#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Push-pull photochromic dyes for semi-transparent
solar cells with light-adjustable optical properties
and high color-rendering indext

{ ") Check for updates ‘

Cite this: Chem. Sci., 2023, 14, 8497

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry Samuel Fauvel,? Antonio J. Riguelme,® José-Maria Andrés Castan,?

Valid Mwatati Mwalukuku,® Yann Kervella,® Vijay Kumar Challuri ,°

Frédéric Sauvage, (2 ¢ Stéphanie Narbey,® Pascale Maldivi, 22 Cyril Aumaitre

and Renaud Demadrille (2 *2

a

We report the design, synthesis and characterization of push—pull photochromic naphthopyran dyes,
incorporating different carbazole moieties as the electron-donor group for use in dye-sensitized solar
cells. Compared to a reference dye incorporating a diphenylamine-type donor moiety, the introduction
of functionalized carbazoles allows for a hypsochromic shift of the absorption of the coloured isomers
of the dyes in the visible region and a better tuning of their spectra to the photopic response of the
human eye. Under illumination, the molecules exhibit a broad absorption with a maximum comprised
between 546 nm and 571 nm in solution and they reveal relatively fast discoloration kinetics. By using

these dyes to fabricate photochromic solar cells whose optical and photovoltaic properties vary with the
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Accepted 10th July 2023 light exposure, we have achieved a PCE of up to 3% in opaque cells. Using these molecules in semi-

transparent solar cells with different electrolytes, a PCE of 2.3% was achieved. We also produced a semi-

DOI: 10.1039/d3sc023284a transparent mini-module with an average visible transmittance varying between 66% and 50% and
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Introduction

Since the 1990's, the efforts to develop alternative photovoltaic
(PV) technologies to silicon have been steadily increasing.* The
emergence of solar cells integrating fully organic or hybrid
materials in the photoactive layer,> and more recently the
development of semi-transparent devices*® have opened up new
prospects for PV applications in IoT”® (Internet of Things)
devices, buildings,”** vehicles® and greenhouses.'*'®> Among
these technologies, Dye-Sensitized Solar cells (DSSCs) are
attractive because they combine many advantages.® First, today
their power conversion efficiencies (PCE) have now reached
15% under standard irradiation conditions’” and over 36%
under low light conditions.” Second, when non-volatile elec-
trolytes are used, their stability is greatly improved and lifetimes
in excess of 10 years have already been demonstrated in
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a colour rendering index around 95 in both the uncoloured and coloured states.

accelerated ageing tests,'® and reaching 12 years in real-world.*
Thirdly, these solar cells and the corresponding modules are
fully customizable;>*** their shape, colour, and transparency
can be adjusted during the manufacturing process.* Finally,
their energy payback time* and carbon footprint are estimated
to be lower than for silicon-based solar cells. In 2020, we
introduced in the field a new class of multifunctional DSSCs
based on photochromic dyes.” Because of their optical
response to a light stimulus, photochromic dyes can be used in
a wide range of applications, such as data storage,*® actuators,*”
sensing,*®* optical lenses® or bio-imaging,*"** but their study
in photovoltaics is recent.**** Using the classic donor-m-
conjugated-bridge-acceptor structure for the dyes where the -
conjugated bridge is replaced by a photochromic moiety, we
have obtained DSSCs that can change colour and self-adjust
their light transmittance upon exposure to sunlight. In 2023,
we explored this concept and showed that photochromic solar
cells can achieve a PCE of over 4.3% in the opaque configuration
and a PCE of up to 3.9% in the semi-transparent configura-
tion.*® Molecular engineering of the dyes allowed us to improve
the photochromic behaviour of the devices and the best
photochromic solar cells exhibited a reversible change in
average visible transmittance (AVT) of about 40% between the
uncoloured and coloured states. These performances have been
obtained with a push-pull compound of the diphenyl-
naphthopyran family containing a diphenylamine group as an
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electron donor. The strong electron-donating effect induced by
the diphenylamine moiety in these push—pull dyes gives a green
tint to the cells under irradiation resulting in a colour-rendering
index (CRI) for semi-transparent devices of around 65. In
general, a CRI of 80 or higher is desired for glazing applications,
and ideally the CRI should be greater than 90."* Therefore, in
order to use these solar cells for building or vehicle integrated
photovoltaics, it is important to improve their CRL3>"** To solve
this problem, in this work we are interested in modulating the
push-pull effect in diphenyl-naphthopyran dyes in order to
obtain photochromic molecules whose absorption in the col-
oured state better matches the photopic vision of the human eye
which allows colour perception. To this end, we have developed
a series of five compounds in which the electron-donating
moiety is a carbazole unit***® whose donating strength is
modulated by substitution. After their synthesis, the photo-
chromic and optoelectronic properties of the dyes were inves-
tigated before their use in the fabrication of opaque and semi-
transparent DSSCs. We show that by replacing the diphenyl-
amine group with modified carbazole units, the optical prop-
erties of the dyes can be tuned to better match the photopic
response of the human eye. The new compounds have
a maximum absorption wavelength between 546 nm and
571 nm, close to the maximum photopic response of the human
eye at 555 nm. In addition, the use of carbazole units allows the
HOMO energy level of the dyes to be lowered, opening the way
for the use of redox systems other than tri-iodide/iodide-based
electrolytes. We, therefore, present the first photochromic
cells based on a cobalt-based or the recently developed trans-
parent hybrid sulfurothioate-based redox system.** We found
that some of the dyes show a maximum PCE of about 3% in
opaque cells and 2.3% in transparent devices. We also report
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a transparent solar mini-module that shows light-dependent
AVT, varying between 66% and 50% and a CRI above 96 in the
non-activated state, which remains above 95 after colouring of
the cells.

