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2009: ca. 16 TW, momentaneous yearly averaged rate of consumption
(cf. 4.1 x 1020 J/y; 2006 it was 13 TW)

2050: Estimated to 28 TW

Perspective: 1 new 1 GW nuclear reactor per day for 30 years...
... BUT, less than 1 hour of solar light
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Energy from the Sun

e Photosynthesis — biomass/biofuels
— Efficiency <1%

e Solar heat:
— Water heating (domestic): Efficiency <70%

— Elektricity: Conc solar light (CSP), turbines, etc:
Efficiency <20%

e Solar electricity (solar cells)
— Direct conversion: Efficiency <20%

Common problem: STORAGE!



Solar cell technologies
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g p-CIGS - Thin film CdTe/CdS - Thin film
Solid solution of

S
oroons Cu(In,Ga)Se, (1-3 um)
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Too expensive !

Si . . T
Amorf, polycryst Power excellent — Energy not optimal !!!

or monocryst

New and promising technologies ...


http://www.innolas.com/03/p03pd_d.aspx?ID=59&MOD=app&LANG=2�
http://upload.wikimedia.org/wikipedia/commons/5/5b/NREL_Array.jpg�
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Gratzel cells = DSC

MATURE - WL 353 + 24 OCTOSER 1981

A low-cost, high-efficiency solar
cell based on dye-sensitized
colloidal TiO, films

Brian 0'Regan® & Michael Gritzelf

Pl ke of Physical Chemstry, Swiss Foderal Insbiute of Technalogy
CHA1015 Laussmme, Switrerdard

THE large-scale use of photovoltnic devices for electriciiy pener-
atiom is prohibitively expensive ai present: generatsnm from existing
oommercial devices costs nboot fem times more than convent ional
methods'. Here we describe a photovaltaic cell, created from low-

Cited 7,800 times; Feb 19, 2012

Current world record (lab cells): =13%
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DSC function
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A note on kinetics

ms\/

VB

Semi- Dye Electrolyte
conductor l

”a molecular diode”
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Semiconductor-based cell

= [T]

DSC: Absorption & charge transport separated !!!

12



Pro’'s & con’s

'Kitchen chemistry’ (i.e. easy to make)

Inexpensive (glass substrate the most expensive)
Relatively high efficiency

Also works in diffuse light (i.e. indoor, cloudy days, etc.)

« Complex, interlinked reactions (tuning required!)
« Stability
 Competition from other technologies

13
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Sony (Jpn)

Dyesol (us)



Useful?
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Profs. Segawa & Uchida, Tokyo Univ., Japan
(among 10 best of 35 ...)



Simple: Three parts only !
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FTO
Glass

mesoporous TiO,

— Dye molecule

- TiO, particle
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TiO,-particles, d = 25 nm
1 cm? contains ~ 1013 particles
(huge surface — nanot)

Photoelectrode (Part 1: Semiconductor)

Step 1: Nanostructured semiconductor

17



Photoelectrode (Part 2: Sensitizer)
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Sensitizing dye

Step 2: The dye
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http://upload.wikimedia.org/wikipedia/commons/d/dc/Teacup.svg�

Counter electrode
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Catalytical material A pencil offers the graphite ...

Catalytic platinum (Pt)
Graphite
Conducting polymers
Nanoporous carbon




Electrolyte

= Organic solvent (ethanol etc.)

= Dissolved redox couple (eg. 1/15)

Transport —

TiO2 ~N

| Transport |
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about 15 min

The DSC obtained:

* 0,5 V photovoltage
* Lousy current
* ~0.5% efficiency ...

Voltage Current
Grupp | Fargamne v pA
1 Hallon 0,46 335
2 Blabar 0,44 290
3 Spenat 0,44 170

21
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CMD

Center of Molecular Devices

Home About us Our research News & Publications Study & Work Links Contact

NEWS

News to come...

