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Summary of the key processes involved 1n
the regenerative cycle taking place in a dye-
sensitized solar cell under 1llumination.
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IPCE (EQE) — nabs¢cgncoll

N..: light harvesting efficiency

chg: guantum yield of charge carrier generation

D, =P @,

injection ye regeneration

N..n = efficiency of charge carrier collection

n,(LHE)=1-10"=1-10""

o 1s the absorption cross section (cm?/mol) = € (the molar
extinction coefficient M-lcm-1) x 1000 (cm?3/L),
I is the dye loading per projected surface area of the film,

High € and/or I' is needed for high LHE.




n, (LHE)=1-10""=1-10""

Surface coverage of 10-10 mol/cm?
=104

A =0.001,

LHE = 0.23%

e=10°
A =0.01,
LHE = 2.3%

['=10-7 mol/cm?
e =104

A=1,

LHE = 90%




Incident photon to current conversion efficiency (IPCE) increases from 0.12 to 90 %
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B.O’Regan and M.Gratzel “A Low Cost, High Efficiency Solar Cell based on the Sensitization
of Colloidal Titanium Dioxide ” Nature, 1991, 353, 7377-7380. Cited 6500 times.




electron transport must be at least 100 x faster than recombination to
collect > 99 % of the photo-generated charge carriers
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Precursor Preparation Modify Ti-isopropoxide

* with acetic acid
Hydrolysis Rapidly add precursor to water
Peptization Acidify with HNO3, reflux

v

Hydrothermal Growth  Autoclave: 12 hours at 230°C

v

Concentrate Colloid Rotovap: 45°C, 30mbar

v

Solvent Exchange,
Ethyl Cellulose Addition

v

Homogenize Paste 3-roll mill, 15 minutes

v

Screen print films

Dry and Anneal Films Anneal: 450°C, 20 minutes

Flocculation, centrifuging

S. Ito et al. Thin Solid Films, 2008, 576, 4613.
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Dye-Sensitized Solar Cells Employing a 80
Single Film of Mesoporous TiO, Beads
Achieve Power Conversion Efficiencies
Over 10%

Frédéric Sauvage,” Dehong Chen,* Pascal Comte,’ Fuzhi Huang,~ Leo-Philipp Heiniger," Yi-Bing Cheng,**
Rachel A. Caruso,*5* and Michael Graetzel™*

(b)

Beads

60

"Laboratoire de Photonique et Interfaces, Institut des Sciences et Ingénieurie Chimiques, Ecole P ique Fédérale de Lausanne (EPFL), Station 6, (H-1015, Lausanne, 40
#The University of Melb PFPC, School of Chemistry, 3010 Melbourne, Victoria, Australia, *CSIRO Materials Science and Engineering, Private Bag 33,
3169 Uayton South, Victoria, Australia, and “Monash University, Dep of Materials Engineering, 3800 Melb Victoria, Australia

normalized IPCE

investigated inorganic semiconduc- ABSTRACT Dye-sensitized solar cells i Ti0, beads have demonstrated longer electron

tor oxide materials found in today’s giffusion lengths and extended electron lifetimes over Degussa P25 titania electrodes due to the well
literature due to its opto-electronic proper-

ties which make it appropriate for a variety
of applications ranging from photocataly-

T itanium dioxide is one of the most 20

interconnected, densely packed nanocrystalline Ti0; particles inside the beads. Careful selection of the dye to
match the dye photon absorption characteristics with the light scattering properties of the beads have improved

SR R RS the light harvesting and conversion efficiency of the bead electrode in the dye-sensitized solar cell. This has o A A
sis,” photochromism,? Li-ion batteries, and
chemical and gas sensors,** to use as the resulted in a solar to electric power conversion efficiency (PCE) of greater than 10% (10.6% for Ru(ll)-based dye m Sw 600 700 8«)
photoanode for dye-sensitized solar cells €101 and 10.7% using C106) for the first time using a single printed titania layer cell ion (that is,
(DSC).® The DSC is unique in that it is the without an additional scattering layer).

