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Place of renewable energy in the new energetic mix \&_\
Worldwide consumption (2010): 1.10** kWh

Biomass Wind

A A } o \ 6.10'4 kWh

Hydro-electricity Solar
10*° kWh 108 kWh

We are receiving in one hour the equivalent of 1yr energy consumption



Sun utilization for enerqy powering
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Photovoltaic history. a question of name |

(¢ LRCS

Antoine Cesar Becquerel Alexandre Edmond Becquerel
(1788-1878) (1820-1890)

MEMOIRES LUS.

Meémoire sur les effets électriques produits sous Uinfluence des rayons
solaires; par M. Evmono Brcouener.

& Aetion de la radiation suv les Inmes métalirues.

« Dans le dernier Mémoire que j'ai en I'honneur de présenter 4 1'A¢a-
démie , dans sa séance du lundi ag juillet 1839, je me suis attaché a
mettre en évidence, 4 l'aide des courants ¢lectriques, les réactions chi-
miques qui ont lien au contact de deux liquides, sous Uinfluence de Ja
lumiére solaire. Le procédé que jai employé nécessilait Pemploi de deux
lames de platine, en velation avec les deux estrémités du 6l dun mulri-
plicateur trés sensible et qui plongeaient chacune dans vne des disso-
lutions superposées. Or comme ces deux lames éprouvaient elles-mémes
les effets de la radiation, il a dii en résulter des phé:mm_éqes composés,
dont je vais m'occuper dans ce nouvean Mémoire. On sera 4 méme en-
suite de faire la part de chacun des effets produits,

Pt, Ag, Brass
Modified with halide vapor
(Cl, Brorl)

A
OF

ry«

Pt CE in darkness

Acid or alkaline aqueous
electrolyte

» Lames dargent. — Des lames d'argent parfaitement décapées ont été
mises dans 'appareil & compartiment rempli d’eau acidulée par acide sul-
farique; exposées successivement 4 la radiation solaire, elles ont donné
un courant de 1 4 2 degrés; la lame exposée était négative par rapport an
liquide : en opérant avec les mémes lames qui avaient servi d'électrodes
et exposant 4 la radiation solaire la lame positive ou oxidée, le courant n'a
pas été plus intense, ’ : :

» Cette faible action pouvant étre négligée, j'ai déposé sur les lames d'ar-
gent des vapeurs de brome, d'iode et du chlore. Avec une couche épaisse
de vapeur d'iode, répandu sur la lame, on a obtenu un courant assez in-

tense, dirigé dans un sens tel, que la lame exposée su soleil prenait au
liquide I'électricité négative, résultat qui annoncait 'action de lode sur
Vargent; quand la_couche d'iode était trés mince, on avait un conrant élec-
trigue allant en sens inverse, ce qui indiquait une action chimique inverse

de lax précédente; par premiére impulsion 4 la lumiére diffuse , le courant
obtenu, dans une expérience, produisait une déviation de 45 degrés.

» Quand on emploi¢ du brome au lieu d'iode, le courant qui est assez
fort a toujours lien de maniére que la lame exposée est négative par rap-
port au lignide.

» Ces courants n'ont que peu de durée, car une exposition de quelques
instants & la radiation atinosphérigque suffit pour effectuer complétement
la réaction du brome et de l'iode sur Pargent.



Towards applications
1st generation (1954)

p-n junction made of Si
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3rd generation (1990°s)*
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Last update about PV records

P ‘JSC 'VOC ff

T] = 1125 =
I:)ill

Best Research-Cell Efficiencies

LRCS
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15t and 2"d generation stagnation or incremental progress
3"d generation continues substantial improvement
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Dye-sensitized solar cells principle \& ERE )
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Dye-sensitized solar cells ‘-&g:\s

Set of advantages over Si
Low cost (0.5 $/W,)

Sensitiveness to diffuse light

Power conversion efficiency independent to
light intensity or temperature

WIS T AL F— TR
ABEMEIELFEL GL

Transparent cell (BIPV) and bifacia

Can be made flexible

Lower environmental footprint



Approach to improve efficiency and stability / Outline

TlzJSC Voc ff/ (Dph

Outline

light confinement enhancement and charge | ke
collection efficiency (beads and 1D nano)

2/ Understanding of the degradation

D°n°d il
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Approach to improve efficiency and s

n=J.. V.. ff/ D,

Outline
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1/ Approaches to increase PCE by means of E
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Why improving light confinement and cc efficiency ? V'gg_c\s

