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“Synthetic metals” which combine chemical and mechanical properties of
polymers with electronic properties of metals and novel optical properties.

Inexpensive to make, flexible, light-weight, and stable.
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Polymers with Unsaturated (Conjugated) backbone structure

A conjugated main chain with alternating single and double bond.

First example of conjugate polymer:

P I 2 Ve N N Synthesized (by serendipity) - Shirakawa
n

Polyacetylene
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Conductive polymers

1- The first condition for this is that the polymer consists of alternating single and double bonds, called conjugated
double bonds.

2- The second condition is that the plastic has to be disturbed because full orbital can not conduct electrons, so to
get a conjugated material to conduct:

- removing electrons from the HOMO creating holes (oxidation) - DOPING

- inserting electrons to LUMO (reduction)

15-puzzle

The game offers a simple model of a doped polymer. The pieces cannot move unless there is at least one empty

"hole".
In the polymer each piece is an electron that jumps to a hole vacated by another one. This creates a movement

along the molecule - an electric current.
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Doping process

undisturbed

n-doping (red.) RN conjugation p-doping (ox.)
‘ = PR : positive /\M/ radical-cation
negative S A radical anion i .
polaron °
negative “ # carbodianion gQSitliVG carbodication
bipolaron ipolaron

Polaron (mobile along the polymer chain).

Two polarons may collapse to form a Bipolaron,
(bipolaron are not independent, but move as a pair).
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Polyaniline

A conducting polymer that can be grown by using agueous and non-aqueous route.
Can be obtained by electrochemical synthesis or oxidative coupling of aniline.
Doping achieved by adding protonic acid.

Several forms: leucoemaraldine, emaraldine, emaraldine salt, pernigraniline.

H "li H |‘|i H Leucoemeraldine
_N_O_N_Q_N_Q_N_@_N_@_ colorless, insulator
fully reduced
l-ll l_Ii p— Emeraldine base
TN N N\ / N N % Green, insulator

partially oxidized

|-|| r|1 T_ i - Emeraldine salt
TN N \ / N = Blue, conductor
+ +

protonated, partially oxidized

xL |
Pernigraniline
—N =<:>—N=C>—N=<Z>—N=©— Purple, insulator
fully oxidized
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Polythiophene /S\

n
Environmental stable and highly resistant to heat.
Synthesized by the electrochemical polymerization of thiophene.
Can also be obtained by various types of metal catalyzed coupling reaction.
However, the coupling can be either head-to-head (HH), head-to-tail (HT), or tail-to-tail (TT).
Material Dopant s (Scm?)

\g;; i W SN %%"}’WMA}W

W‘%ﬁ agiiw xaw*\“@ .\%ﬁ% i . ]

W& ARG ‘ ;f,w Polythiophene SO,CF, 10-20
ST

/?jy

e M@‘ 1SS Poly(3-methylthiophene) PF, 510
ST s L L{» Q{a y ylthiop 6
”iﬁég«é& w - M Poly(3-ethylthiophene) PFg 270
e v e 5T Poly(3-buthylthiophene) 1, 4
(/‘éjg//’ W ' ‘ Poly(3-hexylthiophene) PFg 30
P Y .
L RR 100% ’ ,\ Poly(3-hexylthiophene) l, 11
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Polymer Conductivity

Metals Polyacetylene

Polyaniline

.....
.....
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tttttttttt

Typical insulator polymers
Polyethylene s ~ 101> S cm™
Polytetrafluoroethylene (PTFE) s ~ 1016 S/cm
Polystyrene s ~ 101> S/cm

drbescetren
...........
..........
...........

nsulators

Conducfivity (S/cm)
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Electrospinning \
Process by which high static voltages are used to produce {/ \\ . ©
nanometer-scale fibers from a polymer solution. \ i} / |
T\ Supply
Polymer solution with sufficient molecular weight and viscosity. /

High voltages applied to solution.
Fibers deposit on collection target.

o~
—
\5_,

Controllable Parameters:

Polymer concentration
Deposition height ~ Ordered polymer chain structure
Voltage Applied
Flow Rate

Needle Diameter
Temperature/Humidity
Fiber Alignment
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Macromolecules

Blend Fibers and Mats
Yuxi 7 regory C. Rutledge®

Electrospinning of Polyanyline: pros and Cons  ..ci. e

Advantages

Flexibility and miniaturization

-

A fiber axis

molecular axis

Table 3. Electrical Conductivities of PAni Fibers before and
after Stretching

strain fiber diameter (nm) electrical conductivity (S/cm)
0 620 + 160 50 + 30
0.30 570 + 200 54+ 15
0.50 500 + 150 70 + 50
0.72 450 + 70 105 + 40
1.0 420 + 130 130 + 40
200
180 f
£ |
S 160
172 L
D 140 ‘ 0
2 120 | [
2 . 072
B 100 ) '
3
c 8 L 050
8 60 | 0.30|
: -
g wf 1
o2t
0
0 0.1 0.2 0.3 04 05

