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CONVENTIONAL PHOTOVOLTAICS: SILICON

JUNCTION

CONVENTIONAL PHOTOVOLTAICS: SILICON
HIGH EFFICIENCY / HIGH PRICE



WHY SILICON ?
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NANOCRYSTALLINE TiO,
TITANIUM DIOXIDE IS A HIGHLY |
STABLE SEMICONDUCTOR WITH
EXCELLENT ELECTRON MOBILITY

I'T’S WHITE!




The problem is to gather solar light at an effective cost!
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DYE SENSITIZED SOLAR CELLS
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DSC: Principles of operation

In DSCs TiO, nanoparticles are
sensitized with a light-harvesting
sensitizer.and are typically
surrounded by a liquid electrolyte.

Electrolyte The” dye-sensitizer  captures
(I-/1.) photons and an electron/hole pair
3 iS generated.

The electron is injected into
conduction band of TiO, and
then flows into the external
circuit.

The oxided dye is regenerated
br the redox couple in the
electrolyte.

Photocurrent: rate of electron
injection (I=dq/dt)

Photovoltage: Position of the
conduction band.

M. Grdatzel, Nature, 2001, 414, 338




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

DYESOL-TATA (UK) / FUJIKURA (JPN)




From Design to Prototypes:
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Bulk heterjunction solar cells: n>7%

Polymer / fullerene blends oharge vanstor
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The goal: modeling nanoscale devices

 L_arge 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

Geometry optimizations of extended systems, in condensed
phase, for both ground and excited states

Ab Initio molecular dynamics
Calculation of absorption and emission spectra
Inclusion of solvation effects (explicit or implicit models)

F. De Angelis, S. Fantacci, A. Sgamellotti, 7heor. Chem. Acc. 2007, 17, 1093.




The electronic Schrodinger equation:

Born-Oppenheimer approximation

Hopn(r;R) = £,(R)pn(r; R)

The Hamiltonian for the electronic motion:

A=y Vi-T ey 3 22

a,; ' a i>7 a>b “

The electron-electron repulsion term makes 1t unsolvable for n>1

(SOB!!)



Evaluation of the energy and its derivatives:

*Quantum mechanics (ab 1niti0)

*Multi-reference configuration interaction —> N 78 (MRCI)
*Coupled-cluster —> N> (CC)
Density Functional Theory — N34  (DFT)

H,O0 — 10 elettroni MRCI=30 min, CC=15min, DFT=1 min
2H,0 — 20 elettroni MRCI=7680(128 h) CC=960 (16h) DFT=8-16

*Semi-empirical methods
-INDO/MNDO/ZINDO 5 N 23

*Model potentials

«force fields —> N2



Number of atoms

Dimensions/accuracy
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Density Functional Theory

e Hohenberg-Kohn theorems

Elp| = Tolp] + Jp] + f v(r) p(r) dr + Ex[p]

The Energy is a Functional of the Electron Density

e Exchange-correlation potential

LDA, BP86, BSLYP PBEO

The unknown part of the electron-electron interaction
e Kohn-Sham equations

1_, 2
(_EV T Vg[p])Qi = &; P = Zni‘¢i‘

Single particle equations (very simple to solve !!)




Potential Energy Surfaces (PES):
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Gradient (first derivative) and Hessian (second derivative):
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We call Molecular Dynamics (MD) a ccpgufer/simulation technique
In which the time evolution of a set of ‘interacting atoms is followed
by integrating their equations of motion.

We limit our attention to a set of interacting atoms moving classically:
the dynamics 1s described by Newton’s law:

F; = m;a;

a; = dQI'@/dtQ F; m;
The interatomic potential:

F;, = _Vriv(rla JOK arN)




Born-Oppenheimer Molecular Dynamics (BOMD):

Energy (E)

, One could think of interfacing a standard quantum mechanics code

(e.g. Gaussian03) to calculate the energy and its derivatives with a
simple MD code to integrate the EOM. This would allow us to

perform FPMD with

interatomic potentials

calculated on the fly.
" Within DFT one would
solve the Kohn-Sham
equations and calculate
the energy derivatives
for a large number of
nuclear configurations,
typically of the order

