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Dye-sensitized solar cells (DSSCs) represent a promising pho-
tovoltaic technology1, since they demonstrate efficiencies 
higher than 13% at the laboratory scale2–4, and 10% in small 

modules5. Thanks to their remarkable performance under various 
inclinations and irradiation conditions, they are ideal candidates for 
use under partly shadowed, dim or artificial light environments6. 
Their manufacturing is simple, environmentally acceptable and 
compatible with industrial requirements and large-scale production, 
and the raw materials are inexpensive7. More importantly, DSSCs 
have demonstrated long-term stability equivalent to 10 years of out-
door operation6–8, and they can be semi-transparent and colourful9. 
These points make them appealing elements for building-integrated 
photovoltaics10.

However, when developing semi-transparent solar cells, a 
trade-off has to be found between transparency and efficiency. 
Current state-of-the-art of semi-transparent photovoltaics only 
allow for the fabrication of solar cells showing an optical transmis-
sion that is fixed during the fabrication process11–15. For the develop-
ment of smart photovoltaic windows and their massive integration 
in buildings, variable and self-adaptable optical properties would 
be very valuable. The ultimate aim would be that solar cells, trans-
parent under low-light conditions, could tune their absorption 
under more intense illumination to produce energy without any 
external manipulation. Recently, to tackle this challenge, a strategy 
based on the use of photochromic molecules emerged. Upon irra-
diation, photochromic dyes are capable of undergoing a reversible 
transformation between two forms displaying different absorp-
tion spectra16,17. Usually, the uncoloured isomer is observed in the 
dark and the coloured one is generated under light. In principle, 
such molecules could be well adapted to tune the optical absorp-
tion/transmission of devices depending on light intensity. However, 

photochromes employed so far in solar cells did not show a revers-
ible behaviour or led to very poor performances. For instance, the 
photo-isomerization process in bis-thienylethene is solely activated 
by irradiation18. Therefore, interconversion between the different 
photo-isomers is only permitted by light manipulation through 
alternation of ultraviolet and visible light. For such molecules, the 
coloured isomers lead to poor power conversion efficiency (PCE). 
Such photochromic behaviour is obviously not compatible for use 
in real and practical applications.

Earlier work has reported the use of photochromic spiropyran 
and spirooxazine dyes in DSSCs19,20. After isomerization, these 
molecules theoretically show a photo-chemically and thermally 
activated bleaching process. However, the tested compounds were 
poorly colourable; their photo-isomerization required prolonged 
ultraviolet irradiation to yield the coloured species. The anchor-
ing function was not conjugated with the photochromic core of 
the molecules, leading to a bad sensitization of the electrodes and 
a PCE around 0.2% after 30 min under ultraviolet irradiation. The 
devices did not show reversibility of the process because the pro-
longed ultraviolet exposure led to the degradation of the dye. To 
summarize, none of these studies has succeeded to provide efficient 
solar cells with self-adjustable optical properties.

Herein, to tackle the challenge of solar cells with variable colour 
and transparency, we propose a design of photochromic sensitizers 
based on the integration of diphenyl-naphthopyran photochromic 
dyes into push–pull structures. Using these molecules, we develop 
solar cells and mini-modules that show variable colours under irra-
diation and are capable of self-adjusting simultaneously their opti-
cal light transmission and photovoltaic efficiency. We demonstrate 
photochromic solar cells with a maximum PCE of up to 4.17% while 
exhibiting a reversible change of colour under irradiation.
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Design and synthesis of the photochromic photosensitizers
The most efficient organic photosensitizers developed nowadays 
for DSSC applications possess a donor–π-conjugated bridge–
acceptor-type structure with the acceptor unit also acting as 
an anchoring group21–24. In this study, we followed this generic 
strategy by replacing the π-conjugated bridge with a photochro-
mic unit. Only few families of photochromic dyes show both 
photo-chemically and thermally activated back transformation25,26, 
which is a major requirement for photovoltaics application. The 
coloured photo-generated isomers must switch back to the initial 
uncoloured species in the absence of light.

We focused our investigations on the diphenyl-naphthopyran 
photochromic dyes because they fulfil the latter criterion and possess 
relatively high fatigue resistance and a good photo-colourability27. 
To use these compounds in a DSSC configuration, it is crucial to 
control the spatial localization of the frontier orbitals and their asso-
ciated energy levels. Density functional theory (DFT) calculations 
and modelling helped to identify the most favourable orientation 
of the photochromic unit within the donor–photochromic bridge–
acceptor dye’s structure. For the modelling study and computational 
methodology details, see the Methods and Supplementary Note 1.

Figure 1a shows the chemical structures of the three molecules 
that were designed and synthesized in this work. The first dye is based 
on a 3,3-diphenyl-3H-naphtho[2,1-b]pyran core (NPL; linear); the 
second is based on a 2,2-diphenyl-2H-naphtho[1,2-b]pyran core 
(NPB; bend); and the third is based on a 2,2-diphenyl-2H-indeno[2,
1-f]naphtho[1,2-b]pyran core (NPI; indeno-fused). Within the 
naphthopyran series, the use of an indeno-naphthopyran core (that 
is, fusing an indene group to the 5,6 positions (f-face)) is identified 
as a good strategy to shift the absorption of the closed form of the 
dyes over 400 nm, making them photochromic under less energetic 
ultraviolet irradiation28,29.