Molecular Orientation,

Polymer chain orientation inuced by electrospinning
leads to improved electrical properties

Disadvantages

"Blending high molecular weight nonconducting polymers with
the conductive polymers to make the solution electrospinnable
remains one of the most effective ways to solve the problem
of low solution elasticity, the resulting fibers have much lower
conductivity due to dilution of the conducting component.”
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S # ¢
c 0.01
8 ®
3 0.001 | ®PAN-PMMA Blend
o
ic T APAN-PEO Blend
0.0001 MPure PAni
é
0.00001
02 0.4 06 08 1

Weight Fraction Doped-PAni in Fiber

Post-electrospinning  nonconducting  polymer
removal is required to obtain pure PANI
nanofiber.
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Electrospun Polyaniline-Based Composite Nanofibers

Jouraal of Nanamsteri
Volume 2017, Astic
ttpes/jdoi or/ 10,1155/ 2017

10 pagee
2140

Research Article

Electrospun Polyaniline-Based Composite Nanofibers:
Tuning the Electrical Conductivity by Tailoring the Structure of
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"Electrospun polyaniline-based composite nanofibers: tuning the
electrical conductivity by tailoring the structure of thiol-protected
metal nanoparticles" T

H ve nanc : ors in lhc polymer matrix 1nﬂucnu~ the charge transport noticeably improving electrical conductivity.
ournal ot Nanomaterials o e ety
) L] composition is a kc\ pmmm nh h IS -d 3 nt infh ¢ ¢ u f the nanocomposites. These 5
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Composite nanofibers made of a polyaniline-based polymer blend and different this
using ex situ synthesis and L]L\lm\pmnmn techaigue

-capped metal nanoparticles were prepared
effects of the nanoparticle composition and chemical structure on the
y procedure is an effective method
alloy nanoparticles protected with different types of
is 2 valuabl e teck '-{Jt‘ for the -vm.luumn \:F ccsmpcmlc nan

prove t

L. Introduction Electrospinning is the most attractive technigu he
fabrication of continuous polymer 1D nanostructures with
Organic electronics are based on the application of - controllable diameter and compositions [4, 5]. Furt
COjug; olymers (e. Vs electrospinning leads to the fabrication of nanofibers
because they combine their a favorable hierarchical structure for the development of
properties. with typical \ch c polymer properties such advm...d glocmm; devices, lhanks to th tching and
lity, low .\Jsl aml bmul pru.uss-.\hi]\l" 1, 2]. One- i
3 studied in-depth  a pr‘ ch.mh.l and
L]thf"nhs ecause of their small into the m: y
ongation, which enable electrical 3 P) sn]LU\Jns hl\"' an m.\umc nt \‘i.\:nsil}' for
y along a controlled direction and  the successful formation of nanofibers
roduction of high-performance  spinning process. However, electrospun I
tronic systems with nanoscale dimension [3]. be easi ]y fabricated by adding an auxiliary pol\r‘mr {eg.

al [7]
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Electrospinning of Polyanyline

Polymer solution:

500 mg of polyaniline emeraldine base + 645 mg of camphorsulphonic acid + 500 mg of polyethylene oxide in 50 ml of CHCl,

Experimental Paramenters:
Applied electric potential: 9 kV e

Distance needle-collector: 15 cm : ¥, Polyaniline
Flow of polymer solution: 5 pl/min v

semi-
conductors

insulators

Conductivity (S/cm)

Fiber diameter: 565 = 75 nm.
Electrical conductivity: 6.81 x 1078 + 3.8 x 1079 S/cm.
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Electrospun conductive polymer composites

200 nm

Reduced Graphene Oxide (rGO) Multi-Walled Carbon Nanotubes (MWCNTS) Inorganic Nanotubes

[F. Pierini, M. Lanzi, P. Nakielski, K. Zembrzycki, S. Pawlowska, and T.A. Kowalewski, “Electrospun poly(3-hexylthiophene)/poly(ethylene
oxide)/graphene oxide composite nanofibers: effects of graphene oxide reduction”, Polymers for Advanced Technologies, 27 (2016) 1465-1475.]

