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• Element 8: Oxygen 
• Dye-sensitized solar cells (DSSC) 
• Perovskite solar cells (PSC) 
• Photoelectrochemical Water Splitting 



The Mine in Ytterby, Stockholm Archipelago  
 
- Yttrium     
- Ytterbium 
- Terbium 
- Erbium 
- Holmium 

 
 
- Skandium  
- Tulium 
- Gadolinium 
- Tantal 



Porta Alchemica, Villa Palombara 

Esquiline Hill near Piazza Vittorio 
 

Queen Christina of Sweden 
(abdicated 1654, converted from 
protestantism to catholicism) 

Legend says that Porta Alchemica was raised as a commemoration of 
a successfull transmutation that took place in Christina’s alchemistry 
laboratory at Riario Palace, now Palazzo Corsini.  

Relatore
Note di presentazione
http://en.wikipedia.org/wiki/Porta_Alchemica

The monument has numerous symbols and inscriptions used in alchemy. The inscriptions are hard to read from the monument itself.
Around the circle at top: “The center is in the triangle of the center.” The monument has numerous symbols and inscriptions used in alchemy. The inscriptions are hard to read from the monument itself.

According to a legend dated 1802 sent us by the scholar Francesco Girolamo Cancellieri, a pilgrim "stibeum" (from Latin: stibium = antimony) was hosted in the villa for a night. The "pellegrino", identifiable with the alchemist Giustiniani Bono, stayed for a night in the gardens of the villa in search of a mysterious herb capable of producing gold, the next morning he was seen disappearing forever through the door, but left behind a few flakes of gold fruit of a successful alchemical transmutation, and a mysterious paper full of puzzles and magic symbols that would contain the secret of the Philosopher's Stone. Perhaps the enigmatic paper could refer, for historical and geographic agreements, to the mysterious manuscript Voynich a part of the collection belonged to King Rudolf II of Boemia.[citation needed]
The marquis had engraved on the five gates of the villa Palombara and on the walls of the mansion, the content of the manuscript with symbols and riddles in the hope that one day someone would be able to understand them.

The interest of the marquis Palombara for alchemy was born probably on his attendance since 1656, the roman court of queen Christina of Sweden, at Riario palace (today Palazzo Corsini center of the Lincei National Academy, that later became an Academy attended by all famous personages, erudites and esoteric doctors of that time as Giovanni Cassini or Francesco Maria Santinelli) on the slopes of the Gianicolo hill. After the queen converted to Catholicism, abdicated the throne of Sweden and spent much of the rest of his life exiled in Rome from 1655 until her death in 1689.
Queen Christina had an alchemical laboratory, under the supervision of Pietro Antonio Bandiera in Riario palace attended by people like the esotericists Giuseppe Francesco Borri, and Athanasius Kircher. According to a legend the same Porta Alchemica was built in 1680 as a celebration of a successful alchemical transmutation occurred in Riario laboratory.
Between 1678 and 1680 Borri aka Giustiniani Bono, collaborated with Athanasius Kircher for construction of Porta Alchemica in Palombara villa. Gian Lorenzo Bernini, famous architect and Kircher friend, designed the door. On the door was transcribed the secret formula for producing gold discovery in those years in alchemical laboratory of queen Christina. It is supposed that because of this revelation Palombara, Bernini and Kircher were murdered by poison at 28 November 1680, probably by the same Borri.







On the Way Towards Modern Chemistry –  
the Phlogiston Theory 

Johann Becher, Mainz. 
1667. Eliminated fire, 
water, and air from the 
classical element model 
and replaced them with 
three forms of earth. One 
form was key for 
combustion. 

Georg Ernst Stahl, Halle. 
1703. Named the earth 
form involved in 
combustion - phlogiston 

• A fire-like element called phlogiston is contained within combustible bodies 
and released during combustion 

• The theory attempted to explain processes such as combustion and rusting 
(now known as oxidation) 

• When Scheele and Priestley independently discovered oxygen they used 
phlogiston to explain their results 

• A problem: some metals gained mass when they burned, even though they 
were supposed to have lost phlogiston 

• Importance: A theory that could be experimentally tested 



Who Discovered Oxygen? 

Carl Wilhelm Scheele Joseph Priestley Marie and Antoine Lavoisier 

• In June 1771 Scheele discovered (in Uppsala) that heated  
     manganese oxide produced a gas that he called fire air and  
     described its properties. This was for various reasons not  
     published until 1776. 
• Priestley discovered oxygen using the term dephlogosticated air in 1st of 

August 1774 and published in 1775  
• Lavoisier ”father of modern chemistry” explained the role of oxygen in 

combustion in terms of oxidation, opposing the phlogiston theory. He gave 
the name oxygen (Greek: generate acid) and listed it as an element.  

