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Breve Introducgé&o sobre energia fotovoltaica
Nanomateriais e Energia Solar

Introducédo as Células Solares de Terceira Geracao (3G)
Uso de nanomateriais em células de TiO,/corante
focando em:

- Nanobastes e nanotubos de o6xidos semicondutores.
Compositos com nanotubos de carbono
Uso de nanomateriais em células organicas focando
em:
- Uso de nanoparticulas de calcogenetos

- Nanotubos de Carbono, Grafeno e seus compositos
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Breve Introducéo sobre energia fotovoltaica
Nanomateriais e Energia Solar

Introducao as Células Solares de Terceira Geracéo (3G)
Uso de nanomateriais em células de TiO,/corante
focando em:

- Nanobastdbes e nanotubos de Oxidos semicondutores.
Compésitos com nanotubos de carbono
Uso de nanomateriais em células organicas focando
em:
- Uso de nanoparticulas de calcogenetos

- Nanotubos de Carbono, Grafeno e seus compositos

Energia Solar

Pontos em preto: area necesséria para suprir a demanda de energia

7

% Em apenas 1 hora o Sol despeja na Terra uma quantidade
de energia superior ao consumo global de um ano inteiro!!!




Cost to Generate Electricity in US$/Mwh
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Solar PV Global Production and Cost per Watt
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2010 Cell Production by Technology (MW-dc)
Total: 23,889 MW
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Nanomateriais e Energia Solar

How the nanotechnology can
help in solar energy
conversion?

o Cost
o Efficiency
o Flexibility




Nanotechnology and Solar Cells

Improved efficiencies: novel nanomaterials can harness
more of the sun’s energy; can transport charges more
efficiently;

Lower costs: some novel nanomaterials can be made
cheaper than alternatives;

Reduced manufacturing costs as a result of using a low
temperature process (e.g. printing) instead of the high
temperature vacuum deposition;

Flexibility: traditional silicon based solar cells are brittle,
nanotechnology can develop devices that can be flexible,
so that entire buildings could be covered.

Nanomaterials and Solar Cells

Nanomaterials are those which have structured
components with at least one dimension between
approximately 1 and 100 nm

Two principal factors cause the properties of
nanomaterials to be different from the bulk materials:

Increased relative surface area
Quantum effects
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Dye Sensitized and Organic Solar
Cells (3G solar cells): common
features

Low cost: materials and processes are cheap

Ink jet, spin coating, roll-to-roll

Low temperature "=l B

Colored '\
Flexible R,

Semitransparent

Diverse types or organic and inorganic materials

Optical and transport properties can be easily tuned

3G Solar Cells (or NanoPV)

TiO,/Dye Sensitized Organic (or Hybrid)
Solar Cells - DSSC Solar Cells
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Prof. Alan Heeger —Chemistry
Nobel Prize in 2000

Dye Sensitized and Organic Solar
Cells: applications

www.g24i.com 27.06.12 - Dye-sensitized solar cells
(DSSC) from EPFL enter the public
market. Logitech chose this technology
to power its new flagship product




Dye Sensitized and Organic Solar

Cells: disadvantages
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A célula solar opera no quarto quadrante!
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Caracterizacag das celulas solares

Fator de preenchimento (FF)

Ponto de méxima poténcia, P,,,,

ISC
| o XV . XFF
FF: I:)max — Im ><\/m /7 = S 185*
th ISI: ><VOC

* 100 mW cm2 ou 1000 Wm-2

Outline

Uso de nanomateriais em células de TiO,/corante
focando em:

- Nanobastbes e nanotubos de o6xidos semicondutores.
Compositos com nanotubos de carbono
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Nanomaterials in Dye
Sensitized Solar Cells

Nanomaterials in Gratzel’'s
cells

) . f > 3 A low-cost, high-efficiency solar
| to efficiencies o cell based on dye-sensitized
already 16 %) colloidal Ti0, films

Brian D'Regan™ & Michael Gratzel?

Institute of Physical Chemistry, Swiss Federal Institute of Technology,
CH-1015 Lausanne, Switzerland

jeved.

