
presuming transitions between W4+ and W5+ [23–25] was
commented upon above).

Slightly sub-stoichiometric tungsten oxide films are trans-
parent, whereas a blue color appears in films characterized
by a well-defined and narrow range of larger oxygen defi-
ciency[37]. Fig. 1shows recent data on the absorption coef-
ficient α for as-deposited films of WO2.89 and WO2.63 [21].
The W/O ratio was determined by elastic recoil detection
analysis (ERDA) and is reliable to±0.03. The former film
is transparent whereas the latter one shows prominent po-
laron absorption similar to that in an ion intercalated WO2.89
film. Recent electrochemical experiments showed that the de-
marcation between transparent and blue as-deposited films
lies at W/O ratios between 2.75 and 2.8. These data can
be reconciled with the defect model outlined above. The
strong electron–phonon coupling tends to favor the forma-
tion of (W–W)10+ complexes, which do not lead to opti-
cal absorption. However, singly charged oxygen vacancies
yield absorption due to intervalence charge transfer. The
analogy with data for the ion intercalated film is expected
since W5+ sites are present in both cases. It thus appears that
amorphous tungsten oxide films display a cross-over from
defects with paired electrons—according to the Anderson
mechanism—and singly charged oxygen vacancies as the
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Fig. 2. Optical absorption coefficient vs. Li/W ratiox for the two amorphous
tungsten oxide films reported on inFig. 1. The shown absorption coefficients
represent maxima in the spectra.

commonly found during the first color/bleach cycles, and
the films remain transparent up to a threshold of inserted
charge where coloration sets in whereas subsequent cycles
are reversible so that electrochromism prevails[39]. Again
the explanation is likely to lie in Li2O formation in films
containing oxygen interstitials, and a similar mechanism
may account for the at first sight curious fact that some tung-
sten oxide films prepared by sputtering under oxygen-rich
conditions can be colored by Li+ insertion but not bleached
again[21].

Ion intercalation into tungsten oxide films leads to a grad-
ual increase ofα, which can be associated with a growth of
the number of W5+ sites, as pointed out above. For increas-
ing intercalation in a reversible color/bleach cycle, there is
initially a proportionality betweenα and the density of ions,
but subsequently the increase slows down and the absorption
attains a maximum for a Li/W ratio of 0.3–0.5[32,40] and
α then starts to drop. This can be understood, schematically,
as a decrease in the density of W6+ final states available for
intervalence charge transfer[40].

It was noted in the discussion aroundFig. 1 that the ab-
sorption in sub-stoichiometric blue tungsten oxide films was
very similar to the one in Li+ intercalated film. We next con-
sider the evolution of optical absorption as Li+ is inserted into
blue sub-stoichiometric films.Fig. 2 shows thatα increases
more gradually than in less sub-stoichiometric and initially
t with
t bind
t The
s sorp-
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ensity of vacancies is increased, but the underlying ca
or this interesting behavior are not clear.

We next consider over-stoichiometric tungsten ox
lms and first note that initial Li+ intercalation is irreversibl
nd does not lead to coloration, which has been attrib

o formation of strongly bound Li2O complexes[30,38].
urthermore, irreversibility in the charge insertion

ig. 1. Optical absorption coefficient vs. energy for two as-deposited a
hous tungsten oxide films with the shown stoichiometries. Two spect
ifferent levels of Li+ intercalation into the initially transparent film are a
hown for comparison.
ransparent films. These observations can be reconciled
he notions put forward above. The intercalated ion can
o oxygen ions or to singly charged oxygen vacancies.
econd alternative does not lead to additional optical ab
ion. If all singly charged oxygen vacancies have bonds t
nserted ions, there will be one W5+ site per Li+ ion just as in

film without singly charged oxygen vacancies.
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2.3. Coloration mechanism for nickel oxide films