Figure 1b presents the mechanism of the photochromic inter-
conversion for a 3,3-diphenyl-[3H]-naphtho[2,1-b]pyran dye and 
the equilibrium between the closed (uncoloured) and opened 
(coloured) isomers. The activation of these photochromic com-
pounds requires the absorption of ultraviolet photons, and the back 
reaction is thermally and photo-chemically activated30. After the 
photo-isomerization, two major transoid isomers of the opened 
form are produced: a trans–cis and a trans–trans isomer31. The syn-
thetic routes for the preparation of the photochromic dyes NPL, 
NPB and NPI are disclosed in Supplementary Fig. 4.

Optical and photochromic properties of the dyes
Within the photochromic naphthopyran dyes, upon ultravio-
let irradiation of the ring-closed form, heterolytic cleavage of the 
C–O bond of the pyranic heterocycle occurs. A rearrangement with 
the extension of the π-conjugated system gives rise to open-form 
isomers exhibiting an absorption band in the visible range. The 
photo-isomers are thermally unstable and can switch back to their 
initial form28. Consequently, upon irradiation, an equilibrium 
between the closed and opened forms is reached. This is the pho-
tostationary state (PSS). The optical parameters of the dyes are 
reported in Supplementary Table 10 and the absorption spectra of 
the three dyes in the dark and under illumination are presented in 
Fig. 2. First, it should be highlighted that the dyes in their uncoloured 
form show an intense absorption in the ultraviolet range with rela-
tively high molar absorption coefficients (between 4.18 × 104 and 
5.30 × 104 M−1 cm−1). NPL and NPB reveal quite similar absorption 
properties in their closed state, dominated by an intense absorption 
peak around 346 nm with a λonset of 400 nm. Upon irradiation, these 
dyes exhibit an orange/reddish colour, with maximum absorption 
bands at 502 and 519 nm, respectively. The absorption spectrum of 
NPI in its closed form presents a maximum at 318 nm, with several 
shoulders extending the absorption range up to 450 nm. This result 
is particularly interesting since for photoactivation in the solar cells, 

the uncoloured isomer needs to absorb photons above the absorp-
tion cut-off of the glass substrate and the metal oxide film. Under 
irradiation, in solution, NPI shows a spectacular change of colour, 
turning from light yellow to green, with two main absorption bands 
whose maxima are located at 450 and 605 nm.

When the PSS was reached (<60 s at 25 °C), the irradiation was 
turned off and the decolouration curves were registered and mod-
elled using:

A tð Þ ¼ a1e
�k1t þ a2e

�k2t þ A1 ð1Þ

where, A(t) is the absorbance of the solution, kn is the thermal deco-
louration kinetic constant (in s−1) of the nth kinetic process, an is 
the amplitude of the kinetics of this process, and A∞ is the residual 
absorbance. The normalized decolouration curves (recorded in the 
dark) for NPL, NPB and NPI are compared in Fig. 2d. The fast-
est decolouration process was observed with NPL, which showed 
a rapid k1 of 9.8 × 10−2 s−1 and a slow k2 of 1.1 × 10−3 s−1. After 30 s, 
the solution recovered 80% of its transparency and the total bleach-
ing occurred in less than 60 min. In contrast, NPB presented the 
slowest discolouration process, with a k1 of 1.4 × 10−3 s−1 and a k2 of 
2.0 × 10−4 s−1. Even after several hours in the dark, the solution was 
not fully decoloured, indicating the presence of long-lived isomers 
(trans–trans)32,33.

Interestingly, the discolouration of NPI can be fitted to a 
mono-exponential equation and the rate constant k1 is relatively 
high (2.1 × 10−3 s−1 at 25 °C). This result confirms that the indene 
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Fig. 1 | Photochromic dyes and general photochromic interconversion 
process. a, Chemical structures of the dyes synthesized in this work: 
NPL (with a 3,3-diphenyl-3H-naphtho[2,1-b]pyran core); NBP (with a 
2,2-diphenyl-2H-naphtho[1,2-b]pyran core); and NPI (with a 2,2-diphenyl-
2H-indeno[2,1-f]naphtho[1,2-b]pyran core). b, Example of photochromic 
interconversion for 3,3-diphenyl-[3H]-naphtho[2,1-b]pyran. The 
colouration process activated with ultraviolet light (λ1) leads to coloured 
isomers (trans–cis and trans–trans), and the decolouration process activated 
with visible light (λ2) and Δ heat returns the coloured isomers to the 
uncoloured isomer.
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substitution is an efficient way to prevent the formation of long-lived 
stable isomers, thanks to the steric hindrance.

experimental and theoretical determination of energy 
levels
To better understand how optoelectronic properties of the dyes 
change by swapping from the closed to the opened form, the energy 
levels of the frontier orbitals were evaluated by cyclic voltammetry 
in dichloromethane before and after irradiation (see Fig. 3, Methods 
and Supplementary Note 5).

