Universita degli Studi di A Torino

PNIS e

Functional organic ayes in light harvesting applications

Claudia Barolo
NIS Interdepartmental and INSTM Reference Centre, ICxT Interdepartmental Centre,
Department of Chemistry, Universita degli Studi di Torino, Turin, Italy
E-mail: claudia.barolo@unito.it

Avogadro Colloquia 2019 _ Roma CNR, 17t -18t™ December 2019
€ EuChems ‘g L fsie)

Elements of the Periodic Table for Energy N e
sc:.cer i G”ul - European Chemical Society PI.S ™ Eueatons scinsc md 5 ofthe Poriodc Tae




D 9 :

ﬁ i The 90 natural elements that make up everything

=t YPTT How much is there? Is that enough?
st Seabee - SnrEi
L] raf

in
ENERGY
PRODUCTION

e [t [ [ e e (i

next 100 yesrs incrested uie Tuure ritk o rmart phone
supply
Read more and play the video game http:f/bit.ly/euchems-pt ﬁr EuChemsS

ERECH Thits wesk bs liconsed under the Creative Commant Attributicn-NeDerivs CC-BY-ND Furopean (hematal $ociety


Relatore
Note di presentazione
Good afternoon today I will introduce you the role of functional organic material, mainly dyes, based on CC bonds, in the production of energy starting form a renewable source
In fact carbon based materials are alredy the most used source of energy, hydrocarbon for example
Carbon (C) is the 6th element on the periodic table, and also happens to be the 6th most abundant element in the universe.[2] Carbon is unique because of its four valence electrons which make it very versatile and allow it to bond with many other elements including itself; with over 10 million known compounds containing carbon.[3] 
Carbon and its different compounds play a large role in the world we live in. Carbon by itself is important in the world, as it bonds with itself to form diamonds, graphite and other forms of carbon. Carbon by itself isn't necessarily an issue, however its inclusion in other molecules is where interesting things start to happen. Although there are over 10 million compounds of carbon, energy science is primarily concerned about a select few: 
Carbon dioxide (CO2) and
the many Hydrocarbons.



Energy production and use

Total U.S. Greenhouse Gas Emissions Global Greenhouse Gas Emissions by Gas

by Economic Sector in 2017

M Coal B Natural gas

F-gases 2%

B Renewables M oil P - 1300 Agriculture
B Hydroelectricity g
: e 1200 Commercial & _
| Nuclear energy . Residential
b 1100 12% _\ ] Methane

16%

1000 : k Transportation
p : 29%

Carbon Dioxide

fossil fuel and industrial

Carbon Dioxide PSs—
P 9000 el i
= 1%
8000
Electricity
7000 i

6000
5000
4000
3000
2000
1000

94 96 98 00 02 04 06 08 10 12 14 16 18 0

EU energy mix 2017

Wind energy REFENEELS]

0% 6 9%)

s (9.5%)

Photovoltaic solar ERENEEEY)]

Renewable
energy
30.0% (29.8%)
9.1% (10.9%) Fossil fuels
44.4% (44.1%)

Primary energy — world consumption
(million tonnes oil equivalent)
Source: BP |Nuclear energy }—/, ~\ Others ERENERE]

[e=13 19.7% (18.6%)



Relatore
Note di presentazione
Most of the produced energy in the world is still based on non renewable sources based on hydrocarbon or coal and this can be correlated with the geen house gas emissions 
If we look at Europe renewable are growing and also photovoltaic as we have seen from the previous presntation


Dye-sensitized Solar Cells?