Nickel oxide films have electrochromic properties with
NiO and Ni(OH)2 being visually transparent and over-
stoichiometric nickel oxide (i.e., NiOOH and/or Ni2O3) ex-
hibiting a dark color. The detailed coloration mechanism in
electrochromic nickel oxide has been debated for a long time
[1], and new experiments were carried out recently by X-ray
photoemission spectroscopy (XPS) and by the galvanomet-
ric intermittent titration technique (GITT) in order to clarify
the situation[41–43]. These experiments were conducted on
films made by magnetron sputtering from a non-magnetic
target of Ni(93%)–V(7%), as described elsewhere, and the
films were electrochemically cycled to attain stable condi-
tions [44,45]. The films were investigated by Extended X-
ray absorption fine structure spectroscopy (EXAFS), and it
appeared that the vanadium atoms substituted nickel in a NiO-
type structure, i.e., that nickel and vanadium formed a mixed-
oxide phase in the film[46].

XPS data were recorded by use of the MAXLAB syn-
chrotron radiation facility in Lund, Sweden, using a 1.56-
GeV storage ring. The photon energy was varied between
50 and 1500 eV. The end of the beam-line used a high-
resolution electron analyzer having an energy resolution from
103 to 104 and a photon flux on the sample in the range of
1011–1013 photons s−1. Half of the measured sample was col-
o pared
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Fig. 4. XPS signal for the O1s levels of a nickel–vanadium oxide film colored
and bleached in 1 M KOH. A photon energy of 1061 eV, with an energy pass
of 40 eV and energy step of 0.1 eV, was used.

Oxygen-related XPS features are shown inFig. 4; they
appear around 531.2 and 530.0 eV for the bleached state and
around 531.5 and 529.7 eV for the colored state. The tail
around 533 eV may be a contribution from water absorbed
and/or adsorbed by the film. The region around 530 eV is
dominated by NiO, while Ni(OH)2, NiOOH and Ni2O3 dom-
inate in the region around 531 eV.

Upon coloration, the Ni(OH)2-type material must lose its
hydrogen and rearrange its electronic state, thereby produc-
ing the optically absorbing phase of nickel oxy-hydroxide.
The shift of the Ni(OH)2 peak at 531.2 eV to higher binding
energy corresponds to a change of the valence state from 2+
to 3+[51]. The peculiar change in the intensity around 530 eV
is assigned to NiO. It does not have any H+ to be extracted,
but it is changing its valence from 2+ to 3+. It is well known
that an excess of oxygen in NiO produces a Ni2+ vacancy that
is compensated by the creation of a hole on two Ni2+ sites
thus producing Ni3+ [52]. In the present case, the extraction
of H+ from NiOOH is compensated by the creation of one
hole on the Ni2+ ion of NiO. The change in the area of the
NiO peak is equal to the area added to the second peak, which
supports the mechanism described above. The mechanism of
coloration can then be expressed as the cooperative effect of
the reactions
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red and the other half was bleached. The data were com
ith published values for the binding energies of differ
ickel oxides[47–50]. Fig. 3shows an XPS spectrum for t
i2p states of such a film. The changes in the Ni2p core
uggest that the coloration is due to a transition Ni2+ → Ni3+.
he broad peak at 856 eV can be interpreted as the con

ions from NiO and Ni(OH)2 for the bleached state and fro
iO, Ni2O3 and/or NiOOH for the colored state. Nothing
iO was detected by X-ray diffraction, and hence it can
oncluded that Ni2O3 and/or NiOOH as well as Ni(OH)2 are
resent in surface sheaths of nickel oxide nano-crystall

ig. 3. XPS signal for Ni2p core levels of a nickel–vanadium oxide
olored and bleached in 1 M KOH. A photon energy of 1061 eV, wit
nergy pass of 75 eV and energy step of 0.1 eV, was used.
i(OH)2|bleached↔ NiOOH + H+ + e−|colored, (1)

iO + Ni(OH)2|bleached↔ Ni2O3 + 2H+ + 2e−|colored. (2)

No shift of the vanadium 2p states was detectable u
oloration. A further analysis of these results will be gi
lsewhere[42]. It should be emphasized again that the X

echnique is surface sensitive, implying that the reac
hown above are expected to take place only on the o
ost parts of the NiO-type nano-crystallites.
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3. Technology