The experimental results were compared with the energy lev-
els calculated using DFT with the B3LYP hybrid functional (see 
Supplementary Tables 1–8) . The modelled electron density distri-
butions in the dyes are reported in Fig. 3. First, we noticed that the 
three dyes—both in their closed and opened forms—could inject 
electrons into the TiO2 conduction band edge located at around 
−4.1 eV, since their lowest unoccupied molecular orbital (LUMO) 
energy levels were between −3.2 and −3.9 eV. Their highest occu-
pied molecular orbital (HOMO) energy levels (lying between −5.1 
and −5.2 eV) were properly positioned with respect to the I−/I3

− 
redox potential (−4.95 eV), thus giving sufficient driving force for 
regeneration (0.15 eV)34.

Photovoltaic properties
The photovoltaic performances of the photochromic dyes were mea-
sured in transparent and opaque DSSC configurations. We recorded 
current–voltage characteristics at different time intervals of expo-
sure to light, and the short-circuit current density (Jsc), open-circuit 

voltage (Voc), fill factor and PCE were determined. Our first intent 
to use a commercial electrolyte (Iodolyte) led to poor performances. 
However, we observed a drastic change in the electrode colour under 
irradiation, accompanied with an increase in Jsc. The colouration/
decolouration process was reversible, showing that naphthopyran 
photochromic dyes can be employed as photosensitizers in solar 
cells. Based on these preliminary results, we optimized electro-
lyte composition focusing on NPI. A simple electrolyte with 0.5 M 
4-tert-butylpyridine (tBP), 0.1 M lithium iodide and iodine was 
tested. We found an optimum iodine concentration of 0.09 M, lead-
ing to a Jsc of 3.23 mA cm−2, a Voc of 0.62 V and a fill factor of 0.75, 
yielding a PCE of 1.48% at this stage (Supplementary Table 11).

Second, we optimized the tBP concentration, as is often employed 
to shift the TiO2 conduction band edge through the surface dipole 
interaction35. This methodology was driven by the electrochemi-
cal results reported above. Indeed, we estimated that the LUMO 
level of the opened isomers of NPI lies at −3.9 eV, which may cause 
non-sufficient driving force for electron photo-injection. By getting 
rid of tBP in the electrolyte, it is possible to shift back the conduc-
tion band edge of the oxide, for better electronic injection36,37. To 
check this hypothesis, a series of solar cells were fabricated using the 
optimized iodine concentration with varying amounts of tBP from 
0–0.5 M. The effect on the photocurrent was spectacular and the Jsc 
values without tBP increased from 2.76 to10.44 mA cm−2. The PCE 
of these devices reached 3.69% (Supplementary Table 13). To obtain 
a direct comparison of the performances of NPL, NPB and NPI, we 
fabricated solar cells using the best conditions that we found for the 
NPI dye. Figure 4 shows the current density–voltage (that is, J(V)) 
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Fig. 2 | Optical and photochromic properties of the dyes. a–c, Normalized absorption spectra of NPL (a), NPB (b) and NPI (c) in solution (10−5 M in 
non-degassed toluene), recorded in the dark (black lines) and under irradiation (coloured lines). Irradiation was continuous, using a 200-W xenon lamp 
equipped with a band-pass filter of 350–425 nm. d, Decolouration curves of the dyes recorded in solution in the dark (25 °C; 2 × 10−5 M in toluene) after 
the PSS was reached under irradiation with an infrared-filtered polychromatic light (200 W). The optical density variation was monitored at the λmax of the 
coloured isomers for each dye (that is, 502 nm for NPL (orange), 519 nm for NPB (red) and 605 nm for NPI (green)).
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curves for the DSSCs fabricated with the three dyes before irradia-
tion and after different durations of exposure to light, alongside 
pictures of the devices. The detailed photovoltaic parameters of the 
solar cells are summarized in Table 1. The colouration of NPL was 
extremely faint despite the fact that the dye loading on the mesopo-
rous electrode was the highest. This might be related to: (1) the low 
absorption of NPL above 400 nm, which meant that the activation 
of the closed form was not very efficient due to the screening effect 
of TiO2 and the electrolyte; and (2) a lower absorption at the PSS 
because of a strong tendency to revert quickly to the closed form. 
Consequently, NPL yielded the lowest Jsc of 4.11 mA cm−2 and a PCE 
of around 1.4%.

In contrast, the colour changes for NPB and NPI were more 
spectacular. Under irradiation, NPB-based solar cells became red-
dish, whereas NPI-based ones switched to dark green. For these 
dyes, extending the absorption range of the coloured isomers 
towards the visible region and slowing down the decolouration 
kinetics compared with NPL resulted in better photosensitization 
at the PSS. This led to a significant increase in the Jsc, reaching 6.94 
and 12.59 mA cm−2 for NPB and NPI, respectively. The best perfor-
mances were obtained using NPI, with a mean value of 3.78% (on 
21 devices). Our champion photochromic cells surpassed the 4% 
efficiency barrier.