« Architectural compatibility

1 * Environmental compatibility (i)
» Weak/ diffuse light
* Indoor/ 0T ?2
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10’ Regan, B.; Gratzel, M. Nature 1991, 353, 737; 2 Benesperi,l.; Michaels, H. Freitag, M. J. Mater. Chem. C, 018,6, 11903-11942




Photosensitizers requirements

* absorb strongly across the entire visible spectrum
broad range of wavelengths, high molar extinction coefficient

* bind strongly to the semiconductor surface

(chemical group that can attach to the TiO, surface) 356V o0

* have a energy levels at the proper positions /_ ek
LUMO high enough in energy for efficient charge injection S
HOMO low enough for efficient regeneration a

* have a rapid electron transfer to the TiO, /_
In comparison to decay to the ground state of the dye H o |

* be stable over many years B

e have low cost
« have simple and reproducible synthesis and purification



Photosensitizer: a key component in the cell

ON(C4Hg),

ruthenium-based dyes and
metal coordination
complexes
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L.-L. Li and E. W.-G. Diau, Chem. Soc. Rev., 2013, 42, 291 —304



Photosensitizer: a key component in the cell

Porphyrin dyes
(meso substitution)
_ -

J.-W. Shiu, Y.-C. Chang, C.-Y. Chan, H.-P. Wu , H.-Y. Hsu, C.-L. Wang, C.-Y. Lin and E. W.-G. Diau, J. Mater. Chem. A, 2015, 3, 1417 —1420



Photosensitizer: a key component in the cell

nbridge == ACCEPTOR

Pull

Hagfeldt et al. Chem.Commun. 2006 2245-2247


Relatore
Note di presentazione
Charge separation takes place at the semiconductor/sensitizer interphase
EXCITED STATE DIRECTIONALITY 



Photosensitizer: a key component in the cell

LOW COST

HIGH MOLAR ABSORPTION
COEFFICIENT

<

ACCESS TO A WIDE VARIETY OF
MOLECULAR STRUCTURES <

Organic dyes

\f

- J

4 N
*Easy preparation
*Easy purification
. J/
4 A

Efficient solar light-harvesting

N

-
*Control of photophysical

properties
-

p
*Control of electrochemical

properties

D-C-A

TiO,

“mild”
acceptor

Guaranteed color
Stretched exciton

Donor -- Chromophore -- Anchor

ELECTROCHEMICAL
OPTICAL PROPERTIES

*Electronic effects of D and A units
*Structure / length of the conjugated bridge

INTERMOLECULAR
INTERACTIONS
OF THE DYE MOLECULES

Steric effects of substituents
(sterically hindering substitutents)

Shape of the dye molecule,
Spacers, anchoring groups

SUPRAMOLECULAR
ORGANIZATION OF THE -
DYE MOLECULES ON TiO,

Synergistic design

Hagfeldt et al. Chem.Commun. 2006 2245-2247

modified from lessons by G.Farinola


Relatore
Note di presentazione
Charge separation takes place at the semiconductor/sensitizer interphase
EXCITED STATE DIRECTIONALITY 



Photosensitizer: key properties to play with

key property of a dye
presence of conjugated
bonds along the carbon
backbone

mostly planar structure
that allows to absorb
in the visible
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Photosensitizer: electronic effects

Dyes:

1) absorb light in the visible spectrum
(400—700 nm),

2) have at least one chromophore Increasing Donor
(colour-bearing group)

3) have a conjugated system, i.e. a

structure with alternating double E(eV) LUMO
and single bonds =

which is a stabilizing force in

strength Increasing acceptor

strength

4) exhibit resonance of electrons, [ [ ‘ LUMO |

organic compounds

____________________ _li
HOMO
auxochromes: (i.e.: carboxylic acid, sulfonic |

acid, amino, hydroxyl groups, etc) these are
not responsible for colour, their presence can
shift the colour of a colourant and they are
most often used to influence dye solubility

Abrahart EN(1977). Dyes and their Intermediates. New York: Chemical Publishing, pp. 1-12



Dye-sensitized Solar Cells: color and transparency

Architectural compatibility
Environmental compatibility
Weak / diffuse light

Colorful

Transparency

Monoch matic dyes (aesthetic)
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Far-red / NIR squaraine dyes @ UNITO

INNOVASOL FP7 PROJECT

> Chem. Commun. 2012, 48, 2406—-2408
+134 nm  Renewable Energy 2013, 60, 672-678

Chem. Commun. 2012, 48, 2782-2784

VG1-C8

= Central functionalization
to prevent cis-trans photoisomerization in
order to lock the cis configuration