We now focus on a specific design of a flexible elec-
trochromic device. As shown inFig. 5, it comprises two
polyester foils, one with a transparent and electrically
conducting film of In2O3:Sn (denoted ITO) and a superim-
posed tungsten oxide film, and another foil with ITO and
superimposed nickel oxide. The oxide films are joined by
a polymer electrolyte akin to the one discussed elsewhere
[53]. The foil can be used for a variety of applications; the
one in Fig. 5 refers to a specific type of “smart window”
capable of combining indoor comfort and energy efficiency
[18]. Practical manufacturing hinges on the development of a
suitable process technology. Below we consider two aspects
of this: materials capable of yielding a high bleached-state
transmittance—as required for architectural applications
[19]—and technology for in-line charge insertion/extraction
in as-deposited electrochromic films.

3.1. Nickel oxide-based films with optimized
bleached-state transmittance

The electrochromism in hydrated nickel oxide films con-
taining Mg, Al, Si, V, Zr, Nb, Ag or Ta was investigated

F
w

recently with the objective of reducing the absorption in the
visible range of the spectrum without compromising the elec-
trochromic properties[41,54]. Films of different composi-
tions were produced by co-sputtering. The sputtering power
was varied until optimum electrochromic properties were
found. The compositions of these films, which will be dis-
cussed in some detail below, were determined by Rutherford
Backscattering Spectrometry (RBS) and can be represented
by their atomic ratios between the additive and Ni according
to Mg/Ni = 0.80 and Al/Ni = 0.56–0.62; the corresponding ra-
tios of Si/Ni, Zr/Ni, Nb/Ni, Ag/Ni and Ta/Ni have not yet
been determined. The sputter targets of the optimized com-
positions were non-magnetic or weakly magnetic, i.e., they
were suitable for large-scale, large-area deposition.

Fig. 6shows a cyclic voltammogram of nickel oxide and
nickel–aluminum oxide in a KOH electrolyte. The shapes of
the voltammograms change somewhat depending on the spe-
cific additive, but the main features characteristic for NiO
tend to prevail. The charge capacity—and hence the magni-
tude of the electrochromism—is influenced by the potentio-
dynamic range, particularly the magnitude of the voltage for
full coloration,Ucol. It appears that similar charge capacities
(from 15 to 20 mC/cm2) can be obtained provided thatUcol
is varied by 0.05 to 0.1 V when additives are present. This
shift is insignificant for electrochromic device applications.
In general, irrespective of the additive it appears possible to
p me
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n
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ig. 5. Schematic picture of an electrochromic foil suspended in a “smart
indow”.
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roduce electrochromic films with approximately the sa
lectrochemical performance as for pure nickel oxide.
eans that the main advantage of a mixed oxide lies i

mprovement of the bleached-state optical properties, a
ussed next.

Fig. 7 shows spectral absorptanceA(λ), calculated from
easured transmittanceT and reflectanceRby

(λ) = 1 − T (λ) − R(λ). (3)

The data represent the bleached state for the va
ickel-based oxides. A significant decrease ofA(λ) was found
t short wavelengths for additives being Mg, Al, Si, Zr, Nb
a, whereas the films containing V and Ag did not show

mprovement in their optical properties compared to thos
ure nickel oxide. The results for Mg incorporation are c
istent with those reported earlier by us[55]. One could not

ig. 6. Cyclic voltammogram (j–V) of nickel oxide and nickel–aluminu
xide films deposited from a single target. A scan speed of 10 mV s−1 was
pplied in a solution of 1 M KOH, using a three electrode cell.
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Fig. 7. Spectral absorptance of electrochromic nickel-oxide-based films in
their bleached states. The designation NiXO (with X being Mg, Al, Si, V,
Zr, Nb, Ag or Ta) indicates that X is present in the oxide but does not specify
the amount.

that metals known to form oxides with wide band gaps tend
to yield low bleached-state absorptance.