The photo-induced changes of the optical properties of the 
semi-transparent solar cells were investigated by ultraviolet–visible 
spectroscopy. Absorption spectra and average visible transmittance 
(AVT) of the best cells were measured before and after irradiation 
(Supplementary Fig. 24). The initial AVTs of the complete devices 
before activation spanned from 55–61%. After irradiation, at the 
PSS, the variation of the AVT was minor for NPL (−2%), more pro-
nounced in the case of NPB (−10%) and rather spectacular for NPI 
(−32%). Then, the photo-chromo-voltaic properties of NPI solar 
cells were thoroughly studied (Fig. 5).

Due to the iodine-based electrolyte and the absorption of the 
closed form of the dye, the solar cells in their initial state appeared 
yellow. After irradiation, they turned green (Supplementary Video). 
The opened isomers of the dye were responsible for this dras-
tic change since the maximum absorption was located at 605 nm. 
Incident photon-to-current conversion efficiency (IPCE) measure-
ments, carried out on opaque cells before and after activation of 
the dye, unambiguously confirmed that NPI can generate photo-
current in both states. Figure 5c shows the variation of the AVT 
under light exposure. We confirm that photochromic solar cells 
self-adapted their optical transmission as a function of the irradia-
tion time, as well as the power of irradiation (Supplementary Note 
7). As expected, the PCE increased when the cells became darker 
even under low-light irradiation. We also demonstrated that the 
photochromic process in a DSSC is reversible, whereby full discol-
ouration took 16 h but 80% of the initial transparency at 605 nm was 
recovered in approximately 2 h (Fig. 5d). In this section, we dem-
onstrate the concept of photo-chromo-voltaic cells; our DSSCs can 
adapt simultaneously their absorption, light transmission and pho-
tovoltaic performances depending on the irradiation conditions.

Origin of the voltage drop upon illumination
We noticed that the Voc values of these devices were moderate 
(<0.55 V), with the highest being obtained with NPI bearing alkyl 
chains38. We also observed a drop by 20–50 mV of the Voc once the 
PSS was reached. To unravel the origin of this Voc loss, we carried 
out an electrochemical impedance spectroscopy (EIS) study for 
NPI cells in the dark (under a d.c. applied potential) and under 
illumination with an open circuit (using red (λred = 635 nm), blue 
(λblue = 465 nm) and white illumination). The obtain the measure-
ments, a 10-mV perturbation was applied in the 0.1 to 106 Hz fre-
quency range. For the sake of comparison, a parallel EIS study was 
performed using DSSCs made with the non-photochromic reference  
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dye RK1 with both Iodolyte and NPI-optimized electrolyte 
(Supplementary Fig. 23). Figure 6 displays Nyquist plots for NPI 
solar cells in the dark and under illumination.

The main arc appearing at frequencies around 1–50 Hz is known 
to correspond to the recombination of electrons in TiO2 with either 
acceptor species in the electrolyte or with oxidized dyes39. As a first 
approximation, the width of this arc is roughly the recombination 
resistance. As in any DSSC, the recombination resistance is lower 
upon illumination40,41 in both RK1 reference solar cells and NPI 
photochromic cells. By performing the measurements in the order 
dark, red, blue and then white illumination, activation of the cell in 
the first two sets of experiments is avoided. Figure 6b shows that 
the recombination resistance (at the same voltage) decreases in the 
order dark > red > blue > white.

Impedance data are commonly analysed by fitting an equiva-
lent circuit. A transmission line model for DSSCs40 failed to fit 
adequately the full spectrum obtained for the NPI photochromic 
devices. However, one can still restrict the fitting of the recombi-
nation part of this circuit (that is, a simple resistor–capacitor in 
parallel) and extract recombination resistances (Rct) and chemical 
capacitances (Cμ). These parameters are known to vary with poten-
tial according to:

Rct  exp � βqV
kBT

� �
ð2Þ

Cμ  exp
αqV
kBT

� �
ð3Þ

where V is the d.c. voltage (either applied or Voc), kB is the Boltzmann 
constant and T is the absolute temperature42,43. The β parameter is the 
reciprocal of the ideality factor and lies in a typical DSSC between 
0.5 and 0.8. The α parameter is the defining parameter of the expo-
nential TiO2 distribution of intra-band states (typical values are in 
the 0.15–0.35 interval). Chemical capacitances and recombination 
resistances are found to fit to equations (1) and (2), respectively.