/ of 10*

Nuclear displacement (R)






The Car-Parrinello method:
DFT-based Molecular Dynamics

Generalized Lagrangian (nuclei + electrons)

L= [drwli()P+5 X MRE — BI{RY4 B DA drui(r)vs ()4
i i

Classical equations of motion
1 4E

Jii q’f{ﬂﬂ = ~3 ﬁﬂ'_{{r,tj i+ ;Jﬂl{jq’j
. AR
‘Mjl Rf — _,ﬁR
I

Plane-Wave basis set
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q

Kinetic Energy Hartree Potential
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Energy (E)

Car-Parrinello Molecular Dynamics (CPMD)

Electronic minimization without
moving the nuclei (SCF).

Then we allow the nuclei to move

Nuclear displacement (R)



Vanderbilt Pseudopotentials:

Partition of the electron density into soft (delocalized) and hard (localized) terms

n(r) = 3 [16:(e) P + 30 QL (r) sl 828 1) |

.

Double FFT grid techniques:

Calculation of delocalized terms in reciprocal space

Real space integrals localized in the core region

Reduction of the computational cost by a factor 2-4

Highly efficient parallelization:
P. Giannozzi, F. De Angelis, R. Car

J. Chem. Phys. 120, 2004, 5903.
Bio-inorganic chemistry:

F. De Angelis, R. Car, T.G. Spiro

J. Am. Chem. Soc. 125, 2003, 15710.

Solute-solvent interactions (PCM):
F. De Angelis, M. Cossi, V. Barone et al.
Chem. Phys. Lett. 328, 2000, 302

Organometallic reactivity:
F. De Angelis, S. Fantacci, A. Sgamellotti
Coord. Chem. Rev. 250, 2006, 1497.



Excited states:Time Dependent DFT

 Time Dependent Kohn-Sham Method

(‘1V2 + V[p(t)])coz(f) = lﬁ(o(;t) )= Z”fl‘éf(t)lz

« Adiabatic Local Density Approximation (ALDA)
5 Vi [P1(E) /5 p(rit) = v [pd() /8 pyr)

e (Calculation of transition energies and oscillator strengths
absorption and emission spectra, NLO properties (2n+1
theorem and/or SOS)

* The excited state density is expressed as a linear combination of
single occupied to virtual orbital excitations




Continuum solvation models:

| inside
&(r)= [

¢ outside

Solvent response by
apparent surface charges:

tesserae
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Solvation effects in TDDFT:
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M. Cossi, V. Barone J. Chem. Phys., 2001, 115, 4708



Molecular dynamics of a TiO2-adsorbed dye in water




Computer Codes:

* GAUSSIAN 09 - USA

* TURBOMOLE - GERMANY

* MOLPRO - GERMANY

* GAMESS - UK/ USA

* ADF - NETHERLANDS
* QUANTUM ESPRESSO - ITALY

 ABINIT - BELGIUM

*CP2K - SWITZERLAND






COMPUTER POWER: MOORE’s LAW

BOBO

187 BOBE
8 i Moore's Law
| 286 Means More Performance

= 386™ Processo
lﬂgn -, 486™ DX Processor

199, e ‘ - PEntium® Processor

Tag, - ) . Processor

Pantium® 4 Processor
100,000,000

Computer power doubles every 18 months!!!
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Dye-sensitized solar cells: n=11.3%
Ru(II)-polypyridyl sensitizers on TiO,

_: 1,, — rate ot electron injection
N 1Ph VOC ftt/ IS V.. — position of the conduction band

TiO, Dye Electrolyte Cathode
—
A -
Injection e g+
05 =1 (N3-N3*")
Maximum
0 voltage
hv
AN e -
Red —L _ Ox*«
0.5 ,#/ ~ Mediator
InterCeption Diffusion
10_ _;;O/S_'_ o g
[ > > Acidic COOH groups
e——

Indirect injection mechanism —No changes 1n free and adsorbed
absorption spectra

O'Regan, B.; Gratzel, M. Nature, 1991, 353, 737 ; M. Gratzel, Nature, 2001, 414, 338.



