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PuoTOCHROMlC materials•·z change colour on absorption of light, 
whereas electrochromic materials3•

4 change colour in response to 
an electrically induced change in oxidation state. Both classes of 
materials are being investigated for potential applications in 
displays, imaging devices and 'smart' windows5-4l·15

•
16

• Here we 
describe an alternative route to such applications, in which an 
electrochromic film and a photovoltaic film form the two elec
trodes of an electrochemical cell. The resuJting structure exhibits 
photocbromism, but unlike conventional photochromic films, the 
light-absorption process (in the photovoltaic film) is separate 
from the coloration process (in the electrochromic film): both 
may therefore be optimized individuaiJy. Moreover, as the 
coloration process in our cells requires an external electrical 
current between the two electrodes, the optical state of the cell
transparent, absorbing or, in the case of non-uniform illumina
tion, patterned-can be stored when the circuit is open, or 
changed when the electrodes are connected. 

The light-absorbing function in the photoelectrochromic (PEC) 
cell is performed by a dye-sensitized semiconductor electrode that 
produces a photovoltage sufficient to colour the electrochromic 
film deposited on the counter electrode. Dye-sensitization has a 
long history of use in colour photography and is currently being 
studied as a potential means of solar energy conversion9-11

• Some 
of the best-known electrochromic materials are inorganic oxides 
such as W03 and Mo03. We illustrate the principle of the 
photoelectrochromic cells with a ruthenium polypyridine-sensi
tized nanocrystalline Ti02 electrode, similar to those introduced 
by Gratzel eta!. for use in solar cells9

•
10

, and a W03 electrochromic 
film on the counter electrode. 

The dye, Ru(n)~L', where Lis 2,2'-bipyridine-4,4'-dicarboxyl
ate and L' is 4,4'-dimethyl-2,2'-bipyridine, was adsorbed onto 4-
).!m-thick nanocrystalline Ti02 films9

•
10 from dilute (8 J.!M) ethanol 

solution containing 30 mM chenodeoxycholic acid. The dye cover
age was kept low to make the cells almost transparent in the 'off 
state; the coadsorbate, chenodeoxycholic acid, was used to 
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FIG. 1 Absorption spectra of a PEC cell before (bleached) and after 
(coloured) illumination at an intensity of ~ 75 mW cm-2 for 1 min. The 
absorption maximum of the dye occurs at 480 nm but is partially obscured 
by scattering from the Ti02 electrode. The tungsten bronze (U,W03) that is 
responsible for most of the absorbance in the coloured state has a broad 
absorption maximum around 1,000nm. 

increase the photocurrent efficiencyl2
• T he counter electrode was 

prepared by thermal evaporation of a 500-nm-thick layer of W03 
onto an indium-tin oxide coated glass substrate. The two electro
des were bonded to each other around their periphery with 30-t.tm
thick strips of Surlyn 1601. The gap between the electrodes was 
filled, through small holes drilled in the wo3 electrode, with 
propylene carbonate containing 0.1 M Lil and 0.01 M 4-t butyl pyr
idine. The fill holes were then sealed with epoxy cement. Cells 
were fabricated ranging in size from 1 to 25 cm2

• 

Light absorption by the sensitizing dye leads to electron injec
tion into the Ti02 film, with aquantum yield at short circuit of 
~ 70%. This is followed by re-reduction of the oxidized dye via 
electron transfer from I - in solution. At open circuit, the dye
sensitization process produces a photovoltage of 0.6-0.9 V but 
does not result in coloration of the cell. When the electrodes are 
short-circuited, however, the electrons move from the Ti02 

through the external circuit to the W03 film where, in the presence 
of cations small enough to intercalate into the W03 lattice, a 
bluish-coloured tungsten bronze is formed. When the cation is 
Li+, for example, the reaction leading to coloration of the W03 
film is13 

(transparent) W03 + xLi+ +xe- ....., Li, W03 (coloured) 

The electrochromic process is highly reversible and lifetimes of 
over 107 cycles have been achieved in display applications3

. The 
coloration process is equivalent to charging a battery; the photo
voltage generated by the dye-sensitized electrode is used to drive 
Li ions and electrons into the W03 film. When the light is blocked 
after the W03 electrode is charged, a voltage equal to the open 
circuit photovoltage, but of opposite polarity, appears across the 
PEC cell. If the electrodes are then short-circuited, this voltage 
causes the ce ll to discharge spontaneously back to its bleached 