Partington, J. R.; J. Chem. Educ. 1962, 39, 123. Cassebaum, H.; Schufle, J. A.; J. Chem. Educ. 1975, 52, 442. 



Oxides for Solar Energy Conversion  

Semiconductor: 
TiO2 electrode 

Pt electrode 

H+ 

Problem: A stable oxide like TiO2 only absorbs light in the UV region. How to make 
a stable photoelectrochemical solar cell absorb visible light? 



Dye-Sensitization 

Colour Photography, Erythrosin dye  on 
 Ag-halides. J. Moser, Monatsh. Chem.  
8 (1887) 373 

Mechanism of dye-sensitization. Rose bengal 
 on ZnO. H. Gerischer and H. Tributsch,  
Ber. Bunsenges. Phys. Chem. 72 (1968) 437. 
 
Gerischer, H.; Michel-Beyerle, M. E.;  
Rebentrost, F.; Tributsch, H.  
Electrochim. Acta 1968, 13, 1509. 



The Quantum Leap of DSSC –  
a paradigm shift of photovoltaics 

Nature, 1991, 353,  7377. 
J. Phys. Chem, 1990, 94, 8720. 

From < 1% 
    

7.1% 
    

Brian O’Regan and Michael Grätzel 
HOPV 2012, juanbisquert.wordpress.com 
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Dye-sensitized 
Solar Cells 

DSSC Operational Principles  

Hagfeldt, Boschloo, Kloo, Sun, Pettersson 
Chem. Rev. 2010, 110, 6595–6663 



Chemical Structure of N3 Dye 

Sensitizing Dye Titania Nanoparticles 

20 nm Titania nanoparticles 

Electrolyte  

Ionic liquid 
Iodide/tri-iodide  
redox couple 

The three key ingredients of dye sensitized solar cells 



DSSC: The Hunt for the Half Volt 

E0(Cu-complex) 

New certified record efficiency: 12.25% 
Top lab efficiency: 14.5% with Voc > 1.1V 



Our best indoor light efficiency is 35% 

Relatore
Note di presentazione
Ambient light harvesting systems are of great practical interest as they can serve as
electric power sources for portable electronics and can render the operation of a great
variety of devices for wireless sensor networks (WSN) or IoT (Internet of Things)
autonomous. Here we demonstrate a new dye-sensitized solar cell (DSC) embodiment,
which achieves very high power conversion efficiencies (PCE) under ambient light
conditions. Our photosystem combines two judiciously designed sensitizers coded D35
and XY1 with the copper complex Cu(II/I)(tmby) as redox shuttle (tmby = 4,4',6,6'-
tetramethyl-2,2'-bipyridine), which quantitatively regenerates both dyes at a very low
driving force resulting in open circuit photovoltages (Voc) reaching 1.1 V. The new DSC
embodiment achieves an external quantum efficiency for photocurrent generation
(IPCE), exceeding 90% across the whole visible domain from 400 nm – 500 nm, and
achieves a record power output of 15.6 mW/cm2 and 88.5 mW/cm2, at 200 lux and 1000
lux, respectively, from a 930 fluorescence light tube. This translates into a power
conversion efficiency (PCE) of 28.9%, exceeding the PCE of GaAs under similar
conditions.





Several Concepts Based on DSSC, two examples 

Replace the dye molecule with an 
inorganic semiconductor, e.g. PbS 
or CH3NH3PbI3 
 

spiro-MeOTAD 

Solid-state DSSC 

Solid Hole Transporter 
Material 

U. Bach, M. Grätzel et al. 
Nature 1998, 395, 583–585. 

Quantum Dot Solar Cells 



Tsutomu (Tom ) Miyasaka playing his violin fabricated in 
1835  in Torino Italy during the ICES 2014 conference  
Dinner in Niseto, Hokkaido, Japan on February 06, 2014.  

  PSCs evolved from the DSSC 
The first embodiment of a PSC described by Miyasaka  
In his 2009 JACS paper was a mesoscopic dye sensitized  
solar cell using ammonium  lead halide perovskites 
as sensitizer and iodide base liquid electrolyte. 



World Record Solar Cell Efficiencies 
PSC@25.2% 

26.7% 

OPV@17.3% 



 
EPFL’s most efficient pervoskite solar cells employ 

mixtures of  
organic cations and iodide /bromide  as anion 

 
General composition FA1-xMAxPb(I1-xBrx)   

FA =  

R1 – R4 = H  

formamidinium 

MA = methylammonium X = 0.15 gives optimal results 

N. Pellet et al., Mixed-Organic-Cation Perovskite Photovoltaics for Enhanced Solar 
-Light Harvesting. Angew. Chem. Int. Ed. 53, 3151-3157 (2014). 
N. J. Jeon et al., Compositional engineering of perovskite materials for high-performance 
 solar cells. Nat. 517, 476-480 (2015).  



