Solar Cells:

From DSSC to PSSC

Eric Wei-Guang Diau ( ] 4 #%,)
Department of Applied Chemistry
Institute of Molecular Science
National Yang-Min Chiao-Tung
University (NYCU)
Hsinchu, Taiwan



Renewable Energy and Solar Cells

Fossil fuels - coal, oil and gas - when
burned to produce energy, cause harmful
greenhouse gas emissions, such as carbon
dioxide that make crisis of climate changes.
Renewable energy is energy derived from
natural sources that are replenished at a
higher rate than they are consumed.
Generating renewable energy creates far Llower
emissions than burning fossil fuels, and it
is important to achieve the NET zero carbon
policy in 2050.

Renewable energies include solar energy (K5
), wind enerqgy (JEJJ), geothermal energy (it
), hydropower (/KJj), ocean energy (i) and

bioenerqgy (4'ZEgt).
Solar enerav i< the mo<t abiundant of all



https://unece.org/DAM/energy/se/pdfs/comm25/ECE_ENERGY_2016_4.pdf
https://unece.org/sites/default/files/2021-10/LCA-2.pdf

Introduction to Solar Cells
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Solar Cell Performance Progress up to 2022
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Classification of Commmon Solar Cells
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How to Determine the
Performance of a Solar Cell
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Principle of IV-curve measurements

2400 source meter a Loors
B T | | Rg,=1/slope R.,=1/slope |
: i ——— o = NI 0014
I ! 6 - \
! @Ammeter : — \ 5| o2
AM1.5 : N : S ! 0010
JE i 3 1o,
W Solar cell ! (V Volmeter | £ al !
: — i % - 0006
° p—— | =
; R : a3 4 0008
! .
: ¥ : 2 4 0004
i !
T : 10002
qu.“Valent CII‘CUIt 0 A S 0.000
0.0 05 1.0 1.5 20 25 3.0
R, 'S Yaoltage(v)
: l s A
i
| R.: Series resistance S#EEH
( ) §7 A, Veew
N [ R..,: Shunt resistance i 25 [H
icELL ¥
& o

Basic diode equivalent circuit model of a solar cell.

(A JIEm0-



Power Conversion Efficiency (n)

V. I FF(fill factor)
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IPCE measurements

(Incident monochromatic photon-to-current conversion efficiency)
RS-232

$<\

TTL control

! e Monochromator

e

Shutter

IPCE=
<_number of incident photons

External Quantum Efficiency

Power meter and sensor

Current meter

IPCE(4) =

1240 x | (MAxcm™®)
A(nm) x P(MW xcm™®)

= LHE(A) x D;; X 7c
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Dye-Sensitized Solar Cells

(DSSC)




Why DSSC?

A new paradigm: Mesoscopic solar cells based on
Interpenetrating network (bulk) junctions

 Low fabrication cost

« Simple wet-chemistry processing

* Not sensitive to light level : indoor use

» Materials are environmental friendly & low cost
» Colorful & semi-transparent

» Can be flexible
Electrolyte




Dye sensitized nanocrystalline solar cells lead the new PV generation

LETTERS TO NATURE

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

Brian O’Regan” & Michael Gritzelt

institute of Physical Chemistry, Swiss Federal institute of Technology
[ CH-1045 Lausanrw, Switzerland

THE large scale use of photovoltaic devices for electricity gewer-
ation is prohibitively expensive at preseat: generation from existing
commercial devices costs about tea times more than conventional
metheds' Here we describe a phetoveltaic cell, created from low.

Counnr checrode

o medium-purity materials through low-cost processes, which
exhibits a commercially realistic emcrgy-conversion efficiency. The

device is based on a 10-um-thick. optically transparent film of
titanium dioxide particles a few manometres in size, coated with

4 monolayer of a charge-transfer dye to seasitize the film for light
harvesting. Because of the high surface area of the semiconductor
film and the ideal spectral characteristics of the dye, the device
harvests a high propertion of the incident solar energy flux (46%)
and shows exceptionally high efficieacies for the comversion of
incident photons to electrical current (more than 809 ). The overall
light-to-electric energy conversion vield is 7.1-7.9% in simulated
solar light and 12% in diffuse daylight. The large current densities
(greater than 12 mA cm *) and exceptional stability (sustaining
at least five million turnovers without decompesition), as well as
the low cost, make practical applications feasible.