Results and discussion
Synthesis of the push-pull photochromic dyes

To investigate the effect of the electron-donating strength of the
carbazole moiety on the photochromic and optoelectronic
properties of the dyes, we designed different carbazole precur-
sors by varying the substituents at positions 3 and 6, as shown
in Fig. 1. We also selected two commercial carbazole derivatives
C1 and C4, purchased from Sigma Aldrich and Ikamba Organics
respectively.*> The carbazole C2 containing two 4-octylth-
iophene units was obtained by Suzuki-Miyaura coupling from
3,6-dibromo-carbazole and 5-n-octylthiophene-2-boronic acid.
For the carbazole C3, we started with the alkylation of bromo-
resorcinol before using it in a similar reaction. For the
synthesis of the C5 carbazole, we protected the nitrogen of the
3,6-dibromocarbazole to prevent a polymerisation reaction
during the Buchwald-Hartwig coupling. The compound C5 was
obtained by the same reaction starting with di(hexyloxy)-
diphenylamine. The dyes were then synthesized as described
in Fig. 1. First, the protected naphthol P3 was prepared as
described in ESLf The different carbazole precursors were
coupled to this naphthol via a Buchwald-Hartwig reaction and
the resulting naphthols were deprotected in situ. The depro-
tected naphthols X1-5 were then subjected to a chromenisation
reaction with the acetal-protected propargyl alcohol A5 to give
the photochromic intermediates Y1-5. The final SF1-5 dyes were
obtained by Knoevenagel condensation with cyano-acrylic acid.
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Fig. 1 a) Chemical structures of the carbazole donor units (C1-5) used in this work. (b) Synthetic route towards the dyes SF1-5. (c) General
photochromic interconversion mechanism for the dyes SF1-5 and structure of the NP2 molecule used as a reference.
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Fig. 2 UV-visible absorption spectrum for SF1, SF2, SF3, SF4 and
SF5 without (a) and with (b) under continuous irradiation (Xenon
lamp, 200 W, 300-600 nm, orthogonal with respect to the
measuring beam). Concentration: 2 x 107> mol L™t in toluene at 25 °
C. (c) Comparison of normalized discoloration curves of SF1-5 in
solution after reaching PSS. Concentration: 2 x 107> mol L™t in
toluene at 25 °C.

Fig. 1 also shows the photochromic interconversion reaction
between the closed (uncoloured) and open form (coloured)
isomers and the structure of the dye NP2, which was used as
a reference molecule in this work.

Table 1 Optical and photochromic parameters of the dyes SF1-5
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Optical and photochromic properties of the dyes in solution

The photochromic behaviour and optical properties of the dyes
were studied by UV-vis spectroscopy in toluene solution
according to a classical method.**** The spectra were recorded
in the dark and under illumination with a polychromatic light
source from long to short wavelengths to avoid any interference
from the measurement technique (i.e. conversion of the dyes
from the close to the open form with UV photons during the
measurement). The results were compared with data obtained
from NP2, a photochromic dye used as a reference.?® NP2 is
a diphenyl-naphthopyran dye containing a diphenylamine as
a donor unit and produces the highest PCE ever recorded for
a photochromic dye in DSSCs.