THE large-scale use of photovoltaic devices for electricity gener-
ation is prohibitively expensive at present: ion from existing
commercial devices costs about ten times more than conventional
methods'. Here we describe a photovoltaic cell, created from low-
to medium-purity materials through low-cost processes, which
exhibits a commercially realistic energy-conversion efficiency. The
device is based on a 10-wm-thick, optically transparent film of
titanium dioxide particles a few nanometres in size, coated with
a monolayer of a charge-transfer dye to sensitize the film for light
harvesting. Because of the high surface area of the semiconductor
film and the ideal spectral characteristics of the dye, the device
harvests a high proportion of the incident solar energy flux (46%)
and shows exceptionally high efficiencies for the conversion of
incident photons to electrical current (more than 80%). The overall
light-to-electric energy conversion yield is 7.1-7.9% in simulated
solar light and 12% in diffuse daylight. The large current densities
(greater than 12 mA cm ™) and exceptional stability (sustaining
at least five million turnovers without decomposition), as well as
the low cost, make practical applications feasible.

Nature, 1991

< 1 year)

ansparency,
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Dye Solar Cells or
Gratzel's cells
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qlass
TCO

Tidl, with
adsorbed
dye

10-20 pm

electrolyte
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forward reaction

LiGann & °
OROITAL
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spatial eantraction of d orbitals upon

oxidation from Ru(1T) to Ru(1IT)

The electron transfer process...
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Figure 7. Transient absorption signal for N-719 adsorbed on nanocrys-

talline titanda (C) (pump wavelength 335 nm: probe 860 nm). The fitted

1nst tesponse 15 37 f5 (—). The simulated exponential rises with time

frument
constants of 20 f5 (— —) and 50 £ (---) and convohted with the same
instrument response are shown.

Inorganic:hiemistry

: Article

Transparent
electrode

Recombination
e (TiO,)CB + TiO,/Dye* —TiO,/Dye
e (TiO,)CB + 1/2 I3*—>3/2 I

Electrolyte Counter electrode (Pt)

www.Ines.igm.unicamp.br
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Inorg. Chem. 2005, 44, 68416851

InorganiciChemisti

: Article
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Gratzel's cells are per si an example
nanomaterials applications

1 cubo de laden 8 cubos de ladov2 64 cubos de ladov4
Volume: n¥ Volume: n¥ Volume: n¥
Area superficial: 6 x f Area superficial: 12 x Area superficial: 24 x
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IPCE ~ eletrons/photons
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Figure 5 The nanocrystalline effact in dye-sensitizad solar cells. In both cases,
Ti; elactrodes are sensitizad by the surface-anchored ruthenium complex
cis-RuL,{SCN),. The incident-photon-to-current corversion efficiency is plotted as a

function of the excitation wavelength. a, Single-crystal anatase cut in the (101) plane.
b, Nanocrystaline anatase film. The elactrlyte consisted of a solution of 0.3M Lil and

0.03M | in acetonitrile.

Michael Gratzel

NATURE|VOL 414| 15 NOVEMBER 2001 Photoelectrochemical cells

o0

Figured

e surfaceol & P armatase fim

ave marty{101) orlentation.

Champion Gratzel‘s cell

4 NOVEMBER 2011 VOL 334 SCIENCE

at 995 W/m” intensity. The cosensitization of

YD2-0-C8 with the previously prepared organic
D-n-A dye, coded Y123, yiclded an efficiency

2

0, r

Co""tris(bipyridyl)}-based redox electrolyte.

Table 1. Detailed photovoltaic parameters of the devices made with the dyes YD2 and YD2-0-C8 and
cobalt-based AY1 electrolyte at different light intensities. Py, incident intensity of AM1.5 solar light.

The PCE cven exceeds [ 37e under AM 1.5 solar
. 2 . -
light of 500 Wm ~ intensity.

Dye Electrolyte Py, (mW/cm?) Jsc (mAZcm?) Vye (mV) FF PCE (%)

YD2 AY1l 9.4 15 745 0.82 9.5
51.3 8.0 805 0.76 9.5
99.8 14.9 825 0.69 8.4

YD2-0-C8 AY1l 9.4 1.7 875 0.77 12.5
51.2 9.3 940 0.74 12.7
99.5 17.3 965 0.71 11.9

16



LNES Activities in DSSC

Counter-electrode

Photoanode
and Dyes N

Electrolyte

oFor review: Coord. Chem. Rev. 2004 and J. Mater. Chem 2009
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Nanorods, Nanotubes, Nanowires
and Nanoflowers in Dye Cells

* These nanostructures can increase solar cell’s efficiency

by;

— Increasing the electron transport and minimizing
recombination

— Harvesting more light due to an increase in the
surface area (more dye molecules can be adsorbed)