[F. Pierini, I.G. Lesci, M. Lanzi and N. Roveri, “Comparison between inorganic geomimetic chrysotile and multiwalled carbon nanotubes for the
preparation of one-dimensional conducting polymer nanocomposites”, Fibers and Polymers, 16, (2015) 426-433]
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This research is aimed at invastigating proves the possiblity to tailor nanocomposite properties

by modifying the chemical structure and surface properties of nanofillers without changing the
polymer blend composition and the nanofiller concentration.

Several material properties should be maintened unchanged:
- Nanofiber dimension and orientation

- Polymer structure (e.g. crystallinity)
- Nanofiller dimension, concentration and geometrical distribution
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Electrospun Polyaniline-metal nanoparticle composites

=

Electrospun Polyaniline and Silver nanoparticles fibers Electrospun Polyaniline and Copper nanoparticles fibers

Kietbasa-like structure
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Thiol-protected metal nanoparticles

HS

<ZT>Biotin-maleimide T g
@ Dyesidrugs ,-,qf“ N
@®rophyins

a = trialkoxy silane-polymar/PEGPEI
b= w-bromofodo acetic ester, then hydrolysis
c= 3-aminopropyl ti{m)ethoxysilane

- d i A

e

i tri

3 I

o ,

f = brome-/chlaro- acetyl bromide/chloride

., 9= porphyrin-functionaized (s i
v N = alkyl bromidefodide+base

Advantages: @ E
- stable without aggregation i P ! i M-

-8
i £ E s
OBy es> X \ 7 -soD k= acid halldefsocyanate/anhydride

- possibility to attach several kind of molecules <o % /1

= o s s -—-.  m= carboxylic acid+DIC/base
OH——> b;s. \',Br.ck—> O0CGws

% OH 3 O n = protein/peptide/DNASIRNA+EDCIDIC
~{\—'0H =€, -1 4 3 o= acid halide/isocyanate/an hydride
OH b N & P = biotin succini imi inimide.
“~a \ \l- (50 and men _pmldemlDNA:annbody.'siRNA
N q= biotin+base o °
\%&ﬂ Oo r = sodium azide followead by click reactions
Tf{.) L s = thiols of hydrocarbons/Cey/gold/QD, etc
Si = thiolated DNA/siRNA/profein/polymer
] > u = malelmice-biotinidyefprotein. etc.
- \ & v = liquid ammonia
- % 2 RS w = tetrabutyl ammoniumfloride
D I S ad Va n tag e S . @ Proiein/antbody / +hexametnyldisiiathiane N
@ Alkyliand e ¢ }
CTTODNASIRNA & o X TG

- non-conductive shell i

SH
1-phenylethyl mercaptan
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Ag Nanoparticles

Brust—Schiffrin synthesis (BSS)

Nitrogen atmosphere
Room Temperature

1,0 mmol of AgNO;
2,4 mmol of NaBr in 30 ml H,O | SHAKE FOR 30' AND
1,85 mmol of TOABr in 20 ml of toluene PHASE SEPARATION
3,1 mmol of BuSH in 30 ml of toluene

10 mmol of NaBH,4 in 15 ml of H,O mQ } NSRSy

Solvent evaporation X-
Washing with methanol
Final solvent: methanol
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Thiol-protected metal nanoparticles

Nanoparticles Starting metal salt Capping agent
Au-MBT 0.5 mmol of HAuCl, 1 mmol of MBT
Metal core Au,Ag,-MBT 0.4 mmol of HAuCl, + 0.1 mmol of AgNO, 1 mmol of MBT
composition 7
Au,Ag,-MBT 0.1 mmol of HAuCl, + 0.4 mmol of AgNO, 1 mmol of MBT
Ag-MBT 0.5 mmol of AgNO, 1 mmol of MBT i
= Organic shell
Ag-BuT 0.5 mmol of AgNO, 1 mmol of BUT structure

Capping agents

: .SH
/\/\
H3C SH

4-methylbenzenethiol (MBT) Butanethiol (BuT)
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Thiol-protected metal nanoparticles

BT TE ot I TR LR R0
T

4 "{"‘m
IR

ot

Spherical
5/6 nm particles.

: s§i3§§
WAL

X 2yt o5 ..
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Thiol-protected metal nanoparticles e cemss C-

@,Gvssm Nanostructure of wet-chemically prepared,
~ polymer-stabilized silver—gold nanoalloys (6 nm)
“®% over the entire composition range

S. Ristig,” O. Prymak,” K. Loza,” M. Gocyla,” W. Meyer-Zaika,” M. Heggen,"
D. Raabe“ and M. Epple**

Capped AuAg alloy nanoparticles have a metal core-shell
- structure with an Au-rich core and an Ag-rich shell at a low
silver content.

