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Place of  renewable energy in the new energetic mix

Biomass
1014 kWh

Worldwide consumption (2010): 1.1014 kWh

Hydro-electricity
1013 kWh

Wind
6.1014 kWh

(2011: 5.1011 kWh)



Sun utilization for energy powering
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Photovoltaic history: a question of  name

Antoine Cesar Becquerel 
(1788-1878)

Alexandre Edmond Becquerel 
(1820-1890)

Pt CE in darkness
Pt, Ag, Brass

Modified with halide vapor
(Cl, Br or I)

0

V

Acid or alkaline aqueous
electrolyte



Towards applications

1st generation (1954)

(Bell-labs: Chapin Pearson Prince)

p-n junction made of Si

2nd generation (1983)

p-n junction

Polycristalline or amorphous Si

III – V or II – VI junction

3rd generation (1990’s)

Donor / Acceptor systems

Towards molecular
scale

HOMO

LUMO

Intramolecular CT

Cost, Energy payback but also power conversion efficiency



Last update about PV records

1st and 2nd generation stagnation or incremental progress
3rd generation continues substantial improvement 
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Dye-sensitized solar cells principle
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Dye-sensitized solar cells

Set of advantages over Si

Low cost (0.5 $/Wp)

Sensitiveness to diffuse light

Power conversion efficiency independent to 
light intensity or temperature

Transparent cell (BIPV) and bifacial

Can be made flexible

Lower environmental footprint

DSC

Si



Approach to improve efficiency and stability / Outline
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1/ Approaches to increase PCE by means of  
light confinement enhancement and charge 
collection efficiency (beads and 1D nano)

2/ Understanding of  the degradation
mechanisms in dye-sensitized solar cells

Outline
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Why improving light confinement and cc efficiency ? 
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Increase of both Jsc and Voc are expected !

Approaches to improve 
light confinement

Synthesis of bifunctional beads of TiO2

Sheltering the photo-anode by photonic bandgap cristals with 
controlled periodicity

 

500 nm  



Synthesis of  beads of  anatase TiO2

1st 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)4 (ca. 1µm)

2nd step: Hydrothermal treatment in 25% NH4OH in ethanol at 160°C for 16 hrs

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

Porous spheres

SBET = 87 m2/g with bimodal 
distribution meso-macro 

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

theory  



Beads performances vs. P25
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Comparaison of quantum efficiency using C101 dye

Enhancement of light conversion in the whole absorption spectrum of the dye

IPCE(λ) = ηLH(λ) . ηinj(λ) . ηcol(λ)



0

5

10

15

20

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

C
u

r
r
e
n

t 
D

e
n

si
ty

 (
m

A
/c

m
2
)

Photo-voltage (V)

0.5 sun, Jsc = 9.43 mA/cm
2
 Voc = 730.2mV ff = 0.791  = 10.8%

Dark

0.1 sun, Jsc = 1.77 mA/cm
2
 Voc = 685.6mV ff = 0.809  = 10.4%

1 sun, Jsc = 18.38 mA/cm
2
 Voc = 745.9mV ff = 0.769  = 10.7%

Single layer of 8 µm thick of P25 Single layer of 8 µm thick of Beads

Significative improvement of power conversion efficiency when using the beads
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Highest PCE reported with C101 and close to record

Beads performances vs. P25
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Three layer configuration 20nm + beads + 400nm (C101)

? ?



µs/ms photocurrent and photovoltage transient decay

Red light pulse

White bias White bias
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Greater electron lifetime and enhanced charge transport in beads



µs/ms photocurrent and photovoltage transient decay

10

100

10
17

10
18

10
19

E
le

c
tr

o
n

 d
if

fu
si

o
n

 l
e
n

g
th

 (


m
)

Charge density (#/cm
3
)

Beads 

P25

)D(L nnn 

Jsc = qI0(1-ηinj e
-αd) - q

𝐷°𝑛°𝑑

𝑳𝟐
(𝑒

𝑞𝑈

𝑘𝑇-1) Voc = 
α𝑅𝑇

𝐹
Ln

𝑘ϕ

𝑘
1
𝑆+ +𝒌

𝟐
[𝑰

𝟑
−]



20Pa

40Pa

500nm

500nm
Substrate

TiO2 forest

1D nanostructuration of  photoanode by PLD

Highly porous (80%) hierarchical
nanostructure 

Anatase TiO2 crystals of ca. 15 nm

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



1D nanostructure TiO2
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C101 dye
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Low efficiencies owing to thinner films…
…very high Voc !
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Approach to improve efficiency and stability / Outline
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Research activity in DSSC is dominated by dye engineering for maximum light 
harvesting and mesostructured TiO2 for improving light confinement  and fast

charge collection

Much less in electrolyte development for high stability (Polymers, Ionogels, IL, 
alternate low-volatile solvents)  with slower success of  improvements and 

still difficulties to meet IEC61646 protocol

Improving fundamental knowledge on cell
component interactions and to better understand

the mechanisms of  degradation: 
TiO2, dye, electrolyte?  