= |ncrease conjugation
(from squaraine to croconine or cyanine dyes)

VG10-C8

PCCP 2014,
16,24173-24177

Chem. Commun. 2012, 48, 2782, Renewable Energy 2013, 60, 672; Energies (2016), 9, 486, PCCP 2014, 16, 24173
Eur. J. Org. Chem. 2016, 13, 2244-2259; ChemSusChem 2017, 10, 2385



Far-red / NIR polymethine dyes

VG1
A5, =646 nm

playing with structures of squaraines

Chem. Commun. 2012, 48, 2782, Renewable Energy 2013, 60, 672; Energies 2016, 9, 486, PCCP 2014, 16, 24173

Eur. J. Org. Chem. 2016, 13, 2244-2259; ChemSusChem 2017, 10, 2385; ChemElectroChem 2017, 4, 2385; Frontiers in Chemistry 2019, 7, 99
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A, from 643 to 827 nm




Dye | Amax (1)
V61 640
VG2 690
VG3 698
VG610 673
V611 714
VG612 719

E (V) vs Fc
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Galliano et al. Energies, 2016, 9, 486




Galliano et al. Energies, 2016, 9, 486
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« higher photochemical stability on irradiated titania electrodes
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Far-red / NIR dyes in literature (examples)

BODIPY Zn-Phthalo Reviews: |
Polymethine dyes: Eu. JOC, 2016, 13, 2244-2259

'BUQ\,/ @, Phthalocyanine dyes: Coord Chem Rev, 2019, 381, 1-64
Squaraine

TT1(Sensitizing dye)
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Chem. 2018, 83 (8) 4389-4401

NJC, 2019, 43, 1156 Energy Env Sci. 2011, 4, 189 J. Org.



Far-red / NIR dyes in literature (examples)

LSQb: X = C(CH,), B
Table 2 LSQc: X=5

Performance of infrared-dye-sensitized solar cells

Infrared dye Jse (MAcm™2) Ve (V) FF () Efficiency (%)
NK-4432 037 0.40 054 0.08 ]
NK-6037 42 039 067 110 dye Ve (V) Joe (MA) fill factor n (%)
TiO 4 LSQa 0.46 9.05 0.54 2.26
LSQb® 0.41 8.64 0.57 2.01
LSQc? 0.40 9.01 0.51 1.82
A) B)
-~ 15 40
X —LsQa —LSQa
< - & |L—Lsab —Lsab
= 5 E —LsQc ag|. —Ls@e
=] z E10F =
z w ﬁ [
] 5] 201
g 8
b3 5
g 10
=
5]
[~ — - 0 0 i |
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Wavelength (nm) Wavelength [nml Voltage (V) Wavelen ik

Dalton Trans., 2011, 40, 234-242 . En. Mat. & Solar Cell, 2009, 93, 831-835 Org. Lett., 2011, 13, 22




" |ncrease conjugation
COOH conjugated Cy7

Cyanine VG20

60 | = CDCA 10 mM
——CDCA 20 mM

» L
! % y = CDCA 30 mM
: 7 0}  =——CDCA 40 mM

“g an - ——CDCA 50 mM =

: The Gt )

= 3 ) = ;\E:

> Delivering Bad News s < ?\max (nm)
3 2 S in MeOH
o

s 3+ J,.= 0.09 mA/cm? V, = 340 mV, FF = 0.62, n = 0.02 % . VG20 827

g - )= 0.4 mA/cm? V. = 391 mV, FF = 0.68,n = 0.11%

g 2r J,.= 035 mA/cm? V. = 397 mV, FF = 0.69, n = 0.10 % 0

< I
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Optics Letters 2014 39(10) 2947-2950 J. Phys. Chem. C 2018, 122 (45) 26281-26287 - Biosensors



7, ()

Applied Voltage (V)