The absorption spectra of the closed and open form isomers
of SF1-5 are shown and compared in Fig. 2 and their optical
parameters are summarized in Table 1 (see also ESIt). The
absorption spectra of the dyes recorded in the dark and shown
in Fig. 2a show absorption bands between 300 nm and 400 nm
corresponding to w-1v* transitions. The absorption limit of the
closed isomers is between 416 nm and 440 nm depending on
the structure of the donor moiety. These values are lower
compared to NP2 dye, whose absorption tail reaches 450 nm.
The weakest absorption is observed for the SF1 dye containing
a bare carbazole unit, while the strongest absorption is observed
for the SF2 dye based on a carbazole moiety substituted with
two octylthiophenes.

Fig. 2b shows the absorption spectra of the dyes recorded
under illumination. In this family of dyes, absorption of a UV-
photon leads to the cleavage of the carbon-oxygen bond of
the pyran ring and rearrangement of the pi-conjugated system.*
In the naphthopyran series, homolytic cleavage is usually re-
ported as the main process for C-O bond dissociation.***¢
Photogenerated open-form (OF) isomers exhibit increased
delocalisation of the pi-electrons, resulting in the extension of
the absorption spectrum into the visible region. Two types of
transitions are observed. The band or shoulder located between
400 and 460 nm corresponds to new m-m* transitions. The
second absorption band, which appears at longer wavelengths,
corresponds to a mix of internal charge transfer (ICT) transi-
tions occurring between the donor unit and the core of the

Optical properties

Electronic properties

Amax” M C;*Lmol 'em™! Ketosing” 107> 87" Jonser’ M AEo,~? eV HOMO® eV LUMO® eV AE el eV
NP2 620 19000 2.30 730 (450) 1.70 (2.76) —5.0 (—4.9) —3.8(=3.3) 1.2 (1.6)
SF1 554 22 500 4.14 675 (416) 1.84 (2.98) —5.6 (—5.4) 3.8 (=3.3) 1.8 (2.1)
SF2 565 23 400 4.22 681 (421) 1.82 (2.95) —5.5 (—=5.2) —3.9(-3.3) 1.6 (1.9)
SF3 571 21 400 3.72 687 (418) 1.80 (2.97) —5.5 (—5.3) —-3.9(=3.3) 1.6 (2.0)
SF4 557 19300 4.96 692 (424) 1.79 (2.92) —5.2 (=5.0) —-3.8(=3.3) 1.4 (1.7)
SF5 546 15900 3.75 717 (439) 1.73 (2.82) —5.0 (—4.9) —3.9(=3.3) 1.1 (1.6)

“ Obtained from the UV-visible spectra of the open form of the dyes. ? Calculated from the decrease of absorption at the A,., of the open form of the
dyes at 25 °C. © Obtained from the UV-visible spectra of the open form of the dyes. Parenthesis, obtained from the close form. ¢ Calculated from the
optical absorption onset. ¢ Values calculated from oxidation potential for the HOMO and electronic affinity for the LUMO, measured by CV in
dichloromethane (DCM) (2 x 10~° mol L") at room temperature, Fc/Fc" was used as the internal standard. Parenthesis, determined by DFT

calculations.’ AEeiec = Erumo — Eromo

© 2023 The Author(s). Published by the Royal Society of Chemistry
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molecule or the photochromic core and the diene system
extending to the anchoring function as demonstrated by TD-
DFT calculations (see ESIf). The Ap.x of the OF isomers is
between 546 nm and 571 nm for all dyes, which is close to the
maximum photopic response of the human eye. The A,nsec and
optical band gap values for the open isomers vary with the
electron donor strength of the carbazole moiety. The absorption
region for the new series of dyes is blue-shifted compared to
that of NP2, which has a A, located at 620 nm and an
absorption limit at 730 nm. This hypsochromic shift of the ICT
band is a direct consequence of the weaker electron-donating
strength of the carbazole units compared to the diphenyl-
amine. This is probably due to the high twist angle observed by
DFT between the carbazole unit and the photochromic core, e.g.
51.2° in SF1. In the NP2 molecule, the twist angle between the
diphenylamine and the photochromic unit is only 2°. Under
illumination, we found that a stabilization time of 180 seconds
is sufficient to reach the photo-stationary state (PSS). The pho-
tostationary state corresponds to the equilibrium between the
closed and open isomers. This equilibrium is reached under
irradiation at a given temperature. Note that the solutions were
kept at 25 °C with stirring to ensure accurate measurements.
From the absorption in the PSS, the colourability C, of the dye is
calculated. This value is the maximum absorption achieved by
the dye in the visible range under illumination, divided by its
concentration in solution. From the PSS, we can also determine
the ring closure kinetic constants by following the bleaching of
the solution in the dark at the maximum absorption wave-
length. The values of these photochromic parameters are shown
in Table 1. If we look at the colourability values, they all fall in
the same range, between 15 900 and 23 400 L mol * cm™*, and
are quite comparable to those of the NP2 dye (19000 L
mol™* em™ ). This suggests that the colourability of these
molecules is related to the nature of the diphenyl-naphthopyran
core and is relatively unaffected by substitution in that position.