only photovoltaic device that achieves the wavelen gt h (n m )
separation of light absorption and charge KEYWORDS: TiO, - beads - C101 dye - dye-sensitized solar cells - DSC

rarrior trancnnrt durina tha nhatnalactric

'Beads: PCE = 10.6 %

——

15 Standard 25 : PCE =8.5 %
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IPCE (EQE) — 77abs¢C€c;77coll

N.: light harvesting efficiency
A

cDCg: guantum yield of charge carrier generation

D+ D

cg injection

oD

dye regeneration

Neoll E efficiency of charge carrier collection

Surface Area \

Light scattering Electron percolation




Ongoing and Future Research

Advanced meso-structures
New sensitizers

New redox mediators

New counter electrodes




Electrolyte

Maximum
Voltage

ediator

_o

7

Diffusion




1. Distribution on the surface of semiconductor oxide
2. Absorption range (standard global AM 1.5 sunlight to electricity below a
threshold wavelength, about 920 nm)
3. Firmly graft to the surface of semiconductor (carboxylate or phosphonate)
4. Quantum yield (injection of electrons into the solid) = 1
5. The energy level
Excitation state (LUMO) > Conduction band of the oxide
Ground state (HOMO) < redox potential

6. Stability enough to sustain above 100 millions turnover cycles (= about

20 years of exposure to natural light)
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Sensitizer Engineering
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Sensitizer Engineering
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N..: light harvesting efficiency

() o quantum vield of charge carrier generation

C

D

dye regeneration

D, =P

injection
N..n = efficiency of charge carrier collection
—A —ol
nab(LHE)=1—10 =1—-10 °

A (the absorption optical density of sensitizer-stained film) > 2
= LHE > 99%

High € and/or I' is needed for high LHE.
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High extinction coefficient Ru dyes

C106
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Absorption and emission spectrum of C219 versus absorption spectrum
of Z907 ruthenium dye

(o 1.2
i TCOT {A) ,
FLq—=— 0210 10 = )
. oﬁq S . e = h ¢
: .‘.c-n ' \ ' °q é \—o
3 - o‘ . .‘ 'q—ﬁ .n % g Q
ic. u \ \ e Yy \S\'—=(
el TSV e gogaet
P ¢ i Ly " ’ = 0 _/ x
© 2t . 1. 4 04 2 =
§! : ' =
. &! "=y ” To get >90% LHE,
¢ g0)  o¢ T eco C219: 2 um
Arem Z907:>10 um

Maximum Molar extinction coefficient of C219 =5.75 x 10* M-'cm'at 493 nm
Maximum Molar extinction coefficient of Z907 = 1.20 x 10* M-'cm-'at 520 nm

W. Zeng, Y. Cao, Y. Bai, Y. Wang, Y. Shi, M. Zhang, F.Wang, C. Pan, and P. Wang
Chem. Mater. 2010, 22, 1915-1925




6.7 % with IL
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Organic dyes are catching up in conversion efficiency

—
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Cell conversion efficiency (%)

indoline dye (D205)

A 1 A

o l”
0 1976 1992 1004 1906 1008 2000 2002 2004 2006 2008

42
Source: Tetsuo Nozawa Nikkei Electronics Asia -- July 2008,




Summary of the key processes involved 1n
the regenerative cycle taking place in a dye-
sensitized solar cell under 1llumination.
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Techniques for characterization

Phototransient decay setup

Electron lifetime, tn
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Electron Lifetime (ms)

Alkyl chain length effect on Electron Recombination
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Red and NIR absorbing dyes
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1. Panchromatic dye
2. Co-sensitization

3. Energy transfer: Down or Up conversion
J.H. Yum et al. Energy & Environmental Science, 2011, 4, 842
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N..: light harvesting efficiency

cbcg: guantum yield of charge carrier generation

)

dye regeneration

@, =P

injection

N..n = efficiency of charge carrier collection




Ongoing and Future Research

Advanced meso-structures
New sensitizers

New redox mediators

New counter electrodes




Electrolyte

-0.5 £ o
Maximum
Voltage
Evs 0
NHE ediator0
(V) 0.5

\_7

Diffusion




Improvement by matching of energy levels
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Col(dbbip),** Complex Rivals Tri-iodide/Iodide Redox Mediator in Dye-Sensitized
Photovoltaic Cells

Hervé Nusbaumer, Jacques-E. Moser,* Shaik M. Zakeeruddin,
Mohammad K. Nazeeruddin, and Michael Gratzel

Laboratory for Photonics and Interfaces, Institute of Physical Chemistiy, Ecole Polytechnique Fédérale de
Lausanne, CH-1015 Lausanne, Switzerland

Received: May 31, 2001; In Final Form: August 6, 2001

Table 3. Variations in photovoltaic performance parameters at three
different illumination levels with an optimized electrolyte.