— Harvesting more light due to light scattering

— Allowing a better penetration of a polymer or gel
electrolyte

< TiO, nanotubes, Nogueira and cols. J. Photochem.
Photobiol., 2006

@®~3 nm
L =100 nm -1 pm

= Growth by hydrothermal method

18



% » TiO, nanotube films allow
g more dyes to be chemically
= .
2 :: absorbed (high surface
area)
Q -
* |ts open structure increases
ionic diffusion
Potential (V) * 1D structure increases
% Nal + (P(EO-EPl)g,.6 + 40 wt % P! electron transport
g
%’ @ e ool Table!l
3 Comparison of the electrical characteristics of the dye-sensitized solar cells
E investigated in this work
a3 Igr (MWem=2)  Jsc (mAem=2) Voo (V) FF (%) n (%)
DSSC assembled with TiO2 nanotubes and plasticized polymer electrolyte
o [ T™ 063 0,846 EY 705
k- LA LA 1 291
Potential (V)
Fig. 4. Comparison of the current—potential curvesobtained under different light 2.
im0 e smszt il aseiod i el | tos vew e s
Ti0; nanotube film and (b) device with nanoparticulated film.
P61g B Nanaparticles
054 ® Nanorods
LEE
03 l.l
=1
>0z e,
n
014 ", \
h—_ 10

o

Figure 5. SEM (a and b) and TEM (c) images of as-synthesized titanium
glycerolate fibers. and SEM (d) and TEM (e - ) of the anatase nanorods.
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Figure 8. (a) Decay of V.. as a function to time for DSSCs prepared with
Ti02 nanoparticles and nanorods. (b) Electron lifstimes for the
aforementioned two cells as a function of the open circuit potential.
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< ITO nanowires, Nogueira and
cols. Scripta Mater., 2007

a)
TG nanowires
b)
TIO, coating

Figure 2. FE-SEM image
deposition of the TiO; lay
thickness measurements.

Hlumination

Intensity mW)  FF  n (%)
o 1 0242 0.148
E 0.06: 100 0.258  0.036
T oo0s
f 0.04
£
ﬁ 0.03 b
£
2
£ o0z a
5}
0.01
000
0.0 01 02 03 04 05
Voltage (V)

Figure 3. -V curves for the 3D DSSC assembled with a brush-like
TCO electrode under differant light intensities: {3) 100 mW cm™ and
(b} 10 mW ™.

< ZnO microflowers, Nogueira
and Gongalves, 2009

20



12 .
< ZnO nanorods - growth time of 6 h
\ £ ZnO nanorods - growth time of 7 h
10 ¢ 11 ZnO nanorods - growth time of 8 h
‘\"E 8t Efficiency of 2.6%
<6 *The increase in the
E photocurrent is attributed to
=4 an increase in dye loading
2t el and scattering effects
0 ) Ya) DD 4\
00 01 02 03 04 05 06 07 08
Voltage / V

Inorganic nanocomposites with
carbon based materials

MWCNT

21



m To,
o TiO, fit
S A 0.02wW%
< ™) ooee 0.02 Wt.% fi
£ . N 0 0.03wt%
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' 67 e . % 0.05w%
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= i Byl O 007w
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= %o #©
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%020
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o Andreia de Morais et. al., J. Photochem. Photobiol, in press.

Outline

Uso de nanomateriais em células organicas focando

em:
- Uso de nanoparticulas de calcogenetos

- Nanotubos de Carbono, Grafeno e seus compositos

22



Nanomaterials in Organic
Solar Cells

Organic Semiconductors

Materiais conjugados onde tanto a absorcdo Otica
guanto o transporte de carga sao dominados pelos
orbitais moleculares 1te 1 parcialmente deslocalizados

T*
—_—
—
— Ty
Ty
=) <€D
T
i' Ty
n
T
7‘1

# b eyl

%
NSNS
molecules

semiconductor
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Organic Semiconductors

Conducting polymers

nalyl p-phemdena) pokthiophens
. - " 4
O0~0~0 G0
polylp-phemdene vinylene) pohypyrrole

trans-polyacetyleneine :
polyariline

jogpoWemol
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The Royal Swedish Academy of Sciences has awarded
the Nobel Prize in Chemistry for 2000 jointly to
Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa
"for the discovery and development of conductive polymers".

o i 1*‘ S R
' o - L8 RS - . e
Alan G. MacDiarmi Hideki Shirakawa Alan J. Heeger
Professor at the University of Pennsylvania, Professor Emeritus, Professor at the University of California
Philadelohia. USA. University of Tsukuba. Jaoan. at Santa Barbara. USA

Photoexcitation in organic semiconductors

SC inorgénico SC orgéanico

Banda de
conducéao
Banda de

energia de “ligacdo’~ meV = energia de “ligacao”
Elétron e buraco “livres” ~0.4a1leV => excitons

oNeNe
OO
OCO0O

25



Photoexcitation in organic semiconductors

/=10-20 nm

We need to separate the electron-hole pair in order to have
free charges!