The strong absorptance at wavelengths below 350 nm is
due to the semiconductor band gap, which appears to be
widened as a consequence of the addition of Mg, Al, Si, Zr, Nb
or Ta. On the other hand, the addition of V and Ag narrowed
the band gap. Some weak absorption features can be dis-
cerned in the spectral data; they are possibly associated with
charge transfer absorption[56]. Alternatively, the additives
may affect optical absorption caused by defects such as va-
cancies, over-stoichiometry, grain boundaries, etc. Thermo-
dynamically stable nickel oxide is a p-type conductor due to
excess oxygen[57,58]. It is then plausible that the p-type con-
ductivity and the residual optical absorption in the bleached
state originate from the same electron states, and this may
explain why films of pure nickel oxide cannot be made
completely colorless. When Al is added, for example, it can
act as a donor of electrons and fill the electron (hole) states on
nickel, thereby reducing the residual absorption. The addition
of vanadium, on the other hand, may provide acceptor states
whose effect would be to enhance the residual absorption.

The perceived color is a very important property for ar-
chitectural windows, including “smart” ones[19]. Quantita-
tive assessments can be performed in several different ways,
for example, by the CIE Colorimetric System[59,60]. Chro-
maticity coordinates for the various nickel-oxide-based films
w ep-
r sig-
n ant
A ource
a ant

Fig. 8. Luminous transmittance for the nickel-oxide-based films reported
on in Fig. 7under four different CIE standard illuminants. The designation
NiXO (with X being Mg, Al, Si, V, Zr, Nb, Ag or Ta) indicates that X is
present in the oxide but does not specify the amount.

F11 pertains to a commercial, rare earth phosphor, narrow
band fluorescent light source at 4000 K (used in Europe and
the Pacific Rim for typical office or store lighting); and illu-
minant F2 represents a commercial, wide band fluorescent,
cool white fluorescent light source at 4150 K (typical office
or store lighting in the USA). One outcome of this analysis
is the luminous transmittance, for which data are shown in
Fig. 8. Films of nickel oxide mixed with Mg and Al show
as much as 85% luminous transmittance, whereas films con-
taining Si and Zr yield up to∼83%. For additives of Nb or
Ta, the transmittance can be∼80%. The case of the vana-
dium admixture is different, though, and shows a luminous
transmittance not exceeding 75%, i.e., lying∼4% below the
value for pure nickel oxide. Generally speaking, the lumi-
nous transmittance shows a rather weak dependence on the
specific illuminant. The results are entirely consistent with
those inFig. 7.

Data that are analogous with those presented above have
been determined also for electrochromic iridium-oxide-based
films. Specifically, additions of Mg and Al enhanced the
bleached-state transmittance to∼83 or∼84% from the ini-
tial 79% of pure iridium oxide, while a tantalum-containing
film had a luminous transmittance of∼82%. Zirconium, on
the other hand, lowered the luminous transmittance by∼4%
[61,62].

3

le to
d y for
d mak-
i e of
ere calculated for four different standard illuminants r
esenting a chosen set of light sources. Illuminant D65
ifies the average north sky daylight at 6500 K; illumin
represents a tungsten halogen, incandescent light s

t 2856 K (typical home or store accent lighting); illumin
.2. Pre-lamination charge insertion/extraction

With regard to manufacturing, it is preferable to be ab
eposit the films under conditions that make them read
evice lamination or to have convenient processes for

ng the as-deposited films prepared for this. In the cas
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tungsten oxide, one can carry out the deposition in a mixture
of argon, oxygen and hydrogen according to principles de-
scribed in the literature[63]. The hydrogen produces a blue
color for the as-deposited films, and the key issue with regard
to optimizing the gas mixture is to incorporate hydrogen into
the film without creating major oxygen deficiency. In prac-
tice, the optimization of the tungsten oxide films can be made
by measuring their color in the as-deposited state[9].

