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Chapter 1 is an Introduction to Photovoltaics that explains the background and general
purpose of this study: A first essentialization of actual climate paradigms and a brief
contextualization of the development of renewables and clean energies in the light of today's
watershed in energy productions are summarized. Then, the thesis focuses on the Dye-
sensitized solar cell (DSSC) amidst existing solar technologies, and depicts in details each
working mechanism within the cell before offering a glimpse at the pioneering and state-of-

the-art dye-sensitizers.

Dye-sensitized solar cell has attracted lots of interests since the publication of Michael
Grétzel and Brian O'Regan in Nature 1991. The device, working on the I;7/1” electrolyte as
liquid redox shuttle, mesoporous TiO, anatase as electron collector and a Ruthenium-based
sensitizer harvesting sunlight, stabilized at the interface. Such a device exhibited ~11%
conversion efficiency (n) under AM1.5 (Global Air Mass 1.5) one sun illumination. Since
then, miscellaneous components have been reported for the technology, and the 12%
efficiency threshold was surpassed with zinc porphyrin-based sensitizers and the less
corrosive tris(2,2'-bipyridyl)Cobalt(l1/I11) one-electron redox shuttle. A zinc/cobalt-based
technology would allow wide-scale perspectives for the technology compared to ruthenium,
but in both cases the sensitizers require complicated syntheses and tricky purification steps,
limiting synthetic versatility and industrial perspectives. However, the Donor-st-Acceptor
(D-m—A) and similar motifs of full organic sensitizers offer severa advantages over metal-
centered ones, such as better light absorption, facile tuning of the ground and excited energy
levels and building thanks to worthwhile, easily scaled-up synthetic routes. Many dye designs
have been investigated and reported and displayed quantitative conversion efficiencies over a
part of the visible spectra, at wavelengths well below 700 nm up so far. The Shockley-

Queisser limit for single junction devices shows a theoretical best 33% conversion limit for a
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device with a bandgap around 1.1 ~1.2 eV, corresponding to a max wavelength around 1100
nm. Further limitations arise from thermodynamic losses due to the conversion process. the
0.2 eV necessary driving force for quantitative electron injection, the cost for recombination
between the dye and the redox mediator and the overpotential due to regeneration of this very
mediator at the back contact. Considering these limitations, a large share of the far red/ Near-
IR solar spectra remains available and the race toward efficient sensitization at these
wavelengths is strikingly difficult and most often requires elaborated and complex structures,
longer m-conjugation and insertion and heavy heteroatoms. The most famous examples of
metal-free low band gap chromophores already reported efficient for sensitization at longer
wavelength are closed-chain-, hemi- and streptocyanines, Pechmann (diketopyrrolopyrrole)
dyes, and remain really scarce in the literature with the exception of squaraine dyes. Among
these, the most readily accessible are unequivocaly the cyanine-functionalized, first
discovered back in 1856 by C. H. Greville Williams, already reported available for DSSCs
and to the design and stabilization of which | devoted most of the time that was alloted to me

for this PhD course.
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Figure 1. Structures of the streptocyanine dyes of cationic structures | with A = H, OHex and B = H, OMe, OH
and Il with Y = p-OMePh, p-OHexPh, n-Dec, Me and Z = 1,4-phenyl (Ph) and 2,5-thienyl (Th) and their
counterions tetrafluoroborate (BF,’), bromide (Br), triflate (TfO"), trifluoroacetate (TFA™) and perchlorate

(Clo).

Chapter 2 describes a study entitled Asymmetrical Carbazolium-based Streptocyanines on the
characterization and the counterion-specific stabilization of carbazolium-based streptocyanine
dyes designed for DSSC use. The dyes merely consisted in an ionic pair, the cationic part
being the cyanine chromophore, conjugated to a given counterion transparent to visible light.