The values of the discoloration kinetic constant k were ob-
tained by fitting the fading curves with a mono-exponential
equation® (see ESIT). For the SF1-5 dyes the k values are all
comprised between 3.72 x 107 % s~ " and 4.96 x 10™* s ' and are
higher than those of NP2, which contains a diphenylamine
donating group. This observation confirms previous studies,
which have shown that the introduction of electron-donor
groups in the diphenyl-naphthopyran series helps to control
the stability of open form isomers and the rate of discolor-
ation.*””** Solutions containing our new dyes recover 80% of
their original transparency in less than 8 minutes, and this time
drops to 5 minutes for solutions based on SF4. This property is
particularly interesting for a transparent solar cell application,
although the kinetics are generally slower in complete device
due to immobilisation of the dye on the electrode and interac-
tions with the electrolyte.

Energy levels of dyes in their different states

For the use of these new dyes in DSSC-type devices, it is
essential to ensure that their HOMO-LUMO energy levels in
their different states are compatible with the energy level of the

8500 | Chem. Sci, 2023, 14, 8497-8506
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TiO, conduction band and the redox potential of the mediator
used in the electrolyte.*®

The energy levels of the frontier orbitals were determined by
cyclic voltammetry. The measurements were performed in
anhydrous DCM with 0.1 mol L' TBAPF, as supporting elec-
trolyte, a silver electrode in 0.01 mol L™" AgNO; solution as
a reference, Fc'/Fc as internal reference and the dye concen-
tration was set to 2 x 10> mol L™". To study the energy levels of
the dyes in their activated and non-activated states, measure-
ments were performed in the dark and under irradiation. To
determine the oxidation and reduction potentials of the open
form isomers, the solutions were cooled in an ice bath to reduce
the ring closure kinetics of the open form species and exposed
to light to reach a higher concentration of coloured isomers at
the PSS (more information related to these experiments can be
found in ESI}). Fig. 3 is a diagram showing the energy levels
obtained experimentally and from theoretical modelling using
DFT with the B3LYP/TZ2P hybrid functional for the five carba-
zole dyes together with the energy levels of TiO, and the redox
mediators I /I;". It should be noted that the reduction poten-
tials of the closed form of the dyes were outside the electro-
chemical window of the analytical solvent, preventing their
direct measurement. Therefore, the experimental LUMO values
were estimated from the HOMO energy levels and the band gap
obtained by UV-visible spectroscopy. The LUMO levels of the
colored isomers of the dyes are strongly shifted to lower values
and are all in the same range, ranging from —3.9 eV to —3.8 eV.
According to the theoretical calculation, in the uncolored
isomers, the LUMO is highly localized on the cyano-acrylic acid
acceptor unit. However, once the molecule is opened, the LUMO
is spatially delocalized to the diene system and the carbonyl
unit. The LUMO levels of SF1-5 are comparable to NP2 as ex-
pected since the dyes are designed with the same electron-
accepting units.

The effects induced by the unsubstituted and substituted
carbazoles are more pronounced when looking at the HOMO
levels. First, it can be seen that when carbazoles are function-
alized with diphenylamine units, the HOMO level is around
—5.2 eV and —5 eV as for NP2. Without diphenylamine, the
carbazole units allow the HOMO level to be lowered to —5.4 eV
and up to —5.5 eV. This feature is particularly interesting as it
opens the way for the use of alternative redox couples to
triiodide/iodide system, such as cobalt-based complexes, which
has a higher redox potential. It is also important to note that for
the closed isomers, the HOMO is completely localized on the
carbazole units when they are functionalized, but tends to
extend into the core of the molecule for the unsubstituted
carbazole. For open isomers, the HOMO is partially delocalized
on the indeno unit, except when diphenylamines are used as
substituents.