The chemical capacitances as a function of the d.c. voltage were 
plotted (Supplementary Fig. 23). The chemical capacitance for a 
given voltage depends on the position of the TiO2 conduction band 
edge and the position of the electrochemical potential of the redox 
couple. The largest shift in chemical capacitance was found in the 
RK1–Iodolyte cell when compared with the rest. This was not sur-
prising because its iodine concentration was quite different from 
the homemade electrolyte. There was also a small shift between 
RK1 and NPI cells, probably because these two dyes have different 
dipoles. However, no shift was detected between the non-activated 
(close configuration) and activated state (open configuration) of the 
NPI cells. This observation is important because it indicates that 
the Voc drop upon illumination was due to kinetic reasons only and 
not to a shift of the conduction band edge caused by the dyes’ isom-
erization. This interpretation is also supported by DFT calculations. 
Indeed, by analysing the photosensitizers’ dipole components rela-
tive to the surface plane, we found that larger dipole moments were 
associated with the open form of the dyes (Methods, Supplementary 
Fig. 3 and Table 9). This should result in principle in a conduction 
band edge energy level upshift, and consequently an increase in 
Voc

44,45, but after activation of the dyes, we observed a decrease in Voc.
The most striking observation in the EIS analysis was that the 

slope of the recombination resistance changed dramatically when 
the cell was in the activated state. A β parameter around 1, obtained 
under blue and white light, was quite different from what is typi-
cally observed in DSSCs. Figure 6c,d shows how, as a consequence 
of the large value of β, the drop of the recombination resistance with 
respect to the dark resistance became more and more important 
with larger voltage. This indicated an acceleration of the recombi-
nation rate upon illumination, which explained the decrease in Voc. 
In the cell labelled NPI-2, we found that red light slightly activated 
the dye because the recombination resistance changed by a small 
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under irradiation (bottom). Standard irradiation conditions were: AM 1.5 G; 
1,000 W m−2; 25 °C).
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amount. The change was larger with blue light, where the activation 
of the dye was expected to be more important. The largest change 
was found with white light.

In summary, the EIS results revealed that cells with NPI dye 
have a typical behaviour when in the dark, non-activated state, but 
their ideality factor (β parameter) changes dramatically upon illu-
mination. In contrast, the chemical capacitance remains unaltered 
between the dark and activated states, meaning that the Voc drop 
upon illumination is a kinetic effect that accelerates recombination 
when the dyes turn into their opened form. The effect becomes more 
important when the excitation is more intense or closer to the blue. 
The relatively large values of the β parameter (with respect to normal 
DSSCs) show that there is an enhancement of the recombination  

rate that adds to the common effect produced by the increase of 
electron density in the photoanode. This additional effect can be 
explained by a larger concentration of open dye molecules under 
illumination, which would facilitate the approximation of tri-iodide 
acceptors to the TiO2 surface.

Stability test and semi-transparent mini-modules
We performed a preliminary test to assess the stability of our pho-
tochromic devices by analysing the efficiency loss as a function 
of time for NPI-based opaque cells (Fig. 7). The PCE and elec-
trical parameters were recorded at the PSS. Between measure-
ments, we allowed the devices to bleach fully in the dark at 20 °C 
(according to ISOS-D1, a dark storage ageing test as defined by 

Table 1 | Dye loading and photovoltaic parameters of the photochromic solar cells

Dye electrode type Jsc (mA cm−2) Voc (V) Fill factor (%) PCe (%) Dye loading 
(mol cm−2)

NPL Transparent 3.27 (3.07 ± 0.26) 0.513 (0.508 ± 0.004) 70.6 (70.2 ± 0.3) 1.16 (1.09 ± 0.09) 5.56 × 10−7

Opaque 4.11 (3.90 ± 0.16) 0.487 (0.493 ± 0.013) 73.2 (73.2 ± 0.8) 1.43 (1.40 ± 0.02) 5.93 × 10−7

NPB Transparent 5.62 (5.50 ± 0.13) 0.515 (0.514 ± 0.005) 74.2 (73.9 ± 0.2) 2.15 (2.09 ± 0.04) 4.04 × 10−7

Opaque 6.94 (6.62 ± 0.22) 0.513 (0.508 ± 0.003) 75.7 (75.2 ± 0.7) 2.63 (2.53 ± 0.05) 3.95 × 10−7

NPI Transparent 10.74 (9.85 ± 1.10) 0.521 (0.515 ± 0.016) 65.8 (67.6 ± 2.9) 3.68 (3.41 ± 0.20) 2.03 × 10−7

Opaque 12.59 (10.60 ± 0.95) 0.505 (0.519 ± 0.016) 65.6 (69.2 ± 2.9) 4.17 (3.78 ± 0.18) 2.60 × 10−7

The transparent (13-µm-thick TiO2) and opaque DSSCs (13-µm-thick TiO2 + 4-µm-thick for the scattering layer) were fabricated under the optimized conditions. Mean values ± s.d. are shown, as obtained 
from at least three devices for all categories of solar cells, and 21 devices in the case of NPI opaque cells.
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the International Summit on Organic Photovoltaic Stability (ISOS) 
protocols)46. First, we observed that the PCE increased after a 
few days, due to better penetration of the electrolyte in the thick 
mesoporous layers, leading to activation of the entire electrode47. 
The photochromic behaviour of the cells was kept over several 
months. After each measurement, the DSSCs fully discoloured in 
18 h. Under these storage conditions, the T80 (corresponding to the 
time necessary to lose 20% of the initial efficiency) was around 
1,080 h (45 d) despite the use of liquid electrolytes not designed for 
long-term stability. The efficiency loss was related mostly to the 
Jsc drop, with the other photovoltaic parameters of the solar cells 
being less influenced. After 10 months, NPI solar cells still pos-
sessed photochromic behaviour and retained 20% of their initial 
PCE. The decay did not seem linear and could be attributed to the 
leakage or evaporation of the electrolyte and the degradation of the 
dye (Supplementary Note 8).