* Prawent address Depariment of Cremisiry. Unisersity of Washvrgton, Santtie Washington GE166.
UBA
T To whom correspondence SO be aoaressed

NATURE - VOL 353 © 24 OCTOBER 1991 737
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SPRC ¢

DSSC Working Principle
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Solar Spectrum

(MATS Visible
Z

o Spectrum of Solar Radiance
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¢ high molar absorptivity
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Traditional Ru-complex Sensitizers in DSSC
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Ru(dcbpy), N3 Black dye

Gratzel, M. Inorg. Chem. 2005, 44, 6841-6851 (2COO‘TBA+)



Porphyrin-Sensitized
Solar Cells (PSSC)



Using Porphyrins as Potential Sensitizers

Zn-13
metalloporphyrin Voc, mV Jc, mA/em? 1. %
| Zn-3 566 13.5 5.2
Zn-5 553 10.9 4.0
Zn-§ 533 11.4 4.0
Zn-11 500 72 2.4
Zn-13 530 11.0 3.7

Electrolyte : 0.6 M N-methyl-N-butyl imidazolium iodide(BMII),
0.05 M iodine, 0.1 M Lil, 0.05 Mtert-butylpyridine in a 15/85 (v/v)
mixture of valeronitrile and acetonitrile.

J. Phys. Chem. B, 2005, 109, 15405
From Officer’s Lab in NZ and Gratzel’s Lab in Switzerland



Progress on Photosensitizers
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Chem. Soc. Rev. 2013, 42, 291-304.

(1) trinuclear Ru dye,t (2)
N3,2 (3) N3,° (4) N719,7
(5) C101,2 (6) CYC-B11,8
(7) C106,1° (8) black
dye,t

(9) indoline dye,2° (10)
NKX-2677,27 (11) JK2,28
(12) D149,2° (13) TA-St-
CA,%0 (14) MK-2,31 (15)
D205,32 (16) C219,3 (17)
Y123,24 (18) C218,%

(19) Cu-2-a-
oxymesoisochlorin,2® (20)
TCPP,%7 (21) Zn-1a,%8 (22)
Zn-3,39 (23) GD2,40 (24)
tda-2b-bd-zn,*t (25) YD-
2,42 (26) YD2-0C8.24



Design of Highly Efficient Green Dye (YD1)

-4.838 eV

Donor Porphyrin core Bridge Anchor
(D) (P) (B) (A) B3LYP/6-31G(d)

n=6.0% (<98 % of N3dye) e e e ,



Gouterman Four Orbital Model

Meso-carbon

Alu
a2u

18 electrons x
B -carbon

Molecular Structure || g4, (HOMO) az2u (HOMO)

Absorption Spectrum

Molecular Orbitals (D)




YD2-based DSSC Has Achieved 11 %
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Photovolitaic Performance of LD11-LD14

Voltage /V
J V n

gamsly. 02 03 04 05 06 07 Dye = K "
e 203_(a) LD14 ) /mA cm /mV %
O LD11 9.735 674 0.728 4.78
T | LD13
= 15] LD12 LD12  13.235 741 0.758 7.43
% . LDA11 LD13  18.438 697 0.727 9.34
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:_Chem Comm 2011, 47, 8910-8912. :



Electron Injections forYD2-series Porphynns

CeH13

CeH13

{Bu

tBu
YD2 (7= 9.2 %)

OCgH4
Ar = -§
OCsHy4
YD2-mC5

Ar
N w — O COOH

Ar = -% (CgH17 = n-octyl)

CgH4,0
YD2-0C8 (77 = 10.0 %)

(CsH4 4 = isoamyl)

CsHq40
YD2-0C5

o
)

o
o

1.0+ (a) g

T

T T T

On ALO, Fllms (~4 um)

YD2, (z=7 ps)

A YD2-0C8, (r=47 ps) |
o YD2-0C5, (r= 36 ps) |
v YD2-mC5, (z=17 ps) ]
(e]

=+ b4

4 4 : ]
I ' I ' I ' T

N
o
T
—
o +
~

Normalized Fluorescence Up-conversion Intensity
o
o
T

0.0

1

On TiO, Films (~4 um)

Inj =1- (TTIOZ AI203)

5 YD2-0C8, (@, = 0.89)
@ YD2-0C5, (&, = 0.91)
v YD2-mC5, (o, = 0.82)
° YD2, (o, =0.81)

1 " 1 " 1 " 1 " 1 " 1

-10

10 20 30 40 50 60 70

Delay Time /ps

80



A Promising PSSC (YD2-0C8) with PCE 12.3 %
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AY1 electrolyte:

0.165 M [Co(bpy)s](B(CN),),
0.045 M [Co(bpy)s](B(CN),)s
0.8 M TBP

0.1 M LiCIO,

in CH;CN

I Science 2011, 334, 629-634. :
I (No. of citations is over 6500 upto 2022) |



Co-Sensitization
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Desiign of Co-sensitization Systems

Porphyrins
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Using Porphyrin-dimers as Sensitizers
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Design of Near-IR Porphyrin Dimer
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Cocktaill Molecular Co-sensitization
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Design of Near-IR Porphyrin Monomer
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Comparison of Light Harvesting Abilities
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Another Promising NIR Porphyrin Dimer
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Co-sensitization of LDD1 with LD14
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JMCA 2015, 3, 1417-1420.
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Porphyrin versus Perovskite

Perovskite: ABX,
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