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Dye-Sensitized Solar Cells: Flexible, colorful,
transparent PVs
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Materials:

e Dyes (QM) e Semiconductors (QM+MYS)
e Electrolytes (QM)

Processes:

» Adsorption/Absorption of Dyes@TIiO,

* Dyes@TI10, In solution environment
* FRET-based DSCs

* Recombination in Cobalt electrolyte DSCs

F. De Angelis, S. Fantacci, Coord. Chem. Rev 2011, 17, 1093.



The goal: modeling DSC devices

« Large dimensions : realistic models usually require dealing with a few hundred
atoms (oversimplified models are often inaccurate)

«Complexity : complex potential energy surfaces with several minima; dealing
with transition metals (electronic correlation)

*Optical properties: need an accurate description of the excited states

*Dynamical aspects : need to perform ab initio molecular dynamics simulations

Theoretical and computational approach

e Geometry optimizations of extended systems, in condensed
phase, for both ground and excited states (DFT + DFTB)

e Ab initio molecular dynamics (Car-Parrinello)
o UV-vis absorption and emission spectra (TDDFT-ab initio)
e Inclusion of solvation effects (explicit or PCM)

F. De Angelis, S. Fantacci, A. Sgamellotti, Theor. Chem. Acc. 2007, 17, 1093.
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TDDFT prediction of the ground and excited state
oxidation potential of organic dyes

AE,,
(no ZPE
corrections)

CALCULATE
THE GSOP AND THE T
EXCITED STATE
GEOMETRY

M. Pastore, F. De Angelis J. Phys. Chem. C 2011.
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Anatase 11O, nanocrystals
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N

H. G. Yang et al. Nature 453, 2008, 29

‘ Mesoporous film of anatase T1O; nanocrystals:

PSD for 20 nm
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Modeling of TiO, nanoparticles:

Stoichiometric anatase (TiO,);5 and (TiO,)g, clusters of 1 and
2 nm dimensions exposing (101) surfaces

B3LYP/DZVP
3.13/3.35 eV

Experime eSSty ot as Sy 2% 3.20 — 3.30 eV
F. De An T 4 D4, 126, 15024




65—

70—

75—

Alignment of excited state potentials:
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Modeling of ZnO nanostructures:

e,

—=_ » -
T - o
f I"n._
/A |
4 iy i
4 5 n
s = N
L b,
 —— . :
==
-
48

Vhodl® alf’
NZS
>

NIl BED,
g@\m 2
3 N i3 o A

- o [l

- e
IS
L
£= F
= -
4
Ay

i

.
- J
- I&\WJ N\
] AR R o=\
WY % Nl ¥
7 \\bH \ba
. - - - &‘..

F. De Angelis, L. Armelao, PhysChemChemPhys 2011
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Modelina oraanic dyes adsorbed on ZnO
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Realistic models of TiO, NTs and NCs

TiO,-NPs: Mt Single and Multi-Wall TiO,-NTs:
Origin of sub-band gap states? Adsorption mode

Work in progress F. Nunzi, F. De Angelis, J. Phys .Chem. C, 2010



Trap states in TiO

— Injected electron
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THE INTERACTION OF TWO Ti0O, NANOCRYSTALS
(TiO,)s; THROUGH THE [101]-[101] SURFACES:

We computed an interaction energy of
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Estimating a contact surface area of 201
A2 at the interface, we calculate an
energy Interaction per area of 0.14 eV/

A2




THE INTERACTION OF TWO TiO, NANOCRYSTALS :

1-#1
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DOS FOR A SINGLE TiO, NANOCRYSTAL
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SURFACE STATES OF INDIVIDUAL TiO, NANOCRYSTALS
INTRODUCE SUB BAND-GAP STATES IN THE DOS




EFFECT OF SATURATING LIGANDS: 154 H20 - TiO,
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Space /energy distribution in




Simulating the mesoporous film: Sphere packing

van de Lagemaat, Benkstein, Franck J. Phys. Chem. B, Vol. 105, No. 50, 2001



Pore Size Distribution (PSD)
calculation

—— simulation
== experimental
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van de Lagemaat, Benkstein, Franck J. Phys. Chem. B, Vol. 105, No. 50, 2001



From spheres to NCs of-specific shape




From individual TiO, NCs to the mesoporous film




I PSD calculation for realistic NCs:
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We calculated the intersection area of

each NC with its neighbors, finding an

average overlap of 1% of the total area.
Relation to transport?
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Dyes@TI10O,
Solvent/Electrolyte



N3 (N719) dye adsorption onto TiO,: AIMD




Tuning the properties of Ru(ll) TiO, sensitizers

Control of
protonation/
conuterions

lon-coordinating
ligands

Quaterpyridil ligands
Trans isomers

Stability/
Charge separation

N621/2907 " | I

Improved light
harvesting




Ru-EDOT

Sensitizer

Number of
protons

Current
mA/cm?2

Potential
(mV)

Heteroleptic Ru(ll) TiIO, sensitizers

Fill Factor

Efficiency

at1.5 AM

N719

16.66

846

0.73

10.28

N621

16.22

/66

0.70

8.69

K19

16.40

/68

0.73

9.19

N945

17.25

759

0.73

9.55

RU-EDOT

19.1

663

0.72

9.11

A considerable reduction of the open circuit potential (ca. 180 mV) and
therefore of the overall efficiency is observed with heteroleptic sensitizers
F. De Angelis, S. Fantacci, A. Selloni, M. Gratzel, M.K. Nazeeruddin Nano Lett. 2007, 7, 3189.