Light, temperature or both actions ? 
Why 85°C stability so difficult to pass?
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500 nm  

Our approach

Research overview
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Why Photo2Batt ? 

?

Electrolyte bleaching

Gaz formation

Evolution of  cell ageing 
unusual for an 

electrochemical device with 
sudden breaking down

Electrolyte bleaching upon ageing resulting from iodine consumption [1]:

- Formation of IO3
- induced by water traces [2,3]

- Glass frit reaction with iodine [4]

- Iodine “sublimation” [5]

- TiO2 bandgap excitation [6]

- Iodine reaction with TBP and NCS [7]

- Solvent dependent [8]

Gas formation under reverse biased [3]

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
4 K.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

Pt

State of  the art

TiO2



0

2

4

6

8

10

0 10 20 30 40 50 60

P
C

E
 (

%
)

Ageing days

MPN-based electrolyte – C106 dye
Ageing at 60°C/100 mW.cm-2

Excellent stability Sudden
degradation
(Voc and Jsc)

T (°C)

Why Photo2Batt ? 

?

TiO2

MPN, TBP, SCN…

Evolution of  cell ageing 
unusual for an 

electrochemical device with 
sudden breaking down

Ligand exchange reaction and complex rupture [9]:

- btw NCS- and TBP, H2O, CN from solvent at RT/hυ [10]

- btw NCS- and MPN; Reaction faster when anchored on TiO2
[11]

9 R. Grünwald 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
11 P.T. Nguyen et al., Solar Ener. Mater.& Solar Cells, 2009, 93, 1939-1945

Z907Na

TBP, H2O, MPN, SCN, CN

Pt

State of  the art
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The well-known iodine depletion stems from the surface of  TiO2 (activated by temperature
and no light action)

- Formation of IO3
- induced by water traces [2,3]

- Glass frit reaction with iodine [4]

- Iodine “sublimation” [5]

- TiO2 bandgap excitation [6]

- Iodine 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
3 S. Mastroianni et al., ChemPhysChem 2012. 13(12), 2964
4 K.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
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60

80

100

120

140

160

0 200 400 600 800 1000

N
B

B
 c

o
n

c
en

tr
a

ti
o

n
 (

m
m

o
l/

L
)

85°C Ageing time (hrs)

0

200

400

600

800

-0.5 0 0.5 1 1.5

C
u

rr
e
n

t 
d

e
n

si
ty

 (
m

A
/c

m
2
)

Potential (V)

0 h

100 h

200 h

500 h
-60

-50

-40

-30

-20

-10

0

10

20

-1 -0.8 -0.6 -0.4 -0.2 0 0.2

C
u

rr
e
n

t 
d

e
n

si
ty

 (
m

A
/c

m
2
)

Potential (V)

0 h

100 h

200 h

500 h

ca. 50%
Dye stability ?

Recombination path ?

Jsc limitation

0

0.04

0.08

0.12

0.16

0.2

0.24

0.28

100015002000

re
f

Wavenumber (cm
-1

)

A
b

so
r
b

a
n

c
e
 (

a
.u

.)

Ref

1000h
NCS

-

Cyclic voltamperometry

FT-IR (ATR)
Collaboration: R. Humphry-Baker (EPFL)

Almost full 
depletion

LC/MS quantification with
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50 % NBB 
consummed

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

What is really consumed in the electrolyte ?



Strong absorption band at 440 nm
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No cristallisation of  other things…

Analysis of  aged TiO2

Reference TiO2

500 hrs 60°C/light

500 hrs 85°C/dark

Formation and growth of  an unsoluble degradation layer on TiO2 favored by temperature
and ageing time  SEI layer using Pelled nomenclature (Solid Electrolyte Interphase)

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



What is this SEI made from ?
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ToF-SIMS
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Electrochemical Impedance Spectroscopy
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Impact of  this SEI on recombination
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Conclusions

TiO2 surface deserves MPN electrolyte stability and is at origin
of  not only iodine depletion but also iodide, NCS- and NBB

Formation of  a complex SEI layer on TiO2 which upshifts traps
and activates recombination

SEI layer growth also on Pt with less consequences in 
electrolyte composition. This SEI has another chemistry and 

show enhance electrocatalytic properties

Understanding, puzzling and putting the right chemistry in

Improvement of  cell characteristics / efficiency can be
obtained by improving light confinement  in the photoanode
(beads) and high Voc by 1D nanostructuration of  TiO2

11.3 % achieved by using C101 dye combined to beads
architecture

For high efficiencies

For improving stability

Top-down approach to understand the (photo)-chemical reactions inducing
stress to the cell (only group following this approach)
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