&

UPPSALA
UNIVERSITET

Center of Molecular Devices, Uppsala/Stockholm, Sweden | Webmaster

www.moleculardevices.se
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CMD at KTH

About us

Center of Molecular Devices

Organisation

Management
Eroup

Home About us Our research News & Publications Study & Work Links Contact

Reference
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Inorganic
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Chemistry
KTH KTH

Lars Kloo
Anders Hagleldi

Licheng Sun

Physical Interface
Chemistry Science Swerea IVF

uu uu Henrik

Anders Hagleldt Fotiarmmon

Gerril Boschioo Hitkan Rensmo

"Materials & Fundamentals”

Center of Molecular Devices, Uppsala/Stockholm, Sweden | Webmaster

CMD: =30 researchers

23



by

o T S

ey CMD

39 OCH KONST 8¢

SV

Chem. Rev. 2010, 110, 6595-6663 6595

ROYAL INSTITUTE
OF TECHNOLOGY

Dye-Sensitized Solar Cells

Anders Hagfeldt,*T*!" Gerrit Boschloo, Licheng Sun,*" Lars Kloo,* and Henrik Pettersson™

Department of Physical and Analytical Chemistry, Uppsala University, Box 259, SE-751 05 Uppsala, Sweden, Department of Chemistry, KTH - Royal
Institute of Technology, Tekniknngen 30, SE-100 44 Stockholm, weden, Stafe UV Laboratory of Fine Chem:cafs DUT-KTH Joint Education and
Research Centre on Molecular Dewces Dalian Umuers:!y of Technology (DUT), Dalian 115&12 China, and Swerea IVF AB, Box 104,

SE-431 22 Mol af Sweden
Cited =300 times in a year
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The cells

Lab cells
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Monolithic cells
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CMD: Electrolyte

Solvents
- lonic liquids
- ISILs

Redox Couple

- Halogens

- Organic molecules

- Solid-state mediators

27



The electrolyte

An electrolyte Is a chemical system
that provides an electrolytic contact
between the solar cell electrodes

sealing

TiO dve Pt
A \
/
WE - ./ ./ electrolyte CE
- -
L
— A I, —~+1I
light o A3 3
E— E .;\

28



Electrolytes

v

Gel-like
(quasi-solid)

N\

Solid

29
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Name Formula Meltin Boiling Viscosity,
g Point, cp
Point °C
°C
Water H,0 0 100 0.89
Ethanol CH,CH,0H -114 78 1.08
Acetonitrile CHyCN -44 82 0.33(30°C) Problems:
Valeronitrile CHy(CH,);CN 96  |139 0.78(19°c) | = Evaporation
e Chemical stability
Glutaronitrile FN, -29 287 5.3 e Electrochemical stability
 Temperatur range
3-Methoxy- CH;0CH,CH,CN -63 164 1.1 = Toxicity
propionitrile o
Propylene carbonate c’)_cECHa 49 241 2.5
by
y-Butyrolactone -44 204 1.7
Lo

L. Kloo et al., Dalton Trans. 2011, 40, 10289 (Perspective)
30



lonic liguids
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Definition:
”Liquid consisting of only ions and with a melting point <100 °C”

a) cations

R
/ \ R R
|@ N8 -
r— N N—r R—P—R S ®
N

b) anions Hal’, PFg", BF,7, OTf, NO3", N(CN),", SCN", Co(CO),

. x o s
‘ S 8"
s e

31



lonic liguids

Advantages:
No vapour pressurs (almost)
Non-explosive / non-flammable
Thermally & electrochemically very stable
Good solvent for both salts and organics

... hot yet toxic ...

32



ngﬁg‘g}%a
EKTHS

VETENSKAP
59 OCH KONST 9%

’%%M*%u“

ROYAL INSTITUTE
OF TECHNOLOGY

Academically interesting but useless ...

1988

EUCHEM CONFERENCE ON MOLTEN SALTS

St. ANDREWS, SCOTLAND. July. 3rd. — 8th.

| ast lecture ...