The N3 dye:

Ru(II) d®electron configuration.
Singlet ground state. The triplet and
quintet lie 14 e 41 kcal/mol higher in
energy.

The terminal carboxylic groups
can be either protonated or
deprotonoated
and allow stable anchoring of the dye
to the TiO, surface

Calculated and experimental geometrical parameters

Exp. |2.036 2.030 |2.048 79.8(5) 90.6(5) 97.8(5) 174.5(6) 88.2(5)
2.058 | 2.013 | 2.046 | 79.1(5) 95.9(5)

Theor. | 2.079 2.056 | 2.036 78.9 95.1 94.0 169.5 90.2

S. Fantacci, F. De Angelis, A. Selloni J. Am. Chem. Soc. 2003, 125, 4381.



Analysis of the electronic structure:

MO oce. E(eV) Ru debpy NCS

60a 0 -3.58 84(C); 4(0)

5b 0 -3.73 87(C)

59a 0 -3.92 4(d.2) 59(C); 15(N); 12(0)

58b 0 -3.94 3(dy:) 67(C); 14(N); 13(0)

582 0 -4.35 7(d.2) 44(C); 21(N); 5(0)

57b 0 -4.51 7(dye) 47(C); 23(N); 7(0)

57a 2 -4.95 10(d.,); 6(d.:) 55(S); 18(N)

56b 2 -5.08 10(d,.) 49(8); 20(N)

56a 2 -5.10  3(dy); 2(d.e); 2(dsey) 59(S); 20(N)

55b 2 -5.19 69(S); 25(N)

55a 2 -6.53 45(d,,); 16(d.2) 19(8); 11(C)

54b 2 -6.57 59(d,.) 14(S); 15(C)
HOMO 5da 2 -6.73 24(d.:); 18(d,=_z); 14(dyy) 15(8); 21(C)

S. Fantacci, F. De Angelis, A. Selloni J. Am. Chem. Soc. 2003, 125, 4381.



Analysis of the excited states:

state composition E(eV) f

3B 51%(56b—+58a); 10%(55b—58a); 13%(57a—58b); 13%(56a—+57h) 0.901 0.019
4'B  65%(55b—58a); 15%(56b—58a); T%(55b—59a); 6%(56a—58b)  0.994  0.012
5B 81%(57a—58b); 9%(56b—58a) 1.094  0.024
8B 46%(57a—59b), 20%(56b—59a); 19%(56a—58b); 13%(55b—59a) 1.257 0.0166
8'A  40%(5Ta—60a); 38%(56b—59b); 6%(56a—59a) 1.357 0.0177
9'A  53%(56b—59b); 22%(57a—60a); 10%(56b—58b); 1.379  0.0164
10 'B 58%(55b—59a); 17%(56a—58b); T%(56b—60a) 1.430 0.0814
10 'A 28%(57a—60a); 20%(55b—59b); 13%(57a—59a); 1.445 0.0794

10%(56a—59a); 9% (56a—60a)

11 'A 79%(55b—59b); 8%(57a—+59a) 1.472 0.0337
11'B 92%(56b—60a) 1.515 0.0163
12'A 89%(56a—+60a) 1.534 0.0253




Solvatochromism:

fbzorbance (arb, unitz)

"H,O(pH=1)

gas-phase ethanol

Ho > 4

e | ethanol water

Experimental (eV) AExz-rry AEqrr-rm
Co,HsOH 2.30 312 395 0.82 0.83
H20 (pH = 1) 2.38 318 397 0.80 0.79

AEC,Hs0H/H20° 0.08 0.06 0.02

ALDA/BPW91 (eV) AE(I-II) AE(II-III)
C-HsOH 197 286 370 0.89 0.84
H>0 208 292 369 | 084 0.77
AE ¢,HsOH/H20 0.11 0.06 0.01
S. Fantacci, F. De Angelis, A. Selloni  J. Am. Chem. Soc. 2003, 125, 4381.