When the amount of silver is predominant, the distribution of
metals into the nanoalloys structure is stochastic and a single
particle contains more than one crystallite. The different size
-~ distribution of Au;Ag,-MBT results from a change in the
nucleation and growth mechanism if compared with the other
nanoparticles.

Scanning transmission electron microscopy (STEM)
combined with

energy-dispersive X-ray spectroscopy (EDX)
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Metal core composition

UV-Vis
. —_— 4 @
0.30- £ s2-
= 0 os | S 500-
5 0.25 = ]
s g
§ 0.20 4 Au,Ag -MBT c‘% 480'_
3 1 c 460+
S 0.151 2 ]
2 1 Au Ag,-MBT -g 440 A
0.10 1 £ )
] Ag-MBT = 420__
0.05 2 400-
! I ! I ' I ' I 4 I ! 1 % I ! I ' I 4 I T T T T
350 400 450 500 550 600 650 n 0.0 0.2 0.4 0.6 0.8 1.0
Wavelength (nm) Au molar fraction
Capped metal nanoparticles show surface plasmon The continuous change in the SPR absorption
resonance (SPR), due to the interaction between maximum as a function of the Au : Ag molar
light and metal electrons in the conduction band ratio can be used to accurately quantify the
which collectively oscillate in resonance at specific composition of alloy nanoparticles.

wavelength. SPR wavelength varies with particle
size, shape, and metal type.
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Organic shell composition

FT-IR
SH
] ASNsH /@*
0.09 HaC
0_08—- Assignments Ag-BuT (cm) Ag-MBT (cm)
51| koloy - v=CH (aromatic group) - 3015
S 0.07-
© ]
Té . v -CH; (alkyl group) 2956 2850 - 3000
§ | AgmBT
ceu 129 ‘*-*—"\\A,J\J LJ( V asymmetric “CHz  (alkyl group) 2932 -
g 0.051
< ' V oymmetric -CH,  (alkyl group) 2685 :
0.04
y v C-C=C (aromatic group) - 1400 - 1650
0.03
y y-CH, (alkyl group) 1460 -
0.02
1 Y in-plane =CH  (aromatic group) - 1000 - 1200
0.01
\ L Y outof-plane =CH  (aromatic group) - 801
0.00 T

T T T T — T T T T T I
4000 3500 3000 2500\ 2000 1500 1000 500

v S-H (thiol group) 2550-2600 cm!
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Organic shell composition

100 - TGA

98 - :
1 The total mass loss for of Ag-BuT is almost 16%,

96 - while total mass loss for Ag-MBT is more than
94_' 20%, which is consistent with the molecular mass

g ] of the capping agents. This, confirms that the
= 924 number of thiol molecules attached onto the metal
= ' surface is comparable.
© 90
< i
88 1
86 - . The Ag-BuT degradation took place in a wider
iy SH . . . .
84 - range of temperature swhich is an indicator of the
) o degree of disorder in interchain interactions,
2 O especially when compared with Ag-MBT
80 HSC Ag-MBT nanoparticles where the m—m stacking of aromatic
, . , : I : , : , . , rings can create stable supramolecular structures.
100 200 300 400 500 600

Temperature (°C)



Electrospun composite nanofibers

Polyaniline (500 mg) + HSCA (645 mg) + PEO (500 mg) sample o e Aol oltse Needletaree diance
diSSOIVed in 50 ml Of CHCI3 Neat nanofibers 5.0 9.0 15.0
PANI/Au-MBT 5.0 8.0 12.0
) . PANI/Au,Ag,-MBT 5.0 7.0 10.0
5.0 mg of nanoparticles (7.06 wt% of the final dry PANI/Au, Ag,-MBT 5.0 70 10.0
composite) to 2.0 ml of polymer blend solution. PANI/Ag-MBT 5.0 8.0 8.0

PANI/Ag-BuT 5.0 8.0 8.0
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Electrospun composite nanofibers: morphology

SEM

PANI nanofibers PANI/Ag-MBT nanofibers
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Electrospun composite nanofibers: morphology

\‘
AR\ ..