-0.5

Evaluation of the

= CDCA 10 mmol/L
= CDCA 20 mmol/L .
= CDCA 30 mmol/L -n -
04 = CDCA 40 mmol/L s
= CDCA 50 mmol/L un m
= CDCA 60 mmol/L - uem - "
0.3 - " am
- " m
- EEm
n " m
| | | N ]
-0.2 n u mm
n " .
n
0.1 1 1
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: = CDCA 10 mmol/L
i . = CDCA 20 mmol/L
S | = CDCA 30 mmol/L
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- LI = CDCA 60 mmol/L
u " LA |
= C .
01 .. n n
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n
001 |
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Inetic parameters:

CDCA acts as a BL
towards I, 7/e’
recombination

e- transport slow
down (trapping of e-

at low energetic
levels)

Charge collection efficieny (%)

Downshift of traps distribution
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2.

Adsorbed dye geometry
depends from CDCA ratio
CDCA acts as co-absorbent

CDCA 10 mmol/L
CDCA 20 mmol/L
CDCA 30 mmol/L
CDCA 40 mmol/L
CDCA 50 mmol/L.
CDCA 60 mmol/L

1E-3
C, (F/em’)

Charge collection efficiency approach 100 %

for VG20 with 50 mmol/L CDCA




By
conserving
the
optimized
parameters
(thickness,
electrolyte,
dipping
time), CDCA
has been
added
increasing
the amount
by 10
mmol/L
each time.

Photocurrent density (mAfcmZ)

IPCE (%)

Applied potential (V)

= CDCA 10 mM
= CDCA 20 mM
= CDCA 30 mM
= CDCA 40 mM
= CDCA 50 mM
= CDCA 60 mM

60.%

1000

CDCA Voc (mV) Jsc (mA/cm?) FF n (%)
e ) e l
= 10 mmol/L 356 10.1 0.62 22 .

20 mmol/L 371 9.7 0.65 2.3
30 mmol/L 379 11.3 0.64 2.8
40 mmol/L 390 135 0.62 3.2
50 mmol/L 412 14.0 0.62 3.6
60 mmol/L 402 12.3 0.64 3.2

NIR part of conversion (S, = S, transition) is
improved by the CDCA

Record of 60 % of IPCE at 850 nm with a tail of
conversion up to 920 nm




Conversion up to 950 nm C106
A=550nm
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- from squaraine to croconine or cyanine dyes
Croconines & Cy7 L= vanine dves)

Cyanine VG20
Croconine VG15 Croconine VG25
1.0 4
A (NM)
in MeOH 05
VG15 775
VG20 827 E 067
VG25 807 < o4-
0.2 H
0.0

. . — h
300 400 500 600 700 800 900
Wavelength (nm)

VG15 VG20 VG25




Conclusions (1)

VG20 cyanine-based dyes as NIR colorless working DSSC

Beauty of DSSC: totally non
intruisive / active transparent
and colourless PV

PCE record of 3.1 %

Low cost synthetic protocols and simple symmetric dyes
Simple synthetic procedure to modulate redox and absorption properties

Substitutions on the skeleton modify the dye behaviour on the surface



glass

TARGET PCE = 6% TCO {— T4
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Counter electrode:materials

FUNCTION: Re-generate the oxidized species of the
redox couple

Transparent
Conducting

\ Class
VA¢ w
4 P
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Elecholte  925Ket () mm
Organic dye B <, ©®
Transparent Ti02 1 Good Catalytic activity 0 ©
g:)nducting Mecoparkcl O High surface active area X Q] © hy e
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Counter electrode: materials

L] L Very good catalytic properties Easy posionable by electrolyte
E”Eﬂﬁﬁ‘ﬂm Small amount of material Very Expensive
195.085 | a
— High efficiency Classified as CRM
@ ALTERNATIVES ?
O O