Powerl® Voc Jsc FF nt®l IPCE!
[Wm—2) [mV] [mA cm™?) [%)] [%]
15 690 0.24 0.77 7.9 74
100 765 1.35 0.73 7.9 74
1000 840 8.40 0.56 3.9 74

[a] Incident illumination levels. [b] Efficiency. [c] IPCE at 540 nm with an
illumination of 100 Wm=.
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Design of Organic Dyes and Cobalt Polypyridine Redox
Mediators for High-Efficiency Dye-Sensitized Solar Cells

Sandra M. Feldt,’ Elizabeth A. Gibson, Erik Gabrielsson,* Licheng Sun,*

s\ D35 Sensitizer Gerrit Boschloo,*t and Anders Hagfeldtt

NC

Redox couple
Replacing iodide/
triiodide

Department of Physical and Analytical Chemistry, Uppsala University,
Box 259, 751 05 Uppsala, Sweden and Organic Chemistry, Center of Molecular Devices,
Chemical Science and Engineering, Royal Institute of Technology, 100 44 Stockholm, Sweden

Received October 1, 2010; E-mail: gerrit.boschloo@ fki.uu.se

Abstract: Dye-sensitized solar cells (DSCs) with cobalt-based mediators with efficiencies surpassing the
record for DSCs with iodide-free electrolytes were developed by selecting a suitable combination of a cobalt
polypyridine complex and an organic sensitizer. The effect of the steric properties of two triphenylamine-
based organic sensitizers and a series of cobalt polypyridine redox mediators on the overall device
performance in DSCs as well as on transport and recombination processes in these devices was compared.
The recombination and mass-transport limitations that, previously, have been found to limit the performance
of these mediators were avoided by matching the properties of the dye and the cobalt redox mediator.
Organic dyes with higher extinction coefficients than the standard ruthenium sensitizers were employed in
DSCs in combination with outer-sphere redox mediators, enabling thinner TiO, films to be used.
Recombination was reduced further by introducing insulating butoxyl chains on the dye rather than on the
cobalt redox mediator, enabling redox couples with higher diffusion coefficients and more suitable redox
potential to be used, simultaneously improving the photocurrent and photovoltage of the device. Optimization
of DSCs sensitized with a triphenylamine-based organic dye in combination with tris(2,2’-bipyridyl)cobalt(l1/
Ill) yielded solar cells with overall conversion efficiencies of 6.7% and open-circuit potentials of more than
0.9 V under 1000 W m~2 AM1.5 G illumination. Excellent performance was also found under low light
intensity indoor conditions.
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Cyclopentadithiophene Bridged Donor-Acceptor Dyes Achieve High Power
Conversion Efficiencies in Dye-Sensitized Solar Cells Based on the tris-

Cobalt Bipyridine Redox Couple

Hoi Nok Tsao, Chenyi Yi, Thomas Moehl, Jun-Ho Yum, Shaik M. Zakeeruddin, Mohammed K. Nazeeruddin, and

Michael Gratzel*

The dye-sensitized solar cell (DSSC) is attracting widespread at-
tention as a promising technology for a new generation of
photovoltaic (PV) systems. Mimicking the principle of natural
photosynthesis, its ecological and economical fabrication pro-
cesses make it an attractive and credible alternative to conven-
tional PV systems."*! One of the key components of a DSSC is
the hole conductor (HC), which transports positive charge car-
riers from the sensitizer to the back contact of the device. Elec-
trolytes containing the I7/l;” redox system are commonly used
as HCs because of their high reliability and good power con-
version efficiency (PCE);®¥ however, the 17/l;” redox couple
suffers from a low redox potential, necessitating an excessive
thermodynamic driving force for the dye-regeneration reac-
tion. This limits the open-circuit potential of current DSSCs to
0.7-0.8 V. lodide-containing electrolytes also corrode a number
of metals, such as Ag and Cu, which imposes restrictions on
the materials that can be used as current collectors in DSSC
modules. In this context the development of stable, noncorro-
sive redox couples with higher redox potentials than I7/1;~ is
warranted. A wide variety of alternative redox mediators have
been investigated in the past, including halogenides®® or
pseudohalogenides,®” organic radicals® or thiols” and inor-
ganic"® or organic™ p-type conductors. So far, all of these
redox mediators exhibited inferior PCEs compared to the I7/1;~
couple, especially under full sunlight.”>'¥ This also holds for
cobalt polypyridine complexes, the PCE of which remained
below 5% under standard AM 1.5G conditions, despite exten-
sive investigations during the last decade.'