FIG. 2 Photographs of a PEC cell with a 25 cm2 

active area. a, The bleached state. The cell is light 
yellow owing to the sensitizing dye and some scat
tering from the Ti02 electrode. b, The uniformly 
coloured state achieved by illumination at an inten
sity of ~75 mWcm-2 for 1m in. The colour is dark 
blue. c, The inhomogeneously coloured state 
achieved by illumination with one corner of the 
cell masked. The states shown in b and c remain 
approximately unchanged for at least 2 4 h if the cell 
is kept at open circuit. 

a 

state. If the electrodes are opened before the incident light is 
blocked, the cell remains coloured because the electrons cannot 
escape from the reduced W03 film. Figure 1 shows the absorption 
spectra of a PEC cell before and after illumination for 1 min at 
~75 mW cm -2 intensity (comparable to noon daylight at sea level, 
45° latitude), illustrating the bleached and the coloured states, 
respectively . 

Photographs of a 25-cm2 cell in bleached, coloured and in
homogeneously coloured states are shown in Fig. 2. When the 
electrolyte layer is thin (~25 ~·min our examples) compared to the 
size of the cell, spatially resolved coloration occurs when just part 
of the cell is illuminated. Lateral ion mobility in the electrolyte 
limits the spatial resolution of the device; however, once the Li 
ions are intercalated into the W03 film, their lateral mobility 
becomes so small that an image can be stored for many hours. 
Figure 2c shows an example where only part of the device was 
illuminated. The unexposed part remained transparent whereas 
the illuminated part became coloured. The pattern was still visible 
after storage of the device with open-circuited terminals for more 
than 24 h. The rate of colouring and bleaching of a cell on 
exposure to chopped white light of ~ 75 m W cm-2 intensity was 
probed by measuring the transmission of a weak laser beam at 
788 nm wavelength (Fig. 3). On illumination, the transmission 
decreased to its saturation level after ~lOOs. Recovery to the 
bleached state after the light was blocked was somewhat slower. 

The PEC devices appear to have advantages over earlier 
designs of 'smart' windows3.s·6. Use of smart windows can signifi
cantly decrease the air-conditioning costs in commercial build
ings6. However, existing smart windows require an external power 
source to change the transmittance, making the retro-fitting of 
existing buildings difficult and expensive. A self-powered smart 
window, which uses the energy of the incident sunlight to mod
ulate its own transmissivity, could be easily installed in existing 
buildings without requiring additional electrical connections. One 
recently proposed approach is a photovoltaic- electrochromic 
window consisting of a thin-film amorphous silicon carbide photo
voltaic cell connected in tandem with an electrochromic 
window6

·
14

• It consists of eight sequentially deposited layers 
that must be extremely thin in order for the device to be 
semitransparent. Unfortunately, electrical short-circuits are a 
serious problem and it has proved difficult to demonstrate a 
large-area device. Dye-sensitized electrodes have several distinct 
advantages over conventional photovoltaic cells, or other semi
conductor electrodes, for large-area window or display applica
tions. The PEC cells described here are remarkably simple devices 
that are easily assembled without electrical short-circuits. The 
light-absorbing dye layer can be made optically thin by either 
reducing the thickness of the Ti02 layer or by decreasing the 
concentration of the adsorbed dye. On the other hand, decreasing 
the optical thickness of inorganic semiconductor films often leads 
to electrical short-circuits. Inorganic semiconductors absorb all 
wavelengths that correspond to energies greater than their band
gap, and thus can be transparent only if the bandgap lies in the 
ultraviolet range. In contrast, sensitizing dyes of any colour, even 
infrared-absorbing dyes, can be employed for dye-sensitized 
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FIG. 3 Change in transmission at 788 nm wavelength of a short-circuited 
PEC cell exposed to chopped white light. 

electrodes. In the latter case, the device would be transparent to 
visible light in the 'off state but could be darkened by sunlight or 
addressed with an infrared diode laser. Perhaps most importantly, 
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the dye-sensitized electrodes are inexpensive, robust and can be 
easily scaled up to give large-area substrates. 0 
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