If nickel oxide films are to operate in conjunction with the
tungsten oxide films the former, ideally, should be made so
that they are prepared for charge insertion prior to device as-
sembly. Such discharged films are dark. However, the nickel
oxide films normally are transparent in their as-deposited
state and hence require pre-treatment before device lamina-
tion. Charge insertion via an electrochemical procedure is
possible, in principle, but obviously unwieldy and not suited
for practical fabrication. An alternative method for discharg-
ing, as discussed next, employs exposure to ozone obtained
by ultraviolet irradiation of the film in the presence of oxygen
[64].

Fig. 9displays the decrease of the luminous transmittance
as a function of time when a conventional ozone photo-reactor
was used to illuminate a nickel-oxide-based oxide film. The
transmittance drops by some 50% during a few minutes, and
a further decrease takes place for extended exposure times.
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Fig. 10. Transmittance at three wavelengths vs. time for electrochromic
switching of a laminated foil device.

Devices of this type were cycled between colored and
bleached states using trapezoidal voltage pulses between
−1.6 and +1.5 V, respectively.Fig. 10shows transmittance
at three different wavelengths for cycling with one full
color/bleach cycle each 200 s. The optical modulation is pro-
nounced, especially for mid-luminous and red light. Most of
the changes take place within a few tens of seconds after ap-
plication of the pulse, but the coloration has not reached satu-
ration even after several minutes. Lower transmittance levels,
down to 25% or considerably less in the colored state, could
be reached for longer coloration times. It should be noted
that the possibility of increasing the luminous transmittance
by adding Al or Mg to the nickel oxide was not implemented
for the investigations reported here. The devices have open
circuit memory, which is an asset since electrical power must
be drawn only to effect changes in the optical properties.

4. Applications

The work reported above has demonstrated techniques to
produce flexible electrochromic foils with sufficient optical
modulation range, dynamics, and durability for making them
interesting for a number of applications. The largest and most
challenging application—but also probably the most difficult
o hat
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s vings.
T xt.
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f 1700
a n-
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5 ce
i t in
.3. Device assembly

Polyester-based foils—one with a tungsten oxide film
red by sputtering in the presence of hydrogen and an
ith a nickel-oxide-based film colored by post-deposi
zone exposure—were laminated together by a poly
ased electrolyte using roll-pressing at a temperatu
0◦C. The edges of the double foil were then sealed, elec
ontacts were attached and a electrochromic device—s
o the one outlined inFig. 5—was ready for testing and us

ig. 9. Luminous transmittance vs. post-deposition ozone exposure tim
nickel–vanadium oxide film produced by sputtering in a mixture of ar
xygen and hydrogen.
ne—lies in “smart windows”. It is important to realize t
hese windows can fulfill different goals: they can prov
ndoor comfort by being able to prevent glare and the
tress, and simultaneously they can provide energy sa
he order of magnitude of the savings is considered ne

The solar energy falling onto a vertical surface
ear is set to 1000 kWh/m2. This can serve as a nomin
alue, whereas more correct numbers for south-facing/n
acing/horizontal surfaces are 850/350/920, 1400/450/
nd 1100/560/1800 kWh/m2 for Stockholm (Sweden), De
er (USA), and Miami (USA), respectively. Half of th
00 kWh/m2, is visible light. We use this number below sin

nvisible (infrared) radiation can be reflected off—at leas
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principle—by use of known technology that does not require
variable transmittance. If the transparency can be altered be-
tween 7 and 75%—in accordance with some previous data
[18]—the difference between having the window constantly
colored and constantly bleached is 340 kWh/m2. But when
should it be colored and when should it be bleached? With
physical presence as the overriding control strategy, the ques-
tion is when a room is in use—or, more precisely, the frac-
tion of the solar energy that enters when nobody is present.
Considering that a normal (office) room is empty during va-
cations, holidays and weekends, early mornings and late af-
ternoons (when the sun is near the horizon), etc., it is surely a
conservative estimate that 50% of the energy enters the room
when there is no one to look through the window. Hence,
this estimate yields that 170 kWh/m2 is the amount of energy
saved annually by adopting the given control strategy.