The newly developed substituted dyes, of structures (E)-[(diphenyl-amino)phenyl]allylidene-
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carbazolium (1) with various substituents (1H": A = H, B = H; 10Me": A = H, B = OMeg;
10H": A = H, B = OH; 20H", A = O-Hex, B = OH) and counterions (triflate (TfO"),
tetrafluoroborate (BF,”) and perchlorate (ClO,")) were developed and their UV-vis and
optoelectronic properties were characterized (Figure 1). Furthermore, the anchoring-capable
dyes 10H" and 20H" were successfully integrated in dye-sensitized solar cells. The dyes
displayed different dielectric behaviors as a function of the nature of their counterion: the
adsorption potential of the counterions had a large bearing on the stability of the
chromophores at the electrolyte/dye/TiO, interface. Typically, they sharply atered their
affinity for the surface / affinity for the bulk ratios in DSSC conditions, ca. in highly
concentrated ionic media. The affinity of the TfO™ and ClO, counterions for the surface
thermodynamically compensated for the loss of entropy undergone by the small cationic -
systems when adsorbed onto titania and prevented its diffusion away from: after 5 seconds in
a standard 1;7/1" DSSC electrolyte, the dyes 10H-TfO, 20H-TfO and 10H-CIO, desorbed
by 5%, 7% and 26%, respectively, while 10H-BF, desorbed by 54% (Figure 2). This
characterized coadsorption of both the chromophoric cation and its counterion improved the
properties and stability of the carbazolium-based dyes (structure |) at the surface of TiO,in
Gratzel cells, and consistent with the zeta potential values of colloidal suspensions of
sensitized nanoparticles. The results indicated a large excess of BF, (C;0,.gF, = —18.24) in the
diffuse layer and a near equivalence of the ionic distributions with respect to the distance to
the surface in the case where both the chromophore and its counterion are anchored at the
surface, cancelling the zeta potentia values (C;o4.110 = 049, Ciop.ci0, = —1.26, Coon-1i0 =
+0.34). The electric potential gradients for both cases are depicted in Figure 2, middle and
right.

Figure 2. left: Desorption of the dyes 20H-TfO, 10H-TfO, 10H-CIO,, 10H-BF, from TiO, nanoparticles
when dipped in an electrolyte containing 0.5 M DMPII, 0.14 M Lil and 0.04 M 1, in dry acetonitrile. The
absorbance at 640 nm was normalized with respect to the initial absorption value (V = 0 mL) and plotted as a
function of volume of electrolyte (mL). Modeling of the ionic distributions at the surface in a semi-infinite
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domain for (middle) TiO, coadsorbed cations and anions with equivalent distribution at - and proximate to the
surface and (right) cations adsorbed at the TiO, surface and free anions. The electric potential @ isillustrated as

function of the distance to the surface y and equal to @g,,, at the Stern plane at the limit of the self-assembled
monolayer, to @ at the barycenter of the negative chargesin the diffuse layer and to the £ potential at the shear

plane. A® is the difference between the barycenter of the positive charge @, and the barycenter of the negative
charge @ ;.

Put in perspective with the conversion efficiencies () and the cells parameters, one can
observe that the properties of the solar cells highly depended on the nature of the counterion.
With a conversion offset around 850 nm (Figure 3, right), the cells converted sunlight over
the whole visible spectrum and the best conversion efficiency was obtained with the O-Hexyl-
substituted 20H-TfO with 1.08%. Interestingly, the conversion of 10H™ dropped by as much
as 28% when replacing the coadsorbed triflate counterion by the free tetrafluoroborate, owing
to alower fill factor (ff(1OH-TfO) = 0.53; ff(1OH-BF,) = 0.40). The free counterion not only

altered the stability of the grafting of the dye at the TiO,/dye/electrolyte interface but also

deteriorated the device' s capacities.

Figure 3. Photocurrent-voltage characteristics curves (left) and IPCE action spectra (right) under AM 1.5
artificial sunlight source for nanocrystalline TiO, solar cells sensitized with 10H-TfO (brown), 10H-BF,

(orange), 10H-CIO, (purple) and 20H-TfO (blue) dyes. The error bars in the IPCE spectra correspond to the
standard deviation of the measurements of two solar cells measured under identical conditions.

Chapter 3 describes a study entitled Malachite Green Derivatives. The derivatives, named
after the brilliant green malachite green dye and of structure |1 were developed for DSSC use.
The chromophores 3Me" (Y = Me, Z = Ph), 3Dec” (Y = n-Decyl, Z = Ph) and 4M €’ (Y = Mg,
Z = Th) displayed a maximum absorption around 630-650 nm in solution, corresponding to
the lowest energy transitions (HOMO-LUMO), with orbital coefficients similar to those of
Malachite Green (Figure 4).



Figure 4. left: Chemical structures of malachite green (MG) and its derivatives 3Me’, 4Me" and 3Dec”
developed for the present study and represented in their quinonoidal form. right: Optimized structure of
Malachite Green: front view of the HOMO (blue) and LUMO (red) isodensities, computed by DFT calculations
with B3LYP 6-31G** basis set.