Jse = qlo(1- Ninj € d ﬂ- Voe = (%)Ln(kl[Sﬂlj—q:cz[g—])

Increase of both J..and V. are expected !

i Sheltering the photo anode by photonic bandgap cr/sta/s with
Approaches to improve controlled periodicity

light confinement

fynthsis of bifunctional beads of TiO,



Synthesis of beads of anatase TiO, Sl

15t step: Synthesis by sol-gel of the spheres
Addition of Ti(iOPr) into a solution of hexadecylamine in ethanol (0.1M KCl)

Monodisperse spheres of amorphous
Ti(OH), (ca. 1um)

2" step: Hydrothermal treatment in 25% NH,OH in ethanol at 160°C for 16 hrs

Porous spheres

Bl Sz = 87 m?/g with bimodal
f-"’ distribution meso-macro

Beads morphology exhibits
dual functionality: high
surface area and scatter
light according to Mie-
theory

F. Sauvage et al., ACS nano 2010, 4(8), 4420



Beads performances vs. P25

Comparaison of quantum efficiency using C101 dye
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Enhancement of light conversion in the whole absorption spectrum of the dye



Current Density (mA/cm?)

Beads performances vs. P25

Single layer of 8 um thick of P25

Single layer of 8 um thick of Beads
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Significative improvement of power conversion efficiency when using the beads
(gain in Jsc and Voc)

D°n°d
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LRCS

Beads performances vs. P25

Three layer configuration 20nm + beads + 400nm (C101)
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us/ms photocurrent and photovoltage transient decay
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1D nanostructuration of photoanode by PLD

Highly porous (80%) hierarchical
nanostructure
Anatase TiO, crystals of ca. 15 nm

F. Sauvage et al., Nano Lett. 2010, 10, 2562-2567



1D nanostructure TiOg

Photo-current density (mA/cm2)

C101 dye
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1D nanostructured 770_2

ca. 2 orders of

Dark current density (mA/cm3 X (1-porosity))

Bias voltage (V)

The hierarchical trees exhibit mor e
than 100 times lower dark current

Bias Voltage (V)
2 orders of magnitude greater
electron lifetime

magnitude .
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F. Sauvage et al., Nano Lett. 2010, 10, 2562-2567



Current density (mA/cm®)
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Approach to improve efficiency and sta'ty/ Out//:ne
N=Jsch¥os ff/ (Dph ( |

Outline

D°n°d
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2/ Understanding of the degradation

mechanisms in dye-sensitized solar cells
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Research overview \';K';C\S

4 Research activity in DSSC is dominated by dye engineering for maximum light
(.‘é" harvesting and mesostructured TiO, for improving light confinement and fast
- charge collection

-

ST iy :‘«“ £ o

‘./;“‘f

Much less in electrolyte development for high stability (Polymers, lonogels, /L,
alternate low-volatile solvents) > with slower success of improvements and
still difficulties to meet IEC61646 protocol

20

Our approach

15 -

7 Improving fundamental knowledge on cell
Champion cell ] component interactions and to better understand

ol the mechanisms of degradation:
' ] Ti0,, dye, electrolyte?
Stable cell ] Light, temperature or both actions ?

Why 85°C stability so difficult to pass?

Power conversion efficiency AM 1.5G (%)

Il
1990 1995 2000 2005 2010 2015

Year



State of the art N

MPN-based electrolyte — C106 dye
Ageing at 60°C/100 mW.cmr?

10

8 Evolution of cell ageing

g unusual for an

o electrochemical device with
g sudden breaking down

Ageing days

Electrolyte bleaching upon ageing resulting from iodine consumption I

Gaz formation
- Formation of 105" induced by water traces [24]
- Glass frit reaction with iodine 4

- lodine “sublimation” P!
TiOo, - TiO, bandgap excitation [¢]
- lodine reaction with TBP and NCS [7
— - Solvent dependent [8]

1 M.I. Asghar et al., Solar Energy 2012. 86(1), 331
2 B. Macht et al., Sol. Energy Mater. Sol. Cells 2013, 119, 36-50

Y o = 3 y o (3] 3 S. Mastroianni et al., ChemPhysChem 2012. 13(12), 2964

Q/ectrolyte b/eaChin Gas rmatton under reverse blased [3] 4K.F. Jensen et al., Proceeding 27t Eu-PVSEC 2012, Germany
5 M. Gorlov et al., Dalton Trans. 2008, 2655-2666

6 A. Hinsch et al., Prog. Photovoltaics 2001, 9, 425-438

7 H. Greijer et al., J. Phys. Chem. B 2001, 105, 6314-6320

8 A.G. Kontos et al., J. Phys. Chem. C 2013, 117, 8636-8646




State of the art \" ERE N

MPN-based electrolyte — C106 dye
Ageing at 60°C/100 mW.cm?