Photovoltaic performances in opaque dye-sensitized solar
cells

To evaluate the photovoltaic performance of the new photo-
chromes, we fabricated opaque DSSCs. For comparison
purposes, we tested all the dyes in the same device

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Energy band diagram and electron density distributions on the

dyes. Experimental- and DFT-calculated energy levels of the frontier

orbitals of the dyes and their spatial localizations (closed- (CF) and open-form (OF) trans-isomers). LUMO energy levels are shown in cyan and
orange and HOMO energy levels are shown in blue and red (all versus the vacuum level). The positions of the conduction band edge (CB) of TiO2

and the Nernst potential of the tri-iodide/iodide redox couple are indica

ted with horizontal dashed lines (green and orange, respectively).+495°

Cyclic voltammetries (CV) were performed at a concentration of 2 x 10~* mol L™ in DCM, Ag/Ag* reference, Pt electrode, Fc*/Fc internal
reference. DFT modeling: B3LYP hybrid functional + dispersion and TZ2P basis sets in a COSMO model for DCM.

configuration and compared them with NP2 as a reference dye.
The evaluation of photochromic DSSCs requires the recording
of the current-voltage characteristics at different time intervals
of light exposure (standard AM1.5G irradiation at 1000 W m™?)
until the cells reach the PSS (see Fig. 4). Once the cells have
reached the PSS corresponding to the stabilisation of the short-
circuit current density (Jsc), we measure the open-circuit voltage
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Fig. 4 J-V curves of a SF4-based opaque photochromic solar cell
registered in the dark (black line), after 15 seconds under irradiation
(red line) and at PSS reached after 300 seconds under continuous
irradiation (blue line). Standard irradiation conditions were AM 1.5 G,
1000 W x m~2 at 25 °C.

© 2023 The Author(s). Published by the Royal Society of Chemistry

(Voc), the fill factor (FF) and thus the PCE. Further experimental
details on the fabrication and characterization of the solar cells
are given in the ESL

We tested the dyes with and without chenodeoxycholic acid
(CDCA), a co-adsorbent that helps to reduce aggregate forma-
tion®**? and increase Vo¢.”* We found that the use of CDCA had
little effect on the performance of the devices, which was
however slightly improved when it was used at a Dye/CDCA ratio
of 1:10. Table 2 summarizes the performance obtained with the
dyes. The study of the dyes in DSSCs shows quite different
behaviors depending on the carbazole unit employed. Firstly,
they are all less efficient than NP2 and this is mainly related to
the lower Jsc generated with the new dyes despite comparable
dye loading in some cases. This could be explained by their
lower absorption in the visible region.

SF1 has the poorest photovoltaic performance, due to a low
Jsc of around 2.5 mA em ™2, although the dye loading is highest
with this dye.

As the size of the donor group increases, the amount of dye
attached to the surface decreases, but this has no negative
influence on the Jsc. SF2 and SF3 have very similar efficiencies
but different photovoltaic parameters. SF2 gives a higher Jgc,
while SF3 gives a higher Voc and FF. Then, although the two
dyes have the lowest colourability (see Table 1), SF4 and SF5
show the highest photogenerated current with a Jsc of 7.93 mA
ecm~ 2 and 6.01 mA cm ™2, respectively. Due to better Voc and FF,
SF4 has the best performance among the five new dyes, with
a PCE of 3.04%. For this class of dyes, where the photovoltaic
performance depends not only on the optoelectronic properties
of the dyes but also on the photochromic behavior, it seems

Chem. Sci., 2023, 14, 8497-8506 | 8501
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Table2 Photovoltaic parameters of the solar cells fabricated with opaque (13 pm mesoporous + 3 um scattering layer) electrodes from the same
batch under irradiation AM1.5G at 1000 W x m~2. The dye: CDCA molar ratio was set to 1: 10 for comparison purposes (except for NP2), dye:
CDCA molar ratio was set to 1: 5. Statistical data was obtained for at least 3 cells. For the dye loading the mean value and standard deviations (in

parenthesis) are also given for 3 cells

Dye loading

Dye Jsc (mA em™?) Voc (mV) FF PCE (%) (mol em™2) x 1078
NP2 12.74 (13.55 + 0.67) 503 (491 + 1) 0.649 (0.620 =+ 0.020) 4.16 (4.12 + 0.04) 21.5

SF1 2.78 (2.50 + 0.37) 482 (491 + 11) 0.667 (0.674 = 0.007) 0.89 (0.82 + 0.10) 18 (+3.5)

SF2 5.24 (4.78 £ 0.55) 474 (488 + 16) 0.672 (0.683 = 0.015) 1.67 (1.59 £ 0.11) 14 (43.8)

SF3 4.36 (4.20 + 0.14) 527 (528 + 15) 0.720 (0.724 =+ 0.007) 1.65 (1.61 % 0.06) 8 (+4.9)

SF4 7.93 (7.92 + 0.13) 504 (523 + 2) 0.731 (0.720 =+ 0.010) 3.04 (2.98 + 0.07) 10 (+£9.5)

SF5 6.01 (6.10 + 0.10) 468 (469 + 1) 0.512 (0.494 =+ 0.018) 1.44 (1.41 + 0.03) 7 (+10)

difficult to establish clear structure-property relationships by
analyzing the photovoltaic parameter alone. In order to better
understand the photochromic behavior of the carbazole dyes in
DSSCs and their influence on recombination processes, elec-
trochemical impedance spectroscopy (EIS) was performed.