Adsorbed at the surface with a common lone carboxylic acid, the cationic dyes displayed a
high dependency to their dielectric environment: Co-stabilization of the counterion at the

surface shattered the series and shunt resistances, fill factors and thus V,,, Jyax, and the
photovoltaic conversions thereof: 3M e" showed the best photoconversion efficiencies, owing
to its higher lying LUMO level (-0.47 V vs NHE) and best sensitized the cell with TFA™ as
counterion (n = 0.37%). The V 4 increased with Jo. and the electron current density (Figure
5, left) The efficiency then dropped to 0.22% with BF,”, 0.14% with Br~ and 0.13% with
TfO". A better photovoltage could be achieved, altogether with better fill factors, with the
malachite green derivatives thanks to a lower lying ground state redox level that allowed

sensitization of the photoanode in combination with a Br,;/Br~ electrolyte (E°(Br, /Br) =

+1.09 V vs NHE) used instead of the standard 1,7/1” shuttle. This work was an attempt at
qualitatively disentangling, through experimental characterizations, every contribution of (i)
the electric double layer patterns at the surface and (ii) the counterions' nature on both the
efficiency of the device and stability of the dye at the surface. The excess species in the
diffuse layers of sensitized nanoparticles in colloidal solutions were characterized by zeta
potential measurements and successfully compared to the desorption patterns of the dyes. The

likelihood that the reported behavior of these dyes might be extended to any cationic dye is



high, and could thereby help assessing anchoring instability issues and at the same time

boosting their photoconversion yields.

Figure 5. left: Photocurrent (J) -voltage (V) characteristics curves under AM 1.5 artificial sunlight source (plain)
and dark conditions (dotted line) and right: IPCE action spectra for nanocrystalline TiO, solar cells sensitized
under argon with the dye sensitizers dipped in 1.00 M LiBr(H,0) / 0.05 M Br,, in superdry CH,CN. The error

bars represent the standard deviation on the measurements obtained with at least two cells prepared under the
very same condition. No further additives were used in the electrolyte.

Chapter 4 describes the general conclusions of the researches.
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O FBRAKEM(DSSC) 1L, HFEN T 2MILT ¥ Wl S, BREEE TN LT- e sk
EHLTHEY., ZORMEME, BSRBEHE SOWERDENSEREZED TND, ZOHT, L
TALNT Y =72 D-n-ARER 1D, BRBED TEVREREE A L, okt L o4 —¢
A NVHESLOWFREERFRER Z LR ENDBZ L DMER R INTWVD, PTH KRGV —DF
ER O T DIV, TARANEOFIHNEERFRE & 72> TWH Y, ARIFSETiX, 600~700 nm D&
RO Z R BFEA LT b7 = 3RO T, DSSC I AT BE 2R 4y FE B % fi 3
L EBIZEDS T - BIHE, KETHIPEEZT OGN L, £, BbTF ¥ ETOITFA UM
BT O K E MR T 2% A A OB 2 KFEUEFEICLVBEALLE, 20
FEFR. LRI TR S S i,

(D) FRIZRIERFEA NN Y 7 Aa TG LTc, £ DT DSSC HOWAEHNL Th 5 KL E A
FTHEFIZONWT, BT ¥ v ETORBAEMESCKGEMMERZFHMEL/=E 2 A, TIO D X 9 el
LT & NCBNLFTBE 7256 A A > OBATIT I F-A L P FE O BLBEA IIH] S AU KBS EMMERE b & < .
W BFy O X 5 IT b TF & o ~OBRMHEIMENGEIIT. BT F AMEENBIET X o1 b
FidE LUK EBHAMERE IR b L2 R L, o2 &b, ARREBEBLBBICEREEDY 2 £z
RN A A S KIGEMERRIC R E B e 52 52 s x A Lz,

(i) DSSC M~F WA 7V — AR FEAEERITECL VAR L, ZoaFRIFEY HOMO
WAL EAT DD, REL Ry 7 22 HWAZ & T, BMOBRBMBENRESWHESNDS Z LN
birole, o, () ERERIZKA T Lo TERBAEENKRE BT 5 &I, BbF & i
FEASNTEEBFOBBEABMBRICESA A DRESEHDLSTWDTeD, WHFOMEOHFEAEIZLD K
B ERE N A 21T D Z L A AL LTz,

LLED X 512, AWFFETIE DSSC HOFRL TR 7T DOBAFE & MHERHmIC 5 & & b, Bk
F & BRI COBF S OWILE & BRMEREIZBE T 25 A A v DEENZ OV T OF e E
BWRMAE G2, Lo TR CEEZE B R IIRR XN G LE LTHORNEEZHA LTS
Lo LA L, L (PRY) O AEREGT DI LAY ERD D,
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