Is this energy savings significant or not? To answer this
question, we note that today’s best solar cell modules for
regular use have an efficiency of 17%. Thus, they would be
able to generate 170 kWh/m2 in the example given above. Of
course the analogy between energy savings in “smart win-
dows” and energy generation in solar cells is not tied to the
choice of the incident solar energy being 1000 kWh/m2 but
applies generally irrespectively of the orientation of the sur-
face under examination. The “smart window” saves thermal
energy, but if the cooling machine—operating with an effi-
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Fig. 11. Electrochromics-based variable-transmittance visor for safe motor-
cycle riding.

are numerous other applications as well, a few having reached
commercialization on a limited scale but most still in a de-
velopment phase[65]. Specifically, “smart windows” are of
great interest in vehicles and can be applied in various ways in
cars, trucks, buses, trains, aircraft, etc. Variable-transmittance
sunroofs in prestige cars are likely to be on the market soon.
Automotive uses of automatically dimming “anti-dazzling”
rear-view mirrors are in widespread use since several years;
their technology is normally similar, though not identical,
to the one discussed here. Applications are possible also in
display devices of different kinds. For example, shelf labels,
such as those used in supermarkets, can be devised so that
they can show different prices at different times during the
day thereby making it feasible to have hour-by-hour price
discounts as a tool for optimizing customer flows.

Visors used on motorcycle helmets represent an interesting
application for “smart foils”. These visors can be colored to
a chosen degree in the day and bleached in the night. It is
especially important that the driving and riding safety can

F elec-
t ap-
p

iency of 300%, say—runs on electricity generated wit
fficiency of 33% then the analogy becomes perfect. Thi

er consideration implies that we have a “national scena
or the energy, with a “Coefficient-of-Performance” (“CO
actor”) equal to unity.

Buildings simulations were carried out recently with
bject of providing realistic estimates of the energy sav

nherent in the smart windows technology. Calculations
tandard office module with well-defined size, window a
ighting demand, occupancy, equipment, etc., showed
he energy savings potential was considerable for the
ng load. The considered office block was oriented with
açade facing South and one facing North and the simula
ere performed with climate data from Rome (Italy), Br
els (Belgium), and Stockholm (Sweden). When using s
indows instead of static solar control windows, the an
ooling load could be reduced by as much as 40–50%
mount of saved energy is obviously climate dependen
oderately warm climates, such as Brussels and Stock

he number of days with very high outdoor temperature is
tively small. In such climates the cooling load generate
olar irradiation is fairly high, and an interesting result of
imulation work is that when smart windows were used
ooling power could be reduced so that air conditioning
ems could be completely avoided. In this case, the addit
ost for smart windows hence can be more than compen
or by the elimination of an air conditioning system.

Potential applications in energy efficient architecture h
rovided the main impetus to a number of R&D efforts in
ustry and Academia during the past several years. But
ig. 12. Transmittance at a mid-luminous wavelength vs. time for
rochromic switching of a laminated foil device optimized for eyewear
lications.
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be significantly improved by having the visor bleach before
entering tunnels or other dark spaces. Another aspect with
a bearing on safety is that facial warming is limited by the
visor’s tint[66].Fig. 11shows a visor in bleached and colored
state. Ski goggles, for example, have similar requirements,
andFig. 12depicts the optical performance of a foil optimized
for such applications. The list of potential applications can
be extended almost at will.

5. Conclusions

Electrochromism was discovered and discussed in detail
about 30 years ago[67], although still earlier observations of
this phenomenon had been made[1]. A number of applica-
tions of electrochromism were in focus already from the be-
ginning[68,69]but few of them have made it to the market. In
general, high manufacturing costs and limited durability have
been obstacles for the applicability of electrochromism. In
this article, we have discussed flexible electrochromic foils,
which have the potential for being produced by potentially
inexpensive roll-to-roll technology. The foil is well suited for
integration in a variety of applications such as eyewear and
certain display devices. In a perspective of some years, we
believe that the foils can be employed also in architectural
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