Electrochemical impedance spectroscopy (EIS)

EIS measurements were performed under red illumination (655
nm) to avoid unwanted activation of the photochromic mole-
cules.* The devices were measured before and after applying 15
minutes of continuous light exposure under 1 Sun, to ensure that
the PSS was reached.” The resulting Nyquist plots are shown in
Fig. 5. For the five different dyes, the Nyquist plot show two well-
defined semi-circles with different time constants.>**® At high
frequencies, the first point corresponds to the series resistance
(Rs), which takes into account for the external elements of the
circuit, such as wiring, contacts and experimental setup.®” This is
followed by a small semicircle that does not depend exponentially
on the light intensity, which can be linked to reactions in the

55.5

cathode,** but is beyond the scope of this work. The second arc,
which varies with light intensity, is the most relevant in this case,
because it is the result of the parallel combination of the inter-
facial recombination resistance (R.) associated with the chem-
ical capacitance of electron accumulation in the semiconductor
film (C,).>**°

Both semicircles are connected by a 45° Warburg line
diffusion element, which is related to the electron transport
resistance in the TiO,*°. These impedance spectra were fitted
using the transmission line equivalent circuit.**** For all
photochromic dyes in this family except SF3 and SF5, the
recombination semicircle shrinks after light irradiation. This
means that the isomerization of the dye molecules creates
additional recombination paths, as has already been described
for other photochromic dyes.***** On the other hand, for SF3
and SF5 the isomerization of the dyes reduces the recombina-
tion, suggesting that the introduction of four alkoxy chains in
the donor part of the dye protects the devices against the local
I;~ concentration increase at the surface of the metal oxide.

a) 12007 & SEq before light soaking 0.421 V b) 12007 & k2 pefore ight soaking 0424V ) 3%0] w  SF3 before light soaking 0.424
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Fig. 5

(a—e) Electrochemical impedance spectroscopy results of SF1-5 dyes solar cells. The Nyquist plots are shown both before and after light

soaking. (f) Recombination resistance vs. corrected voltage for SF1-5 dyes under red illumination and after light soaking. Note: the comparison of
the recombination resistance vs. corrected voltage for SF1-5 dyes before and after light soaking, can be found in ESI.{
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This result is consistent with observations usually made on the
classical dyes used in DSSCs. Both, R... and C, are known to
have a voltage dependence.®*®® This exponential dependence
can be expressed as follows:

aqVoc
C, = Coexp< kaT ) (1)
BqV)
Riec = Roexp| — —— 2
wexp — 847 @)

where Cy*** and R,*' are numerical pre-factors, a®>% is the trap
distribution parameter related to the average depth of the trap
states which determines the CB alignment, 8 is the recombi-
nation reaction order, kg is the Boltzmann constant and T is the
absolute temperature. As it can be seen in Table S1 (ESIt), the
values of « and @ are within the normal values reported for
DSSCs®* (0.15-0.35 for « and 0.5-0.8 for §) except for SF3 and
SF5, where g is slightly below this threshold. Fig. S2 (ESIY)
shows the resulting capacitances from of the impedance spec-
trum fitting. No significant band shift is observed between the
closed and open forms of the different dyes. However, SF3
shows a band shift of 50 mV compared to the other dyes. This
means that a voltage correction must be made to ensure that the
comparison of the recombination resistances is made at the
same electron density at the photoanode,®~** thus dis-
tinguishing thermodynamics from kinetics”*”* (Fig. 5). As it can
be seen in Fig. 5, SF2 and SF4 show the highest values of
recombination resistance at high light intensities. Comparing
the impedance results with the Vo shown in Table 2, the high
value of SF3 can be related to the presence of the band shift
while the increase in the Vo for SF4 is due to a higher protec-
tion against recombination. Looking at the molecular structure
of the SF3 and SF5 dyes, one would expect a passivation of the
recombination due to the introduction of the four alkoxy
chains. However, this phenomenon is not observed in Fig. 5.
These results, together with the anomalous $-values reported in
Table S1 (ESIT), suggest that recombination with I;~ species
decreases; the dye regeneration would be slower, so that the
oxidised dye molecules act as an additional recombination
pathway.