Dongqin Bi 

Certified efficiency at Newport, 
21.0%, Dec. 2015 (hysteresis-free)  
 

Voc = 1.13 V 
Jsc  =  23.8 mA/cm2 
FF    =  0.78 
PEC = 21.0 % 

Our Certified Champion Cell 

Certified world record is 25.2% 

Nature Energy 
DOI: 10.1038/NENERGY.2016.142 



Michael Saliba 



2016-09-13, Michael Saliba, Multication perovskites 



22 

Device results 

• Highest PCE: 21.6% stabilized 

• Highest Voc is 1.24 V (band gap: 1.63 eV) 
Close to theoretical limit (1.33 V).  

• Among lowest loss-in-potentials (for any PV material) 

• 4% External Radiative Efficiency (ERE, Electroluminescence) 

• Towards GaAs! 

 

Relatore
Note di presentazione
Thanks you for your attention.



 
Stability tests 

Stability: 95% is retained after 500h of continous operation (MPP) at 
85 oC and full illumination 

• Gold/spiro is not a stable contact at high temperatures 
     ACS Nano DOI: 10.1021/acs.nano.6b02613 
• PTAA Polymer as HTM 

Stress test: 85 oC, full illumination, MPP 
for 500h (in N2 atmosphere) 



Planar PSC Structures 

Flat amorphous SnO2 ALD layer  works better than 
flat amorphous TiO2 ALD  Layer - Band Alignment 
Engineering 

hole transporter 
 
Perovskite 
 
 
electron transporter 

J.-P. Correa Baena, L. Steier et al. Energy Environ. Sci. DOI: 10.1039/C5EE02608C 
  

Stranks, NNANO (2015) 

Juan-Pablo 
Correa-Baena 



• Implicit goal: Pure FAPbI3. (ideally no MA and Br) 
 

• MA volatile in thin-films 
• Br blue-shifts the band gap disproportionately  

(not optimal for single-junction) 
• Rb, Cs, FA and I as candidates. (using K is next) 



MA-free, Br-free perovskites 

Efficiency of 20.4% 
with a photocurrent 
> 25 mA cm-2 



Our most recent results - unpublished 

Voc = 1.19V Voc.theoretical = 1.255  Voc loss of only 65 mV – new record! 
 
Electroluminescence = 8.6% 
 
Efficiency = 23.5%.  
 
With Jsc > 26 mA/cm2 and FF = 0.85 we can get efficiencies > 26% 

perovskite 



Photoelectrchemical Water Splitting Using 
Cu2O and BiVO4  



All-oxide unassisted solar water splitting device  
with a record 3% efficiency  
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Linfeng Pan et al. Nature Catalysis, (2018), 1, 412–420 

Carbonate buffer electrolyte, pH=9 



Thanks! 

Michael  
Grätzel 

LSPM 
Anand Agarwalla 

Fatemeh Ansarii 

Saeid Asgary 

Brian Carlsen 

Bitao Dong 

Natalie Flores Diaz  

Firouzeh Ebadi Garjan 

Natalie Flores Diaz 

Mozhdeh Forouzandeh 

Hui-Seon Kim  

Kazuteru Nonomura 

Haizhou Lu 

Linfeng Pan  

 

LPI Team 
Faranak Sadegh 

Yasemin Saygili 

Wolfgang Tress 

Nick Vlachopoulos 

Zaiwei Wang 

Zishuai Wang 

Bowen Yang 

Shaik Zakeeruddin  

Jiahuan Zhang 


	Diapositiva numero 1
	Diapositiva numero 2
	Diapositiva numero 3
	Porta Alchemica, Villa Palombara
	On the Way Towards Modern Chemistry – �the Phlogiston Theory
	Who Discovered Oxygen?
	Oxides for Solar Energy Conversion 
	Diapositiva numero 8
	The Quantum Leap of DSSC – �a paradigm shift of photovoltaics
	Diapositiva numero 10
	Diapositiva numero 11
	Diapositiva numero 12
	Diapositiva numero 13
	Diapositiva numero 14
	Several Concepts Based on DSSC, two examples
	Diapositiva numero 16
	Diapositiva numero 17
	�EPFL’s most efficient pervoskite solar cells employ mixtures of �organic cations and iodide /bromide  as anion�
	Diapositiva numero 19
	Diapositiva numero 20
	Diapositiva numero 21
	Diapositiva numero 22
	Diapositiva numero 23
	Diapositiva numero 24
	Diapositiva numero 25
	Diapositiva numero 26
	Diapositiva numero 27
	Diapositiva numero 28
	Diapositiva numero 29
	Diapositiva numero 30