Absorption spectrum of N719 in water:
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S. Fantacci, F. De Angelis, A. Selloni J. Am. Chem. Soc. 2003, 125, 4381.
F. De Angelis, S. Fantacci, A. Selloni Chem. Phys. Lett. 2004, 389, 204.

F. De Angelis, S. Fantacci, M.K. Nazeeruddin Chem. Phys. Lett. 2005, 415, 115.

F. De Angelis,. S. Fantacci, M. Gratzel et al. J. Am. Chem. Soc. 2005, 127, 16835.
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Pyridine-EDOT Heteroarylene-Vinylene Donor-Acceptor Polymers
(Collaboration with A. Abbotto — UniMIBI)

ZW-A N ZW-B

2,5-Py-V-EDOT
A. Abbotto, E. Herrera Calderon, M. S. Dangate, F. De Angelis, N. Manfredi, C. M. Mari, C. Marinzi, E.

Mosconi, M. Muccini, R. Ruffo, M. Seri Macromolecules, 2010, ASAP.




Computational investigation: From monomers to polymers

0.0
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Computational investigation: Electronic structure of oligomers
2,6-Py-V-EDOT

Monomer Trimer




Anatase Ti1O, nanocrystals

\
A

P~

4 ,

s

1 Vs,

H. G. Yang et al. Nature 453, 2008, 29 Catal. Today 85, 2003,932

Truncated tetragonal bipyramidal shape:

two flat, square surfaces are [001] facets and eight isosceles trapezoidal surfaces
are [101] facets.

The [101] 1s the most thermodynamically stable surface, while the [001] is more
reactive for dissociative adsorption of reactant molecules.

High surface area and large reactive surface — higher photocatalytic activities.




Modeling of TiO, nanoparticles:

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

B3LYP/3-21g* B3LYP/DZVP
TD-DFT gap in water 3.20/3.41 eV 3.13/3.35 eV

Experimental gap in acqueous solutions: 3.20 — 3.30 eV
F. De Angelis, A. Tilocca, A. Selloni J. Am. Chem. Soc. 2004, 126, 15024




Realistic models of TiO, NTs and NCs

£F |

dikects J.Hu.él

Y o \\./N\)\)‘_)‘.__?‘__)f‘b .

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




-6.5 —
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-7.5 —

Alignment of excited state potentials:

E(S7/S*) Ti0,  Dye Electrolyte Cathode
-3.42 A M
S _ Injection",.ﬁ
AET 0.62 05~ ~. e & f S
AE" =0.42 +
4.04 L~ A
N A | Maximum
TiO, C.B 0 | voltage
|
1.95 L
Red —L — Ox<™ T
0.5 /'~ Mediator
Interception Diffusion
3.13 E(SY/S) 10+ LA
AA | e I >
| 719
Exp. Theor.
TiO, C.B -4.0/42 eV -4.04 eV
TiO TiO, vs. NHE  -0.50 V
1
2 N719vs. NHE -098 V  (-3.42/-3.22¢V)
AE =048 V AE'=0.435¢eV

F. De Angelis, S. Fantacci, A. Selloni, Nanotechnology, 2008, 19, 424002.



Ab initio molecular dynamics simulations




N719 adsorbed on TiO,:

Two prototypical configurations of N719/T10, were examined

The two protons are located on the dye (A) or on the TiO, (B)

F. De Angelis, S. Fantacci, A. Selloni, M. Gratzel J. Am. Chem. Soc. 2007, 129, 14156.




Electronic structure / number of H* on TiO,

E (eV)
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Charge generation and injection mechanisms:
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F. De Angelis, S. Fantacci, A. Selloni, M. Gratzel J. Am. Chem. Soc. 2007, 129, 10320.




Tuning the properties of Ru(ll) TiIO, sensitizers

Control of
protonation/
conuterions

lon-coordinating
ligands

Quaterpyridil ligands
Trans isomers

Stability/
Charge separation
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Improved light
harvesting




Heteroleptic Ru(ll) sensitizers: Ru-EDOT

High molar extinction coefficient . High spectral response in the red

Improved photovoltaic performances
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