Semi-transparent photochromic solar cells with high color-
rendering index

One of the main advantages of using photochromic dyes in
semi-transparent solar cells is their ability to change their
absorption spectrum under irradiation and thus modulating
the light transmitted through the device. They are of particular
interest for the development of multifunctional solar cells
whose light transmittance and current generation can self-
adapt to sunlight conditions. In the next part of this work, we
focus on the fabrication of semi-transparent cells based on SF4,
as this dye was found to be the most efficient in opaque solar
cells. For the development of semi-transparent solar cells that
can be used as glazing in the future, it is important for user
comfort that the cells have good transparency level in the visible
range, but also a high CRI. The CRI is a quantitative measure of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the ability of a light source to accurately reproduce the colours
of an object compared to a natural or standard light source.” To
calculate the AVT of the cells we used the formula reported by
Griffoni et al.:”

where, 1 is the wavelength, T is the transmittance, V is the
photopic response and S is the solar photon flux (AM1.5G).

To determine the CRI of the semi-transparent devices, we
developed a Python code to calculate the spectrum of the sun
(AM1.5G) through the solar cells to consider the sun-cell
combination as a light source. We then used the colour
science library” to determine not only the overall CRI value but
also the detailed CRI for each colour and the coordinates in the
chromaticity diagram (CIE 1931 colour space). The Python code
is described and available in ESI.T For the fabrication of the
solar cells, we used 9um-thick transparent electrodes and
different electrolytes containing different redox mediators with
different transparency in the visible range with the aim of
improving the CRI of the cells. Three electrolytes were tested,
the first two ones being home-made electrolytes based on iodine
and cobalt-based redox couples”™”® and the last one being an
acetonitrile  sulfurothiolate/iodide = hybrid electrolyte,”
commercialized by G-Lyte. From the performances reported in
Table 3, it can be seen that the cells containing the iodine or
mixed sulfurothioate/iodide electrolytes show the best perfor-
mances with a PCE above 2.1%, which is mainly due to current
densities above 6.5 mA cm 2.

The solar cells with the cobalt-based electrolyte showed
lower performances associated with a lower Jsc. This can be
explained by the slower diffusion of Co®" in the mesopores than
that of I". It should be noted that the mesoporous electrodes
used with the three electrolytes are identical and that the pore
size has not been adapted to cobalt complexes,” which are large
redox species.

If we now look at the optical properties of these devices, we
see that the cells before activation have quite high transparency
in the visible range, on average around 55%. It should be noted
here that the electrodes are relatively thick and that we did not
use anti-reflective coatings to minimize the glass reflection.
After activating the cells by exposing them to light for 10
minutes, the AVT drops to values comprised between 20% and
26%, with the more transparent devices being those made with
cobalt-based electrolytes. What is most interesting is that cells
made with SF4 have very high CRIs before activation, between
91.8 and 95.5 and after activation they maintain CRI values
between 82.1 and 87 on average. The type of the electrolyte
seems to have a little influence on the CRI although the best
values are obtained with the electrolyte containing cobalt. The
coloration process of the photochromic solar cells is fully
reversible and the initial transparency is completely recovered
after a few hours in the dark.

To demonstrate the potential of the new dye for the fabri-
cation of larger area devices, we fabricated a 23 cm? semi-
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Table 3 Photovoltaic and optical properties of transparent solar cells sensitized with SF4. Cell fabrication: TiO2 0.36 cm?, 9 um thickness,
transparent, purchased from Solaronix. Dyeing bath: SF4 0.5 mmol L=* and CDCA 5 mmol L™ in CHCI3/tBUOH 1/1. lodine electrolyte: I,
90 mmol L™ Lil 0.5 mol L™t in ACN. Cobalt electrolyte: 0.22 mol L™! Co(bpy)s(PFe)> + 0.05 mol L™ Colbpy)s(PFe)s in ACN. G-lyte electrolyte
provided by the company. Best cells and average of two cells in parenthesis