For photovoltaic applications, it is also important to assess the 
possibility of fabricating devices with a larger area. Therefore, we 
fabricated semi-transparent mini-modules (23 cm2) using NPI 
as the photosensitizer. Five rectangular-shaped single cells were 
inter-connected in series using a W-type design with an overall 
active area of 14.08 cm2, representing 61% of the total area. For 
the fabrication of the mini-module, we used the optimized elec-
trolyte. To keep transparency in visible light, the thickness of the 
titania electrode was kept at 8 µm without a scattering layer. Figure 
8 shows the yellowish mini-module progressively turning to an 
aesthetic green colour in less than 2 min when exposed to the Sun 
(Supplementary Fig. 30).

At PSS, this device exhibits a maximum Voc of 2.43 V, with an Isc 
of 23.62 mA and a fill factor of 56.7, leading to a maximum power 
output of 32.5 mW. This preliminary result shows that photochro-
mic dyes can be employed for the fabrication of large-area devices 
with quite decent performances, showing variable colours and 
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transparency, paving the way for the development of a new class of 
multifunctional semi-transparent solar cells and modules.

Conclusion
We have designed, synthesized and characterized a class of push–
pull photochromic dyes based on diphenyl-naphthopyran photo-
chromic units for photovoltaic application. Under solar irradiation, 
photochromic DSSCs vary their colour, self-adapt their visible light 
transmission from 59% (under dark) to 27% (under light) and 
simultaneously deliver a photocurrent that reaches a maximum of 
12.59 mA cm−2 when the solar cells are fully coloured at the PSS, thus 
yielding a PCE of up to 4.17%. Finally, we report preliminary results 
showing that these photochromic solar cells can be stable over 
50 d (using an ISOS-D1 ageing test) and show that photochromic 
semi-transparent mini-modules with an active surface of 14.08 cm2 
can be fabricated with 32.5 mW power output. This work paves the 
way for the development of a new class of semi-transparent solar 
cells capable of changing colour and showing self-adjustable trans-
mission of light.

Methods
Computational methods. All DFT calculations were carried out in the Kohn–Sham 
framework, using the Amsterdam Density Functional package (ADF 2016)48,49. 
Geometry optimizations were done using the revPBE functional with van der Waals 
interactions modelled using the Grimme D3 correction50. Optimizations were 
carried out in a continuum polarizable medium (COSMO) for dichloromethane 
(ε = 8.9). Then, the analysis of Kohn–Sham orbitals (eigenvalues and spatial 
localization) was based on a single point on the optimized geometry using the 
B3LYP hybrid functional in the same solvent medium. All calculations were made 
using triple zeta + 2 polarization functions on all atoms (named the TZ2P set in 
ADF48). For geometric optimizations, a small frozen core was used (1s orbital) 
while single points were run with all electron basis sets. Such methodology enables 
us to: (1) yield reliable calculated geometries useable for large molecules, thanks 
to the revPBE-D3 combination51,52; and (2) obtain relevant orbital analysis, getting 
rid of the usual errors given by GGA functionals in eigenvalues. Such an approach 
proved to be successful in previous studies on DSSC dyes9–53. The graphical analysis 
of orbital localizations and dipole moments was performed using the ADF-GUI 
module49. For each molecule (that is, NPL and NPL inverted (triphenylamine 
and phenylacrylic acid positions exchanged with respect to NPL), NPB and NPI), 
the DFT computation was done on the closed and open forms (Supplementary 
Note 1). For open forms, several conformers may be issued from the opening 
of the naphthopyran ring, as represented in Supplementary Fig. 2. Additionally, 
substitution of one of the phenyl rings with the acceptor group introduces another 
two possible conformations in these open forms. The cis–cis conformation occurs 
directly from the opening of the pyran ring but is always higher in energy than the 
other open form (cis–trans or trans–trans), although energy differences of less than 
2–3 kcal mol−1 calculated with DFT are not significant.