 Photoinduced electron transfer between a
conducting polymer and Cg, (~ 50 fs !I)

PPV derivative

« A. Heeger and co-workers, Science (1992)

26



Bulk heterojunction solar cells

Negative Electrode
(AX[;XAYS?PI/’ \;‘/-IIZ’I;?V\)\. (Ca, Ba, Mg, Al or LiF-Al)

Substrate (glass)
Positive Electrode

(ITO/ PEDOT)

AN

Efficiency 10% (Mitsubishi Co.)

= The bulk heterojunction is per si a
nanostructured morphology!

After 10 min annealing at 150 °C

R T S P

- n

P3HT PCBM

Heeger, 2008
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Outline

* Uso de nanomateriais em células organicas focando
em:
—  Uso de nanoparticulas de calcogenetos

Nanoparticles in OSC: Hybrid SC

» Definition: When an inorganic material replaces one
organic component in the “classical’ organic solar cells
(in most cases, the electron acceptor material)

* Most used inorganic materials are nanoparticles:

© 7O, o Quantum
* Zno confinement
* CdSeand CdS o Large surface area

Images from our group

28



Nanoparticles in OPV: Hybrid SC

» Definition: When an inorganic material replaces one
organic component in the “classical” organic solar
cells (in most cases, the electron acceptor material)

« Other materials are frequently used in hybrid devices
* Gold and Silver nanostructures
« Carbon based materials (carbon nanotubes and graphene)

o Plasmon effects

o Improved transport
Au "5 properties
nanostructures ' :

Images from our group

=//GraphenefTi@

State of Art

HOPV based on
CdSe or CdS

(b) wwe PCPDTBT ‘:: MREL r\?:,[xri{:fghmmnm.....‘rm.
1 —— CdSe Tetrapods-PCPDTB" g4 T T T T T T T

-=u= CdSe Tet

05 =
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1=05304mA
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1
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S. Dayal et. al., Nano Letters, 10 (2010) 239 58
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Introduction of CdSe nanoparticles
In the mixture polymer-fullerene

Dgl aval

PFT

= J. N. Freitas, I.R. Grova, L.C. Akcelrud, E.Arici, N. S. Sariciftci,
A. F. Nogueira,

J. Mater. Chem., 2010, 20, 4845-4853
= J. N. Freitas, A. Pivrikas, B. F. Nowacki, L. C. Akcelrud, N.
Serdar Sariciftci, A. F. Nogueira (cover sheet), Synth. Metals.,
2010, 160, 1654-1661

Introduction of CdSe nanoparticles
in the mixture polymer-fullerene

 PFT + CdSe + PCBM

* CdSe (4.0 nm) + PCBM = 80 wt %

PCBM:CdSe Jsc Voc FF n
(MmA cm?) V) (%) (%)
1.0 35 0.50 28 0.52

0.3:0.7 35 0.60 31 0.65
0:1 0.17 0.66 24 0.03

The effect of the QD on the

Optimum concentration of ‘ photocurrent can be due to light
nanoparticles absorption AND/OR morphology

30



IPCE /%

» |IPCE (incident photon to current effciency)
— IPCE = collected electrons / incident photons

« As a function of wavelength
16

144

12 PCBM:CdSe
- - 1:0
0.7:0.3
—(0.5:0.5
—(0.3:0.7
—e (:1

400 500 600
Wavelength / nm

Slightly increase in the region
550-650 nm (CdSe
absorption)

Change in IPCE profile in the
region below 450 nm

Outline

Uso de nanomateriais em células organicas focando

em:

- Nanotubos de Carbono, Grafeno e seus compositos

31



Carbon Nanotube and Graphene
as Acceptor Materials

=% = S
NEW CARBONIN THE LAB  yeer s accrating ester s e e

surrounded carbon nanotubes in the 1990s.