10

Evolution of cell ageing

S unusual for an

L o . .

O electrochemical device with
! sudden breaking down

0 16 26 ?:0 46 50 60
Ageing days
Ligand exchange reaction and complex rupture [°1:

- btw NCS- and TBP, H,0, CN from solvent at RT/ho 1%
- btw NCS- and MPN; Reaction faster when anchored on TiO, [*

‘ MPN, TBP, SCN...

9R. Grinwald et al., J. Phys. Chem. B 1997, 101, 2564-2575
10 F.N. Mohammadi et al., J. Photochem. Photobiol. A: Chem, 2007, 187, 348-355

TBR Hzol MPN! SCNI CN 11 p.T. Nguyen et al., Solar Ener. Mater.& Solar Cells, 2009, 93, 1939-1945



Effect of TiO, on thermal stability of MPN-electrolyte \';R S
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The surface of TiO, catalysis the thermal degradation of MPN electrolyte components and
induces AN formation as an intermediate degradation product



ADSOrpance (a.u.)

Effect of 7702 on electrolyte ageing

85°C/dark ageing
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The well-known iodine depletion stems from the surface of TiO, (activated by temperature

and no /jght act(on)

) ion-of 10~ inducecH -

] trss fri ; b oo 1) ]

) SR ) [T X x » [5]
- 1o0aine suottmation <4

- lodine reaction with TBP and NCS [7]
- Solvent dependent [®]

- LC/MS (ESI)

TIC (ESI -)

m/z=175 (IOS')

5 10

15 20
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1 M.I. Asghar et al., Solar Energy 2012. 86(1), 331

2 B. Macht et al., Sol. Energy Mater. Sol. Cells 2013, 119, 36-50
3 S. Mastroianni et al., ChemPhysChem 2012. 13(12), 2964
4K.F.Jensen et al., Proceeding 27th Eu-PVSEC 2012, Germany
5 M. Gorlov et al., Dalton Trans. 2008, 2655-2666

6 A. Hinsch et al., Prog. Photovoltaics 2001, 9, 425-438

7 H. Greijer et al., J. Phys. Chem. B 2001, 105, 6314-6320

8 A.G. Kontos et al., J. Phys. Chem. C 2013, 117, 8636-8646



What is really consumed in the electrolyte ?

Current density (mA/cmz)

800 —

(o2}
o
o

Important reduction of amount of charge
species in electrolyte...consequences to mass
transport in electrolyte (migration vs. diffusion)

400

200

Cyclic voltamperometry

Current density (mA/cm?)
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Analysis of aged 7'/’02

LRCS
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No cristallisation of other things...

60°C/light
10 nm ‘
layer on TiO, favored by temperat

re

and ageing time > SE/ layer using Pelled nomenclature (Solid Electrolyte Interphase)

M. Flasque et al., ChemPhysChem, 2014, 15(6), 1126-1137



What is this SEl made from ? \L: =

N

XPS analysis (C, N, S, | signals appearing)
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What is this SEIl made from ?

ToF-SIMS SEl
300nm compact layer of TiO,
Si(001)
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ToF-SIMS consistent with XPS (2 signals from N) and HRTEM



Impact of this SE/ on recombination
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Impact of this SE/ on recombination

Cell capacitance (mF/cmZ)

Electrochemical Impedance Spectroscopy
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Lower electron lifetime >
responsible for Voc loss upon ageing



Impact of this SEI/ on recombination \';:;C\s
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Bond breaking of MPN favored by TiO, leading to AN and MeOH

SE/ likely made of polymeric AN



Conclusions

Improvement of cell characteristics / efficiency can be
obtained by improving light confinement in the photoanode
(beads) and high Voc by 1D nanostructuration of TiO,

11.3 % achieved by using C1071 dye combined to beads
architecture

TiO, surface deserves MPN electrolyte sta }, and is /at"brigin
of not only iodine depletion but a/ 30 jodidle, NC}Jhd NBB

”~
s
on Pt with'less consequences in

electrolyte.composition. This | has another chemistry and
“show en ance e ctrocatalytic properties

Understanding, puzzling and putting the right chemistry in
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