Remarkably, Feldt et al. recently increased the PCE to 6.7 %
by employing a newly designed donor-mt-acceptor (D-x-A) sen-
sitizer, coded D35, in conjunction with a cobalt(lI/Ill) tris-bipyr-
idyl redox shuttle” However, D35 harvests sunlight only
below 620 nm, limiting the short-circuit photocurrent (Js¢) to
10-11 mAcm 2. Herein, by using judicious molecular engineer-
ing, we extend the spectral response of D35 significantly into
the red by introducing a cyclopentadithiophene (CPDT)!"®
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bridging unit in the D-m-A structure, as shown in the inset of
Figure 1a. Details conceming the synthesis and characteriza-
tion of the dye are given in the Supporting Information.
Owing to its enhanced solar energy harvesting the novel dye
3-{6-{4-[bis(2' 4'-dihexyloxybiphenyl-4-yl)amino-]phenyl}-4,4-di-
hexyl-cyclopenta-[2,1-b:3,4-b']dithiphene-2-yl}-2-cyanoacrylic
acid, coded Y123, exhibits a J- that is 40% higher than D35,
reaching almost 15 mAcm~2 under full sunlight and an unpre-
cedented PCE of up to 9.6% with the [Co"(bpy);1(B(CN),),/[Co"-
(bpy);1(B(CN),); redox couple.
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Figure 1. a) Photocurrent-voltage response at simulated full AM1.5G sun-
light employing Y123 sensitized mesoscopic anatase films together with
[Co"(bpy):1(B(CN),)/[Co"(bpy);1(B(CN),); or I7/1,™ based redox electrolytes
(inset: chemical structure of Y123). b) IPCE spectra of Y123-sensitized DSSCs
employing [Co"(bpy);](B(CN),),/[Co"(bpy)s](B(CN),); and 17/15~ (Z960) redox
couples. The inset shows the electronic absorption spectrum of Y123 in
CHCl,.
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The high oxidation potential compared to [Co(bpy)s3]**/3+is ascribed
due to the presence of pyrazoles, which stabilize highest occupied
molecular orbital’s (HOMO) of the metal more than the bipyridine
ligand.
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[Co(bpy-pz),]?*/3* system has absorption maxima in the UV region :

Mnax (€) = 265 (28,300), 320 nm (24,400) for [Co(bpy-pz),]**,

Max (€) =240 (35,500), 276 nm (20,500) for [Co(bpy-pz),]**.

In the visible region, only the weak absorption remains and thus evidently enh
ances the blue-response of the photocurrent by the sensitizer.
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Graphene/glass: [4L-G/glass]

Tsso=97.7% =~ 90%]
R = >kQem? ? -]
R = 2 kQ/sq 350 Q/sq]

intrinsic limit: = 30 Q/sq (mobility 200 000 cm V-! s-!
scattering by the acoustic phonons, not by the substrate)

Li et al. Nano Lett. 2009, 9, 4359. Required fOl‘ DSC CathOde:

— QN0
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< — _ 2
b Rop = 2-3 Qcm
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Trancik et al. Nano Lett. 2008, 8, 982.




Transmittance

GNP nanoplatelets: several sheets of graphene with an overall
thickness of ~ 5 nanometers (ranging from 1 nm to 15 nm) and

particle diameters less than 2 microns

Surface area of 600 - 750 m?/g
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Optical transmittance of GNP films. Inset shows the
transmission at a wavelength of 550 nm (Tsso) as a
function of film’s mass.
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Current-voltage characteristics of dye sensitized solar cells.

Left chart: DSC with Pt-FTO ; Right chart: DSC with GNP (G66).
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