The components of the dipole moment µ were calculated relative to the TiO2 
surface plane, by first optimizing the adsorption geometry of the NPI dye onto 
an anatase model (Supplementary Fig. 3). This was achieved by starting from a 
small cluster extracted from a three-dimensional-expanded anatase structure. 
The pending oxygen atoms were passivated by protons, whose positions were 
optimized while keeping oxygen and Ti atoms fixed. This was achieved using the 
Block functionality in ADF. The NPI molecule was then added to the aggregate, 
using the previously optimized geometry, in either closed- or open-form geometry. 
This was done by deprotonating the acrylic group so that the resulting carboxylate 

was able to bind two Ti atoms in bridging mode (Supplementary Fig. 3)44. The 
corresponding proton was added on an oxygen atom of the aggregate to preserve 
charge neutrality. The whole system was then optimized by relaxing the molecule 
and keeping the TiO2 fragment fixed. This process yielded a geometry quite close 
to the one obtained from the isolated molecule, and it allowed us to identify the 
orientation of the molecule with respect to the z axis perpendicular to the surface. 
We then calculated the dipole moment of the molecule alone from this orientation, 
after reprotonation of the acrylic group, to neutralize the molecular charge. The 
orientation towards the z axis was easy to impose because the C–C bond bearing 
the carboxylate group appears to be perpendicular to the surface plane, thus 
parallel to the z axis45.

Supplementary Fig. 3 shows the resulting optimized geometry on the TiO2 
fragment, the reference orthogonal frame with the z axis perpendicular to the 
surface, and the neutral molecule from which the dipole moment was calculated. 
We repeated this procedure for NPI in the closed and open form (both trans–
cis(trans) and trans–trans(cis) conformers). The components are gathered in 
Supplementary Table 9. As can be seen for NPI, the dipole moments obtained by 
considering the geometry of isolated dye are very close to the ones obtained after 
binding onto the surface. We thus calculated the dipole moments for NPB and NPL 
from their previous optimizations as isolated molecules, just by imposing their 
orientation towards the z axis in a similar way as for NPI. As can also be seen in 
Supplementary Table 9, the components of the dipole moment show that it is not 
orientated strictly perpendicular to the surface.

Synthesis of the dyes. The synthetic routes for the preparation of the three 
photochromic dyes are presented in Supplementary Fig. 4. All of the detailed 
procedures and the characterizations of the molecules are reported in 
Supplementary Note 2.

Ultraviolet–visible characterizations. All ultraviolet–visible and ultraviolet–
visible–near-infrared measurements were performed under an ambient 
atmosphere. The ultraviolet–visible measurements (from 300−800 nm) were 
carried out on an Agilent Cary 60 spectrophotometer. The solution samples were 
measured in quartz cuvettes (175−2,700 nm) with path lengths of 1 cm. The sample 
cuvette holder temperature was fixed at 25 °C using an Agilent Peltier temperature 
controller. Irradiation was performed using filtered light from an Asahi Spectra 
MAX-303 Xenon light source. The AVT measurements were carried out on 
complete semi-transparent solar cells with an Agilent Cary 60 spectrophotometer. 
The AVT was calculated between 380 and 740 nm.

Electrochemical characterizations. Cyclic voltammetry electrochemical 
characterization of the synthesized photochromic dyes was carried out in a 
one-compartment, three-electrode electrochemical cell equipped with a flat 
platinum working electrode (7 mm2), a platinum wire counter electrode and an 
Ag/AgNO3 reference electrode. The potentials were calibrated using the Fc+/
Fc couple as an internal standard before and after each measurement, assuming 
this value to be −4.8 eV. The electrolyte consisted of 0.1 M tetrabutylammonium 
hexafluorophosphate (Bu4NPF6) solution in anhydrous and degassed 
dichloromethane. The experiment was carried out in a dichloromethane solution 
([dye] = 2.10–3 M).

Device preparation. The device architecture is presented in Supplementary Fig. 18. 
The solar cells were prepared using the following procedure. TiO2 thin films with 
a specific thickness and a total area of 0.36 cm2 were screen printed in Solaronix 
(Switzerland) using a TiO2 nanoparticle paste (Ti-Nanoxide HT/SP). Throughout 
the manuscript, opaque device refers to a device that includes an additional 
TiO2 layer of about 3–4 µm in thickness above the mesoporous TiO2 (Solaronix; 
Ti-Nanoxide R/SP). The active area of the solar cells (0.36 cm2) and the area of the 
mini-modules (14.08 cm2) were estimated from the printing masks and re-measured 
with a caliper. Beforehand, the electrodes were cleaned with absolute ethanol and 

Fig. 8 | Colour change of a semi-transparent NPI-based mini-module under natural light. Evolution of the colour of an NPI-based solar semi-transparent 
mini-module when exposed to natural light at 20 °C. Interval times between pictures (from left to right) of 30, 30 and 240 s cumulatively.
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dried under an argon flux. These photoanodes were then treated by immersion into 
a freshly prepared 4.1 mmol l−1 TiO2 aqueous suspension at 70 °C for 20 min. The 
electrodes were then cooled to room temperature and rinsed with distilled water then 
absolute ethanol, followed by drying under an argon flux. The electrodes were then 
sintered under air at 500 °C for 20 min, following the heating procedure reported 
in Supplementary Fig. 17. The photoanodes were then cooled down to 80 °C and 
sensitized through immersion in the dyeing solution for 16 h at room temperature 
in the dark ([Dye] = 0.2 M; [chenodeoxycholic acid (CDCA)] as indicated; 
CHCl3/tBuOH = 1/1 (vol/vol)). The drilled counter electrodes were coated with a thin 
layer of platisol (Solaronix) and charred under air at 500 °C using the same heating 
procedure as presented in Supplementary Fig. 17. The sensitized photoanode was 
rinsed with dichloromethane and absolute ethanol and dried with an argon flux. 
Both electrodes were then sealed together using a Surlyn thermoglueing polymer 
(60 µm thick) using a heating press at 105 °C for 16 s. The cell was then filled with an 
appropriate acetonitrile-based electrolyte (Solaronix Iodolyte HI-30 or our optimized 
composition) via the pre-drilled hole using a vacuum pump. The electrolyte injection 
hole on the counter electrode was then sealed with the aid of Surlyn underneath the 
thin glass cover using heat. A contact along the cell edges was created.