High surface area Mediocre catalytic properties

Relatively Cheap

Good efficiency

Green and (more) sustainable



https://www.google.it/imgres?imgurl=https://previews.123rf.com/images/vector2011/vector20111711/vector2011171100015/90815256-smiley-emoticons-icon-positive-neutral-and-negative-flat-design.jpg&imgrefurl=https://www.123rf.com/photo_90815256_stock-vector-smiley-emoticons-icon-positive-neutral-and-negative-flat-design.html&docid=QiPCuA0ZkHwc_M&tbnid=rEdS5G66erHrqM:&vet=10ahUKEwiV8pWcgLjmAhVk5OAKHc0UD3sQMwhXKBIwEg..i&w=1300&h=1300&bih=751&biw=1536&q=positive negative&ved=0ahUKEwiV8pWcgLjmAhVk5OAKHc0UD3sQMwhXKBIwEg&iact=mrc&uact=8�
https://www.google.it/imgres?imgurl=https://previews.123rf.com/images/vector2011/vector20111711/vector2011171100015/90815256-smiley-emoticons-icon-positive-neutral-and-negative-flat-design.jpg&imgrefurl=https://www.123rf.com/photo_90815256_stock-vector-smiley-emoticons-icon-positive-neutral-and-negative-flat-design.html&docid=QiPCuA0ZkHwc_M&tbnid=rEdS5G66erHrqM:&vet=10ahUKEwiV8pWcgLjmAhVk5OAKHc0UD3sQMwhXKBIwEg..i&w=1300&h=1300&bih=751&biw=1536&q=positive negative&ved=0ahUKEwiV8pWcgLjmAhVk5OAKHc0UD3sQMwhXKBIwEg&iact=mrc&uact=8�
https://www.google.it/imgres?imgurl=https://previews.123rf.com/images/vector2011/vector20111711/vector2011171100015/90815256-smiley-emoticons-icon-positive-neutral-and-negative-flat-design.jpg&imgrefurl=https://www.123rf.com/photo_90815256_stock-vector-smiley-emoticons-icon-positive-neutral-and-negative-flat-design.html&docid=QiPCuA0ZkHwc_M&tbnid=rEdS5G66erHrqM:&vet=10ahUKEwiV8pWcgLjmAhVk5OAKHc0UD3sQMwhXKBIwEg..i&w=1300&h=1300&bih=751&biw=1536&q=positive negative&ved=0ahUKEwiV8pWcgLjmAhVk5OAKHc0UD3sQMwhXKBIwEg&iact=mrc&uact=8�
https://www.google.it/imgres?imgurl=https://previews.123rf.com/images/vector2011/vector20111711/vector2011171100015/90815256-smiley-emoticons-icon-positive-neutral-and-negative-flat-design.jpg&imgrefurl=https://www.123rf.com/photo_90815256_stock-vector-smiley-emoticons-icon-positive-neutral-and-negative-flat-design.html&docid=QiPCuA0ZkHwc_M&tbnid=rEdS5G66erHrqM:&vet=10ahUKEwiV8pWcgLjmAhVk5OAKHc0UD3sQMwhXKBIwEg..i&w=1300&h=1300&bih=751&biw=1536&q=positive negative&ved=0ahUKEwiV8pWcgLjmAhVk5OAKHc0UD3sQMwhXKBIwEg&iact=mrc&uact=8�

Green
No CO, release
Very good efficiency

Green and sustainable
Low cost {@
Good efficiency

Medium cO_nductivi_tv Cﬁ Sutainability still to be proved
(metal doping possible) Medium cost

N ? High carbonization . Use of harsh solvent
Quinee_-lea\'fes temperature ( > 800 C) Difficult synthesis

15 Common Advantages {é

Possible direct deposition on FTO
Deposition on flexible substrates
Excellent (photo)stability
Good chemical Inertness

Chung DY et al. ACS Appl Mater Interfaces 2017;9:41303-13. do0i:10.1021/acsami.7b13799.

Yung S et al. Prog Polym Sci 2016:59:1-40. doi:10.1016/j.proepolymsci.2015.10.004.
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POLYMERIC ORGANIC NON
CONDUCTIVE MATERIALS IN
PEROVSKITE SOLAR CELLS?
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POLYMERIC ENCAPSULATION APPROACH IN PSCs
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POLYMERIC ENCAPSULATION APPROACH IN PSCs
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