PANI/Ag-BuT nanofibers PANI/Ag-MBT nanofibers PANI/Au-MBT nanofibers

200 nm

PANI/Au,Ag,-MBT nanofibers

PANI/Au,Ag,-MBT nanofibers
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Electrospun composite nanofibers: chemical structure

XRD

14000 -

12000 —

10000 - Two typical peaks at 26 = 19.1°

PANI/Au,Ag -MBT and 23.3°, which correspond to

Intensity (a.u)

8000 - semicrystalline PEO.
. PANIIAu1Ag4-MBT
6000 —
4000 | PANI/Ag-MBT Crystalline PANI peak diffracted at an
N angle of 26=25.72° is absent.
2000 —
Neat nanofibers
0 ' | I ' | ' | ' | ' I ! | ’ I ' | ' I

2 Theta (degree)
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Electrospun nanofibers: electrical properties

Nanoparticle metal core influence Four Point Probe Test Nanoparticle organic shell influence
1E-5 1E-5
_—
E 1E6 T E 1E-6 <
2 o
D L
- Sample Fiber diameter (nm) Electrical conductivity (S/cm) -
g PANT 565 + 75 681x10°%+38x10~° ES
= PANI/Au-MBT 635 + 135 520x 107 +3.6x107® s
g 1E-7 3 . . . 7 ) -8 = 1E-T :_
S ] PANI/Au,Ag,-MBT 690 + 116 261107 £3.4%10 < ]
8 PANI/Au,Ag,-MBT 678 + 127 316x107 +42x10°° 8
c_‘; PANI/Ag-MBT 648 + 109 9.18 %107 +85x 107 c_::
0 PANI/Ag-BuT 611 + 101 319%x10°+£29x%x 1077 ks)
= 1E-8 < 1E-8 |
Q ] ko) ]
L Ll
1E-9 , 1E-9 ,
Z b @ @b o = B 5
< = = = = < @D
D— 1 1 Iﬁ‘ 1 D_ z 1
> < (@) ! (@)
< (@)] (@] < (@) <
= < < = < =
=z S S <ZE = <ZE
g £ £ 7 S a
: 2
a A
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Electrospun Polyaniline-Based Composite Nanofibers:
Conclusions

- Nanofibers have defect-free cylindrical morphology, with similar fiber diameter and orientation.
- Uniform dispersion of the spherically shaped metal nanoparticles in all the electrospun polymer nanofibers.
- Conjugated polymer chain arrangement is not affected by the presence of nanofillers.

- Polymer matrix structure is not influenced by the metal nanoparticle core and thiol protecting layer composition.

- Nanocomposites exhibit improved electrical conductivity when compared with the electrospun neat material.

- The electrical conductivity of electrospun nanocomposites is influenced by the nanoparticle metal core composition
and structure.

- Pivotal role of the thiol layer structure in order to produce nanocomposites with desirable electrical properties.
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Electrospun Nanofibers for Organic Photovoltaics

Macromolecules

Single-Material Organic Solar Cells Based on Electrospun Fullerene-
Grafted Polythiophene Nanofibers

Filippo Pierini, " Massimiliano Lanzi,* Pawel Nakielski,” Syhwia Pawlowska,” Olga Urbanek,”
Krzysztof Zembrzycki, and Tomasz Aleksander Kowalewski

"Department of Biosystems and Soft Matter, Institute of Fundamental Technological Research, and * Labaratory of Palymers and
Biomaterials, Institute of Fundamental Technological Research, Polish Academy of Sciences, Warsaw 02-106, Polind

*Department of Industrial Chemistry “Toso Montanari®, Alma Mater Studiorum University of Bologna, Bologna 40136, taly

© Supporting Information

ABSTRACT: Highly efficient single material organic solar cells (SMOCs) ") —
based on fullerene—grafted pohthiophenes were fabricated by incorporating
electrospun one-dimensonal (11¥) nanostructures obtained from polymer
chain stretching, Poly(3-alkylthiophene) chains were chemically tailored in
order to reduce the side effects of charge recombination which severely affected
SMOC photovolisic performance. This enabled us to synthesize 3 donor=
acceptor conjugated copolymer with high solubility, moleculir weight,
regioregularity, and fullerene content. We invedigated the cormlations )
among the active layer hierarchical structure given by the indusion of
electrospun nanofibers and the solur cell photovaltaic properties. The reslts
indicated that SMOC efficiency can be strongly increased by optimizing the 1
supramolecular and mancscale structure of the active layer, while achieving the o w1 ez
highest reported efficiency value (PCE = 5.58%). The enhanced performance

may be attibuted to wel-packed and properly oriented polymer chains.

Overall, cur wark demanstrates that the active material strucrure optimization cbtained by induding electraspun nanofibers plays
a pivotal wle in the development of efficient SMO Cs and suggests an interesting perspective for the improvement of copolymer-
based photovoltsic device performance using an akernative pathway.

F. Pierini, M. Lanzi, P. Nakielski, S. Pawtowska, O. Urbanek, K.
Zembrzycki and T.A. KowalewskKi

91 0
veltags [¥)

"Single-material organic solar cells based on electrospun
fullerene-grafted polythiophene nanofibers”

B INTRODUCTION material & based on one component, the phase separation-

Macromolecules, 50, 13 (2017) 4972-4981.