Photovoltaic performances

Optical properties

SF4 Jsc (mA cm™2) Voc (mV) FF PCE (%) AVT CF (%) CRI CF AVT OF (%) CRI OF
Todine 6.86 (6.44) 518 (529) 0.651 (0.656) 2.31 (2.23) 55.3 (55.6) 91.8 (91.8) 24.2 (24.1) 86.2 (86.1)
Cobalt 3.68 (3.81) 532 (528) 0.675 (0.607) 1.32 (1.22) 54.3 (55.5) 95.7 (95.5) 26.0 (24.9) 88.2 (87.0)
G-Lyte 7.48 (6.72) 456 (479) 0.644 (0.674) 2.20 (2.15) 54.6 (55.2) 94.7 (94.1) 20.5 (20.6) 81.6 (82.1)
07 Before irradiation obtain photosensitizers whose absorption spectrum in the
’ After irradiation activated state coincides with the photopic response of the
(;0'5‘. human eye. We report the synthesis of five new molecules with
Eo.s— Ag:;i/“ a Donor-Pi-Acceptor structure in which the photochromic core
So4l is a diphenyl-naphthopyran moiety and the electron donor
£ moiety is a carbazole derivative. We show that, in the activated
g 031 AVT=50% state, these molecules have a blue-shifted absorption compared
F 0.2 CRI=95 to an analogue molecule based on a diphenylamine unit. The
coloured isomers of these photochromic dyes have an absorp-

0.1+ Photopic Response . . . .

tion spectrum with a maximum comprised between 546 nm and
0'0400 500 600 700 800 571 nm in solution and they exhibit a rather rapid discoloration

Wavelength (nm)

Fig. 6 Visible-light transmittance of a solar cell comprised in a semi-
transparent mini-module and spectrum of the photopic response of
the human eye for comparison. Picture of a colored butterfly taken
through the mini-module (total area: 23 cm?) in the non-activated
state (top) and activated state (bottom). The power output was
measured under 1 Sun (1000 W m™2).

transparent mini-module with an active area of 14.08 cm?,
corresponding to about 61% of the total area. The mini-module
contains 5 rectangular cells connected in series following in
a W-type design.

In order to optimize the transparency in the visible, the
thickness of the mesoporous layer was fixed at around 7 um
without using a scattering layer, the platinum catalyst used as
counter-electrode was sprayed and the G-Lyte electrolyte was
chosen as it gives the highest Js¢ in transparent solar cells. Before
exposure to sunlight, the colored parts of the device have an AVT
of 66% and display a bright yellow-beige color with a CRI of 96.
After activation under light (1 Sun) for 60 seconds on each side,
the colored parts of the device turn brown and their AVT drops to
50% while maintaining an excellent CRI of 95 (see Fig. 6). At the
same time, the photovoltaic parameters increase and the device
reaches a maximum power output of 14 mW. These results
clearly show that thanks to these dyes, it is possible to design
semi-transparent photovoltaic devices that guarantee comfort-
able vision with good color perception regardless of the activa-
tion state of the cells. The coloring of these devices is fast and
takes only a few minutes (See film in ESI¥).

Conclusion

In conclusion, we have proposed a simple method based on the
molecular engineering of push-pull photochromic dyes to

8504 | Chem. Sci, 2023, 14, 8497-8506

kinetics. When used as photosensitizers in DSSCs, the dyes
retain their photochromic properties and achieve efficiencies of
above 3% in opaque cells and 2.2% in transparent cells. In this
study, we report for the first time the use of electrolytes with
alternative redox systems to iodine with this class of dyes. We
have fabricated semi-transparent solar cells with self-adapting
optical transmission and showing light-induced transparency
variations of 25-30%.

Finally, using one of these dyes, we demonstrate the fabri-
cation of a semi-transparent solar mini-module (with an active
area of 14.08 cm?), giving a power output of 14 mW. The mini-
module shows excellent CRI values in both the non-activated
and activated states, exceeding 95. These results demonstrate
that molecular engineering of photochromic sensitizers is
a relevant strategy for the development of semi-transparent
solar cells with dynamic optical properties. We show that
translucent solar cells capable of changing colour and having
self-adjusting transparency to light conditions can be designed
while providing visual comfort to users.

Data availability

The ESIf contains all experimental details, including the
synthetic method, characterization of all chemical products
reported in this study. NMR spectra of all compounds are
included. The Python program developed and used in this work
is available on GitHub. https://github.com/Samuel-Fauvel/CRI-
AVT-Solar-Cells; (DOI: https://10.5281/zenodo.8189369). The
raw data for Fig. 2 (optical properties), Fig. 4 (/-V curves for
best cells and statistical analysis), Fig. 6 (I-V and P-V curves
for the mini-module and transmittance for activated and non-
activated mini-module), DFT and TD-DFT files, are available
at Open Science Framework, https://osf.io/tvrxy/, (DOI: https://
10.17605/0SF.IO/TVRXY).
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