SOME STRUCTURAL STUDIES UPON
ROOM—TEMPERATURE CHLOROALUMINATE(III)
IONIC LIQUIDS

Kenneth R. Seddon
School of Chemistry and Molecular Sciences, University of Sussex, Falmer,
Brighton BN1 9QJ (UK)
fo date, the majority of the studies relating to the eponvmeus ionic

Piguids [1,2) have centred upon the following anicnic equilibrium;

AN, ] === [AlX-]" + X° (1)

33
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ACS SYMPOSIUM SERIES 818 ACS SYMPOSIUM SERIES 902

e lonic Liguids INB:
Inm_l: llnpll!s Fundamentals,

Industrial Applications Progress, Challenges,
to Green Chemistry and Opportunities

Transformations and Processes

Green Industrial
Applications of
lonic Liquids

w1

Eddited by

Robin D. Rogers, Kenneth R. Seddon
and Sergei Volkov

EDITED BY
Robin D. Rogers and Kenneth R. Seddon EDITED BY
Robin D. Rogers and Kenneth R. Seddon

lonic Liquids
in Synthesis

lonic Liguids as
Green Solvents

Frogress and Prospects

ELECTROCHEMICAL ASPECTS of

IONIC LIQUIDS

34



Reasonable performance

zc\t/fgszgty 2;; Ao XC}C) Fillfactor (EOE;C'G”CV
250 3.0 0.70 0.69 6.0
250 25 0.74 0.66 49
1000 11.1 0.75 0.60 5.0
1000 8.6 0.77 0.56 3.7

Composition of electrolyte

0.2 M,

0.1 M GuanSCN
0.5 M NMBI

2 M n-BuMelm™ |-
BuMelm™ N(CN),"

Current {nA/cr™2)

1z

10

11000 W/m2

ol 0.2 0.3 o.d 0.5 LG 07 0
Voltage (V)




The world record for ILs
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High-performance dye-sensitized solar
cells based on solvent-free electrolytes
produced from eutectic melts

YU BAI"™, YIMING CAO™, JING ZHANG', MINGKUI WANG?, RENZHI LI', PENG WANG'",
SHAIK M. ZAKEERUDDIN2 AND MICHAEL GRATZEL2

nature materials | VOL 7 | ALTGUST 2008 |

the discovery of solvent-free electrolytes for DSCs showing
unprecedented etficiency and excellent stability. An efhiciency
of 8.2% achieved in full sunlight sets a benchmark for




Does not solve all problems

—— AN (0.03 M L,)

— 1L, (0.03M L)

low

2
JSC (mA/cm”®)

B

@\ N%_FN

EMITCB

O 0.010.020.030.040.050.060.07
Light intensity (Wcm'z)

Mass-transport problems already at 1/5 Sun

L. Kloo et al., Dalton Trans. 2008, 38, 2655 (Perspective)
37



ISILs

v' Low viscosity

v Low vapor pressure
v" High chemical and
electrochemical stability

High ion mobility

High long-term
durability

38



New redox systems

1-/15

Br/Bry
Pseudohalogens
Interhalogens
Sulfur-based systems
Metal complexes

AN A
N Y Nid Y \S N
\ \\ N

N—N N—N
N \

39



+ Co-based redox system

A. Hagfeldt, L. Sun et al., JACS 2010, 132, 16714

Later: M. Gratzel et al. made the current 13% world record
using a similar system (Science 2011)

N.B. Not one single component can be changed at a time !!!

40
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PEDOT CE
i A%((T_\/_ [ First ever all
| § °| ‘organic’ DSC

Sensitizer Redox Couple

H. Tian, L. Sun, L. Kloo et al., Angew. Chem. Int. Ed. 2010, 49, 7328 & JACS 2011, 133, 9413

N.B. Not one single component can be changed at a time !!!