Organic solar cells (O5Cs) have received much attention due
to their potential application in the development of flexble,
lightweight, and costeffective photovoltaic devices.' Bulk
heterojanction (BHJ) cells are the most widely investigated
0SCs* Advances in their development have already made it
possible 1o overcome the power conversion efficiency (PCE)
threshold which is deemed necessary to make organic
photovoltaics commercially artractive.” Despite these achieve-
ments, BHJ cells are still not widely produced commerdially
Several additional parameters, other than PCE, affect the final
applicability of BHJ devices.* BHJ cells are based on the blend
of an elecron danar and an electran acceptor. Since the active
material should have a bicontinual and homogeneous nanoscale
phase separation, the marphological optimization of this
thermodynamically unstsble blend is complicsted and
expensive® This problem is intrinsic in the concept of BHJ
and cannot be completely overcome. Nevertheless, not many
scientific efforts are oriented toward other types of OSCs that
can offer a compelling way to increase their applicability.

The covalent linking of dectron accepting moieties (eg.,
fullerenes) to a hole-transporting conjugated polymer as
palythiophene, allowing intramolecular electron transfer from
donors to acceptors, is the most elegant approach for
overcoming the limitations of BH] devices® Since the active

7 ACS Publications #2017 Amedcan Chamica society

related problem is solwed. Hawever, so far, singlematerial
organic solar cdl (SMOC) efficiency is severely affected by the
charge recombination and ineffective transport.” The taloring
of the content, mode of linkage, position, and orientation. of
fullerenes into the conjugated polymer backbone has dlready
limited the negative impact of charge recombination.® In spite
of these advancements SMOCs effidency is lower than
conventional BHJ cells' PCE, and the former are sill
uncompetitive devices. However, the experts in the feld
agree that fomusing on molecular improvements while, at the
same time, optimizing the charge transport is the best approach
toward reaching a stisfying PCE™" Structure optimzation
of the active material i corsidered the key pammeter for
overcoming the limits of the previously developed 05Cs”
SMOC active layers are considered three-dimensional (3D)
structures made of randomly oriented macomolecular units,
where charges can move without following the ideal linear
path.” Even though the devedopment of effi transpart
channels promoting the formation of optimal percolation paths
for the charges i auckl for increasing the SMOC efficiency,

Received:  Aprl 25, 2017
Revised: Jume 16, A1
Published: Jume 28, 2017

D% 112 Vs s PO T
Memsaimeieisies 3017, 0, 9473 408
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Photovoltaics

Organic solar cell
disadvantages:

Why “ORGANIC*?

Advantages:

- light weight - large area
- flexible -“tailor-made” properties
- low cost

- lower performance
- instability

LINREL

Sharp
concentrator) . (W, 302)  Solx

ilm Technologies

48~
Fraunhofer
44
- Boeing-
40 O Fourunction or more (non-concentrator) Spectrolab (5-J)

Single-Junction GaAs

A Single crystal

36" A Concentrator

'V Thin-film crystal
Crystalline Si Cells

32[~ @ Single crystal (concentrator) R / M (1026x
B Single crystal (non-concentrator) S 2 S — R
O Multicrystalline
|- @ Siicon heterostructures (HIT) X N
B[ 7 Thindimcysta Ay

‘ ",_wSharp(IMM)

_____ Amonix
---------------- o (92)

Efficiency (%)




Organic solar cells
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Bulk heterojunction (BHJ) solar cells
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BHJ solar cell limitation

The active material should have a 10
bicontinual and homogeneous nanoscale
phase separation, the morphological
optimization of this thermodynamically

unstable blend is complicated and .
expensive.

This problem is intrinsic in the concept of

0.8 |
0.6

04

Normalized PCE

0.2

0.0 7 = v

BHJ and cannot be completely - e el

overcome. Storage time (days)
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Double-cable polymers

Fullerene-grafted Donor—Acceptor
conjugated polymer

Single-Material Organic Solar Cells (SMOCSs)

) .o & 23
§ e “5 %
o @
Fullerene-grafted Ordered fullerene-grafted
BHJ polymer chain polymer chains
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Single-Material Organic Solar Cells (SMOCs)

Disadvantage: low efficiency (PCE: ~3%).

SMOC active layers are considered three-dimensional (3D) structures made of
randomly oriented macromolecular units, where charges can move without

following the ideal linear path.