THOMSON REUTERSWEE: OF SCIENCE

8000+
8 6000 | SUMioNima pOrts
i Robert Curl, Harold T o Curl, Kroto and
F Kroto and Richard Rcth s g Smalley win Nobel
% Aoagretn if’;_ﬂ“{m'ﬁgfgﬁf;;”““” ] widespread interest | Prizein Chemistry oo g
3
/l-—#'—/--_
o e —— : = —
1985 199 199 2000 005 2010

Carbon Nanotube and Graphene
as Acceptor Materials

* Ago and co-workers (Phys. Rev. B, 2000): electronic
interaction between PPV and MWCNT: energy transfer

e Kymakis and co-workers (Appl. Phys. Lett., 2001)
\\

P30T-SWNTs blend film
N,

Gurront Density (e

*V,,=0.7-09V
» I, = higher than the pristine polymer
*FF=0,3-0,4

. Gurrent Density (A/om?)

4 8 2 a0 1 2 s 4 s

Veltage {V)
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Carbon Nanotubes in OPV

* Excellent electronic, magnetic

and mechanical properties

» Easy to functionalize

(length/diameter)

* Metallic and Semiconducting

states

* Polymer and CNT do not form

* High aspect ratio

homogenous dispersion
o, P
C C
OH “oH
o, P
/ C\
OH OH

(1A) CI,SO, reflux 80°C, 24 h

(1B) 2-(2-Thienyl)ethanol,
reflux 80°C, 72 h (2) NH,(CH),SH / DCC

@cwcw—OH
S 5 0

N 7
c— Q
CHaCHo0" NHCHd
o 0
j - «
£ S\S_CH2CH20/ NHCH>CH,SH

Nogueira and cols., J. Phys Chem C., 2007
Nogueira and cols., J. Nanosc. Nanotech 2009
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Conturbia, G. Unicamp, 2010

AFM

(b)
Before After NT chemical modification
with thiophene groups
(rms roughness = 5.3 nm) (rms roughness = 3.6 nm)
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Variation of the SWCNT content

» Additon of SWCNT
increases the generation of
charge carriers.

S

g
e
L

o

0
»Highest Isc and Voc values for § -
devices containing 5 % of modified £ =

]

NN

SWCNT: Sl
-10
_ -12 . . T T
Voc=0.74V 0 02 04 06 08
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o Materials used in this work
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Photoelectrochemistry
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Figure 2. (a} Bright-field TEM image of a mixture of P3HT/
& SWUNTs nanofilament sample with SWCNT concentrtion x = 3 wt %,
(Inset) Schematic image of 2 P3HT (green )/s-SWONT (red) nanofila-
ment pmpan:d in this wark. (b] AFM ph;m: image of PAHT /s-SWUNT
nanofilaments in a sample with SWCNT concentration x = 3 wt %
showing the wormlike morphology of the active layer.
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Organic Photovoltaic Devices Based on a Novel Acceptor
Material: Graphene**

By Zunfeng Liu, Qian Liu, Yi Huang, Yanfeng Ma, Shougen Yin,* Xiaoyan Zhang,
Wei Sun, and Yongsheng Chen*
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Figure 2. a) The idealized chemical structures of graphene and P3OT. b)
Schematic of the device with P3OT [graphene thin film as the active layer
and the structure ITO (ca. 1711 sq ']/PEDOT:PSS (40nm) /P30T:gra
phene (100nm)/LiIF (1nm)/Al (70nm). ¢) Energy level diagram of
P30T and SPFCraphene. d) Schematic representation of the reaction of
phenyl isocyanate with graphene oxide to form SPFGraphene.

Limitations in NanoPV

* Low absorption beyond 600 nm (we need novel

dyes, conducting polymers, etc with better
absorption)

e Low charge carrier mobility for organic
semiconductors. Morphology control is also a
problem in these devices.

* Liquid electrolyte in DSSC causes leakage and
compromises stability.

* Need of novel free-iodine redox electrolytes (DSSC)
* More stability tests are required for both technologies
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Perspectives

* Nanomaterials are strong candidates in solar energy
conversion, specially for DSC and OPV cells;

» Both cells have their future guaranteed in the PV market;
specially because their versatility and cost;

» For DSC, novel solid electrolytes, novel redox systems can
be an alternative;

* Chemists can find their place in preparing more efficient
dyes or polymers that absorb beyond 600 nm

* The tendency is towards more organized nanostructured
devices, use of nanotubes, nanowires to improve the
electron transport

N \"’*‘ ‘ /
S = // T
*Dye sensmzed Solar Cells
% Organic and Hybrid Solar Cells

%* SC photocataly5|s for CO , reduction andH , productlon

= = N N
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