Counter electrode e
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O N b O

O 0.10.20304050.60.70.8
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PEDOT CE shows considerably lower
charge-transfer resistance

ffect

FF: 0.50 —> 0.65
N = 6.0%
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Hybrid systems

B ‘ T vAy 16
r *’.‘.’ 1 —— Electrolyte Si4
Y —— Electrolyte 11
1.24
Ve S
Voc (single k- hv ‘22”
(hybrid electrolyte) g 0.8+
electrolyte) 2 Sl4 Il
Q
[ 2]
e | (| S E%(1-/157) < 044
) E%(S2%-/S,%) l -
v EO(1/1,) 0.01— , . |
7 E°(D/D*) 400 500 600 700 800

Wavelength (nm)

X.Yang, L. Sun, L. Kloo et al., RSC Advances 2012, in print

Presence of S?- suppresses the formation of coloured I;-

Efficiency > 9%



CMD: Fundamentals

Working Electrode
- Dye coordination
- Dye organization

45



On the myth about SAM

SAM = Self-assembled monolayer

Photon

SnO, Bt
coated coated
glass glass

) o @ | o |re~
5 Ti10 Dye I5 I electron

http://people.bath.ac.uk/pysabw/research/scell/dssc.htm

]




The sensitizing dye

COO(TBA)

(ABT)OOC

N\

Anchoring groups
(e injection)

COOH COOH

NCS NCS
Site(?) of re-generation Good dyes have:
(reduction) e match energetic condition
N 719 e broad absorption

e high extinction coefficient
(cf. Kodak) e good charge separation



Towards organic dyes

n=>5.1% COOH
i

N3

-l
$
u.:!lWﬁ
L s.—t_‘ ¢

. .

%"."if HOMO

From Organometallic to Organic

N719

TRy an
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Adsorption isotherms
by depletion method

410° T T T T T T
® N719 (EtOH)
0 7907 (MeCNA-BUOH 1:1)
©
310° - °© o ° ¢ —
co ®
— O ® [ ] o ®
3 o
o) ®
‘g ° °
g |7 T e
£ 210° - . .
fla O ®
X ®

Cm [ )

o

© °

110° ° _

% ®

S e °

o °

0 od | | | | | |
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Ceq [mM]



AFM (in electrolyte)
100 pm?
TiO, under 24h:

a) t=0h
b) t = 3h
c) t= 24h

d) After rinsing

Aggregation / Precipitation

Langmuir (2010)

Collaboration: Rob Atkin, Univ. of Newcastle



The NICISS technique

~1.2 M

Deflection unit

. . Ur {1 =180"
Drift and acceleration I WI 0 =188

"ff— - Target
Channelplates -
v Electro
static
lon gun He-ions . deflection
15.5keV/ S| R

NICISS = Neutral Impact Collision lon Scattering Spectrqscopy

L. 1
.'-....---:p
4
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N C
15000 - O ‘ | 1.0 T
‘ Br ‘ P ‘
g “c 0.8 A
= S
210000 - 2 06
3 ?
3 o
o 1.50 molal =
2> 0.41 molal ‘ 5 0.4 7
) | 0.20 molal =
E 5000 0.05 molal *E 0.2 1
£ 0.03 molal 8 5
0.01 molal 8 0.0 -t i
| t
O SIO \nlenn T T T T T T T T T T T LN B R B B B | O 2 -g
2 3 4 5 6 7 8 '

TOF [us]

Allows element-specific depth profiling at interfaces

Depths up to —~20 nm with a few A resolution
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The NICISS technique

spectrum of formamide

back ground
sputtered hydrogen

VLN

fit to the back ground

f oxygen step

4.0

4.5 5.0 55 6.0 6.5 7.0
TOF [us]

Backscattering process
mass dependent
(element identity)
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(depth profile)
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Depth profile of Ru (N719)

0.001

0.0008

0.0006

0.0004

0.0002

concentr. Ru [mol/cm?]