Development of efficient transport channels promoting the formation of optimal
percolation paths for the charges which is crucial for increasing the SMOC

efficiency.
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CoP(3DDT)-(C,4,HT) synthesis

(CHo)p-H (CH,)g-Br (CHy)4o-H (CHy)g-Br (CHp)12-H

05 Br—@g—Br + 05 Br@Br WA . 4{@]" {//_S\qm DMgTHFE {//_\ﬁ [//_\ﬁ

s” 1y [~s” 1o

2) NiDPPPCI, 2) fullerene/toluene
THF PRE CoP(3DDT)-(CgHT)
n=0.55, m=0.45 n'=0.58, m'=0.42
PRE was synthesized through a Grignard Postpolymerization functionalization (PPF): a bimolecular
metathesis (GRIM) reaction followed by Ni(ll)- nucleophilic substitution (Sy2) reaction involving terminal
catalyzed polymerization. bromine atoms to insert the fullerenic substituent into its
side chains.

Synthesis of a new donor—-acceptor conjugated copolymer poly[3-dodecylthiophene-co-3-(6-fullerenylhexyl)thiophene]
(CoP(3DDT)-(CgoHT)), with high:

- fullerene content (maximize the photovoltaic effect)
- regioreqgularity (well-ordered polymers with close -1 stacking, which is necessary to maximize the charge mobility),
- molecular weight (spinnability)

- solubility (stability)
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CoP(3DDT)-(C4,HT) characterization

Integral ratio of the signal centered at 2.65 ppm (HT dyads) with that at 2.45 ppm
(non HT dyads): degree of regioregularity (95% in head-to-tail dyads, HT).

Integral of the methyl group belonging to the alkylic monomer at 0.92 ppm with the

| Y , integral of the peak at 3.45 ppm, ascribable to the methylene group directly linked

2 1 0 g 7 & s

5 “t 3 5 4 3 2 1 0
Ghemical shif (ppm) Ghermical shift () to fullerene: copolymer composition (0.58:0.42 molar ratio).
PRE COP(3DDT)-(CyoHT) POy P ( )
10 Assigament PRE (eor) CoP(GDDT)-(CocHT) (em™)
- —— CoP(3DDTHCggHT) S T o o1
-~ 08 e VasCH: 2955
5o o - -
5 08 v“c::mﬂm;hem 1510 1545 . . .
5 o5 . [ J ot s FT-IR spectra of polymers before and after the PFP reaction highlighted the
o i il | fullerene. - 1429 - -
Bt I Sl cvdtion 7 chemical bonding of fullerene.
o _—/ - J‘,I ‘\’ - : fullerene 173
I : ‘ C-H thioph. 2.3.5-trisubstituted 829
01 Jl | ,-J‘J"Jw\r J‘U\N‘I VC-Br
o7 P —— fulleee
4000 3500 3000 2500 2000 1500 1000 500 Sullerene
Wavenumber (cm'w)
150
GPC results revealed the high number-average molecular weight (Mn) of
S . CoP(3DDT)-(Cg,HT), which was 48 000 Da with a narrow polydispersity index
5 o] - (PDI) of around 1.2.
% 754 “l H: . . .
8 The presence of a dodecyl group in the copolymer structure strongly increased its
of ~— solubility up to 30 mg/mL in chloroform.
S S

Time (min)
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Electrospun CoP(3DDT)-(C4,HT) nanofibers

Polymer Solution
CoP(3DDT)-(CgoHT) (3.3 wt %) and PEO (0.7 wt %) in chloroform

Electrospinning Parametes

Metal needle with an inner diameter: 0.4 mm
Flow rate: 0.45 mL h™!

Voltage: 8.5 kV

Drum rotation: 2000 rpm

Needle tip-collector distance: 26 cm

Relative humidity: 35%

Temperature: 20 °C

Post-electrospining treatment

the as-spun CoP(3DDT)-(C4,HT)/PEO nanofibers were treated by dipping the samples five times in 25 mL of isopropanol for
60 min at 75 °C to remove PEO and obtain pure CoP(3DDT)-(Cg,HT) nanofibers.



CoP(3DDT)-(Cg,HT) nanofiber morphology

CoP(3DDT)-(C4z,HT)/PEO nanofibers CoP(3DDT)-(Cg,HT) nanofibers
b o

a

CoP(3DDT)-(CgHT)/PEQO: uniform cylindrical fibers with typical textured
surfaces (diameters 0.93 £ 0.08 pm).

CoP(3DDT)-(CgoHT) with @ 0.85 + 0.12 ym diameter.

The volumetric reduction is consistent with the amount of PEO used to spin
nanofibers (17.5%).

nm

)
nm
]

PEO removal does not cause any substantial worsening in the material
morphology.