The success of N719: Adsorption geometry

Right (and tunable) number of protons; three \

anchoring points; reduced negative dipole /*" 2 3\

compared to heteroleptic dyes i T A e
A

F. De Angelis, S. Fantacci, M. Grétzel, J. Phys .Chem. C, 2010.



CALC. vs. EXP. ABSORPTION SPECTRA OF N719@TIO,

Intensity (arb. units)
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Instantaneous electron transfer following «
light absorption.




ALIGNMENT OF GROUND/EXCITED STATES ENERGY LEVELS

h
Dye@TiO, absorption
spectrum I." Bare TiO, DOS

So—>S,;(Dye) So—>5,(TIO,)
1.88 eV 1.58 eV

Energy (eV)

Dye@TiO, HOMO

F. De Angelis, S. Fantacci, M.K. Nazeeruddin, M. Graeztel, J. Phys. Chem. C. 2011.



DSSCs based on organic dye-sensitizers:
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*S.Kim, F. De Angelis, S. Fantacci, M. Gratzel, et al. J. Am. Chem. Soc. 2006, 128, 16701.
J.-H. Yum, F. De Angelis, M. Gratzel, et al. J. Am. Chem. Soc. 2007, 129, 10320.

D.P. Hagberg, F. De Angelis, M. Gratzel, et al. J. Am. Chem. Soc. 2008, 130, 6259.

*M. Pastore, F. De Angelis, M. Gratzel, et al. J. Phys. Chem. C. 2010, in press.



Effect of t.‘hermal averaging and of explicit solvation:

Exp. Solution

Theor. Solution

2 2.5
Energy [eV]

. Rocca, F. De Angelis et al. Chem. Phys. Lett. 2009, 475, 49.
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Effect of thermal averaging and of explicit solvation:
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Solution thermally averaged UV-vis spectrum:

—  Exp.
= Theor.

Intensity (arb. units)

1.8 1.9 Energy (eV) 21 2.2

F. De Angelis, S. Fantacci, R. Gebauer. J. Phys. Chem. Lett. 2011.




Exploiting FRET in DSCs

G000- 1 ﬂ
g - 200000, LR R

k2= 2/3 (solutioﬁ])k&v'
R,=1.5-1.8 nm

R, 6— 11.39-34.01 nm®

Is k? different
from 2/3 for
T10,-adsorbed
species? Can we
optimize FRET?

Hardin, B. E.; Sellinger, A.; Moehl, T.; Humphry-Baker, R.; Moser, J.-E.; Wang, P,;
Zakeeruddin, S. M.; Gratzel, M.; McGehee, M. D., J. Am. Chem Soc. 2011, 133, 10662.



Modeling FRET between TiO,- adsorbed ERD/SD
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Optical properties TiO,-adsorbed ERD/SD aggregates
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k2 calculation for TiO,-adsorbed ERD/SD aggregates
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Cobalt Redox Mediators for Ruthenium-Based Dye-Sensitized Solar
Cells: A Combined Impedance Spectroscopy and Near-IR
Transmittance Study

Yeru Liu,” James R. Jennings,” Yao Huang," Qing Wang,*" Shaik M. Zakeeruddin,** and Michael Gratzel*’

Table 1. Photovoltaic Parameters for DSCs Employing Dif-

ferent Electrolytes and Sensitizing Dyes, Measured under
Simulated AM1.5 1 Sun Ilumination”

cell joc (mA cm ) V,. (mV) fill factor 7 (%)
Z2907-1 15.9 790 061 7.7
N719-1 16.8 758 0.63 8.0
Z907-Co 14.0 744 0.62 6.5
N719-Co 3.8 620 0.76 1.8

N=1.8% N=6.5%



FULL PAPER

An Alternative Efficient Redox Couple for the Dye-Sensitized Solar Cell
System

Hervé Nusbaumer,* Shaik M. Zakeeruddin, Jacques-E. Moser, and Michael Griitzel'®!

3756 £ 2003 Wiley-VOH Verlag GmbH & Co. KGaA, Weinheim DO 10,100 Y chem 200204577 Chem. Eur I 2003, 9, 37503703

Z907: HIGHER PERFORMANCES SLOWER REGENERATION
N719: LOWER PERFORMANCES FASTER REGENARATION
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[Co(bpy);]*? QUARTET / DOUBLET STATES

JT distorted

Theor. (eV) | Exp (eV)

Co(11) Q-D 0.02 0.02
Co(I11) S-T 1.43 77
AG (V)

Co(11)Q +0.62 vs. NHE | +0.56
Co(ll)P +0.60 vs. NHE




N719@TiO, and Co.(l:Spgl)3+3 Redox Mediator
Electrolyte: | E |
[Co(bpy)] ** .

Adsorbed Dye:
N719 (1H+) ™
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