= N719 on porous titania

—N719 on porous titania - corrected

> N719 on ALD titania
J
o
'
[
"

depth [A]

0.0005

0.0004

0.0003

0.0002

0.0001

concentr. Ru [mol/cm?]




Mono- vs. multilayers

concentration [mmol/cm?3]

-
N
U

=

©
N
U1

O
U1

o
N
U1

o

monolayer

multilayer

-20 0 20 40 60
depth [A]

Multilayer = 2-3 dye layers thick




Growth echanism




The main conclusion

Forget SAMs |

Ongoing work:

- Other dyes

- Correlation to photovoltaic
performance

- Adsorption isotherm resolution




A materials challenge

Long-term goal: Mass production of solar cells
requires “solid-state” devices using inexpensive materials

Electrolytes: Combine non-volatile systems with good mass
transport properties, ionic liquids, hole conductors

Dyes: Organic dyes with high extinction coefficients,
water/0O, tolerant, easy to recycle

Mesoporous oxide: Larger pores, thinner films, nanowires,
electrolyte interaction

Device performance is not improved by optimizing components
single-handledly !!!



Using (tele)communication as a model example looking back from
2008 to 1988, the energy sector is the next to face a paradigm

In terms of product and company diversification until 2028
(F. Harén, 2008)

AAISIN .....c o e e

Konarka @ SOLARONIX

technologies

DYE
Gaai

N . Neliatek .. and many more

Dye sensitised (submodule)’” 82+0-3 2545 (ap) Sharp, nine serial cells’
Dye sensitised (submodule)’” 82+0-3 1850 (ap) Sony, eight serial cells®

ProgPhotovolt, 2008


http://images.google.se/imgres?imgurl=http://www.environmentdirectory.com.au/images/Dyesollogo.jpg&imgrefurl=http://www.environmentdirectory.com.au/companies/dyesol.htm&usg=__MzNui0Y1dqwBwTjF7QO7fD5xH-E=&h=174&w=669&sz=13&hl=sv&start=4&um=1&tbnid=iQ_ITW8_2ir1VM:&tbnh=36&tbnw=138&prev=/images?q=dyesol&um=1&hl=sv&sa=N�
http://images.google.se/imgres?imgurl=http://www.nydesignstudio.com/identity/large/g24i1.jpg&imgrefurl=http://www.nydesignstudio.com/logo_design.htm&usg=__T-IlrJh8lg4j7O-qHadM15zv64Q=&h=173&w=400&sz=21&hl=sv&start=17&um=1&tbnid=mXh4AqnnYscrWM:&tbnh=54&tbnw=124&prev=/images?q=g24i&um=1&hl=sv&sa=G�
http://en.wikipedia.org/wiki/Image:Konarka_technologies_logo.png�
http://www.heliatek.com/en/admin�
http://en.wikipedia.org/wiki/Image:I_logo.gif�
http://www.solaronix.ch/�
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INNCVATICNS

NEW RECORD SET FOR RECYCLING INDOOR
LIGHT TO ELECTRICITY

Cardiff, Wales. April 5, 2012: G24 Innovations, a pioneer of light energy harvesting — the
recycling of ambient indoor light to electricity - has achieved ground-breaking efficiency rates
for the indoor performance of its Dye-Sensitised Cells . At an average of 26% conversion
efficiency, a new cell composition has broken the company’s previous record of 15%, already
recognised by Texas Instruments’ Solar Lab as the most efficient indoor light energy
harvesting technology on the market.

The breakthrough, which rates G241°s new PV cell as almost five times more powerful than
1ts nearest commercial competitor, 1s based on recent work by Professor Michael Graetzel and
colleagues at the Laboratory of Photonics and Interfaces , Ecole Polytechnique Fédérale de
Lausanne. Professor Graetzel’s dye-sensitised cell invention is recognised as coming close to
mimicking the light reaction in nature’s photosynthesis.

WWW: April 5, 2012
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