Device characterizations. Current–voltage characteristics. Before measurements, 
the AM 1.5 G simulator was calibrated using a reference silicon photodiode 
equipped with an infrared-cut-off filter (KG3; Schott). This reference photodiode 
consisted of a readout device and a 2 cm × 2 cm calibrated solar cell made from 
monocrystalline silicon with a KG3 window. The cell was also equipped with a 
thermocouple assembled in accordance with IEC 60904-2. The certification is 
accredited by the National Institute of Standards and Technology to the ISO-
17025 standard and is traceable to the National Renewable Energy Laboratory. 
The current–voltage characteristics of the cells were measured under dark and 
under the AM 1.5 G (1,000 W m−2) irradiation condition, which was achieved 
by applying an external potential bias to the cell while measuring the generated 
photocurrent with a Keithley model 2400 digital source meter. Measurement for 
the cells was from +0.7 to −0.2 V, divided into 45 points, with a speed of 20 mV s−1. 
Measurement for the modules was from −0.1 to 5 V, divided into a 0.1 V range 
and 50 points, repeated several times until stabilization of the measurement. The 
devices were masked before the measurements to attain an illuminated active 
area of 0.36 cm2. The modules were characterized without a mask. Hysteresis 
was checked by scanning the J–V curve in forward and backward directions and 
comparing the photovoltaic metrics and J–V curves obtained for the two scanning 
directions. No hysteresis effect was observed using our scan conditions. The 
performances of the photochromic solar cells were measured at different light 
intensities. This experiment was carried out from 0.1 to 1 sun, and after complete 
colouration of the solar cell we performed measurements from 1 to 0.1 sun.

IPCE. The IPCE measurements were performed at Pablo de Olavide University in 
Seville, Spain. IPCE spectra were measured for each dye before and after light soaking. 
First, a 530-nm light beam was used to position the cell. Since this process can 
activate the cell, after positioning, the cell was kept under dark conditions for 48 h. To 
minimize activation of the dye, the IPCE was measured by decreasing the wavelength 
from 800 to 300 nm with a 10-nm step. Afterwards, the cell was kept under 1 sun 
illumination for 10 min, to ensure full activation, and the IPCE was measured again. 
Before light soaking measurements, the IPCE spectrum was slightly different from the 
absorbance spectrum for the closed dye. This indicated that a small fraction of the dye 
was still in its open form. In any case, it appeared that the solar cells were activated 
during the IPCE measurement itself, and after IPCE measurement before irradiation, 
the solar cells appeared slightly coloured. This meant that some of the photons were 
consumed to photo-isomerize the molecules during the measurement.

EIS. The EIS measurements were performed at Pablo de Olavide University in 
Seville, Spain. EIS experiments were conducted in two ways: (1) in the dark 
under a d.c. applied potential; and (2) under illumination in an open circuit. For 
the open circuit, three types of LED illumination were used: red (λred = 635 nm); 
blue (λblue = 465 nm); and white. The measurements covered the 0.1 to 106 Hz 
frequency range. To generate the spectrum, an a.c. voltage perturbation of 10 mV 
was applied over the d.c. potential. For the sake of comparison, a parallel EIS 
study was carried out using DSSCs made with the non-photochromic reference 
dye RK1 (available from Solaronix): (2-cyano-3-(4-(7-(5-(4-(diphenylamino)
phenyl)−4-octylthiophen-2-yl)benzo[c][1,2,5] thiadiazol-4-yl)phenyl)-acrylic 
acid. Furthermore, two electrolytes were considered in the RK1 cells: (1) Iodolyte 
electrolyte (Solaronix); and (2) the NPI-optimized electrolyte described in 
the section ‘Photovoltaic properties’ above. Two NPI cells with this optimized 
electrolyte were included in the study, referred to here as NPI-1 and NPI-2 (see 
Supplementary Fig. 23 and Supplementary Table 14).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The datasets generated and analysed during the current study are available 
within the paper, its Supplementary Information and its Source Data files (cyclic 

voltammetry measurements, ultraviolet–visible characterizations, optical and 
electrical characterizations of solar cells (including: J(V) measurements, IPCE and 
AVT spectra), impedance spectroscopy measurements and I(V) measurements 
of the mini-module). All other data related to this work are available from the 
corresponding author upon reasonable request.
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