600

600

500
500

400
400

The polka-dot surface is due to the removal of PEO. The insulator polymer
was located on the external part of the blend nanofibers and tended to form
nanoscale domains.

300
300

200
200

100
100
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CoP(3DDT)-(C4,HT) nanofiber mechanical properties

AFM Nanoindentation

force

Hard

Soft

N

Z-scanner position

Elastic modulus of CoP(3DDT)-(Cg,HT) film: 1.59 + 0.16 GPa

Elastic modulus of CoP(3DDT)-(C,4,HT) single fibers: 2.52 + 0.31 GPa
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CoP(3DDT)-(Cy,HT) nanofiber: chemical structure

no
()

CoP(3DDT)-(CgoHT) fibers
CoP(3DDT)-(CgoHT) film

— — N
o » o
L | 1 | 1 | I

O o o
o O O
| T R T |

Heat Flow - Endo Up (a.u.)

)

50 100 150 200 250
Temperature (°C)

T, Tml Tmz Tc AI_Iml AHmZ AHL
sample (C) (O (O (O e e /e
CoP(3DDT)-(C,HT) film 52 122 225 148 312 5§29 462

TSN
o o o
1 I L I 1

CoP(3DDT)-(C4HT) fibers 46 120 223 156 0.81 7.40 3.71

DSC

CoP(3DDT)-(CgoHT) film:
- endothermic flexure at 52 °C (T, glass transition temperature).

- endothermic peaks (melting temperatures T, and T,,) at 122 and 225
°C, melting of crystalline domains determined by the packing of side
chains and backbone, respectively.

- exothermic crystallization peak at 148 °C (T,).

CoP(3DDT)-(Cy,HT) fibers:

- lower T,,, temperature, related to the different spatial disposition of the
side chains when electrospun in fibers. The electrospinning fast solvent
evaporation that affects the side chain arrangement, as confirmed by a
slight decrease in the first melting signal enthalpy (AH,,;) of the fibers.

- electrospinning has a marked impact on the stretching and alignment
of polymer backbone chains, which is highlighted by the increment
AH,, in the nanofiber sample.
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CoP(3DDT)-(Cy,HT) nanofiber: chemical structure
XRD

PEO signal (20 = 19.1°): only in the first sample, confirming the etching
| A ——— CoP(3DDT)-(CgoHT)/PEO fibers||  PIOCESS effectiveness.
CoP(3DDT)-(CggHT) fibers
CoP(3DDT)-(CggHT) film

80004/ |

The (100) reflection due to the CoP(3DDT)-(Cg,HT) lamellar structures (26

’5: 6000 4 = 5.1°) became sharper after the postelectrospinning process, thus
&, indicating the development of well-structured copolymer crystallites.
>
£ 4000-
(= The (010) peak 26 = 23.5° (mr—1T interaction) indicates that the indicating
ot that CoP(3DDT)-(C4,HT) undergoes backbone chain alignment during the
2000 < electrospinning process, which promotes the interchain r—1r stacking.
0 - - T . T , :
5 10 15 20 25 30 Absence of any fullerene aggregation-related peaks. Thanks to the
2 Theta (degree) presence of an alkyl spacer between the fullerenes and the backbone.
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CoP(3DDT)-(Cy,HT) nanofiber: chemical structure
UV-Vis

CoP(3DDT)-CgHT) fibers
CoP(3DDT)-CgpHT) film
— P3HT:PCBM

0.8

Absorbance (a.u.)

400 500 600 700 800
Wavelength (nm)

Both CoP(3DDT)-(Cg,HT) samples show:
(i) an absorbance in the area around 350 nm, which may be ascribed
to fullerene derivatives in side chains (more evident in the fiber sample)
(i) a peak around 500 nm, which may be attributed to the polythiophenic
system T—11* transition.

The presence in the electrospun fibers of a further shoulder at around 620
nm, which is usually assigned to noninterdigitating crystalline domains,
indicates the formation of m—-1 stacking between thiophene rings.
Furthermore, the absorption shoulder at 620 nm reflects a significant
planarization of the polythiophene backbone chains.

The red-shift in nanofiber absorption peaks suggests that polymer chains
have a more extended conformation and better delocalized tr-conjugation.



Single-Material Organic Solar Cells (SMOCs)

Al electroge

~ Active Iayer T'.l
: PEDOT:PSS
ITO ——

Glass Substrate

+
j
" -
%
ARG i /,//. = =

Organic solar cell structure:

Glass slides covered by 80 nm of ITO
PEDOT:PSS layer (120 nm)

Active layers with a 120 nm thickness
Al layer cathode (50 nm)

Active layer composition:
CoP(3DDT)-(CgoHT) film
CoP(3DDT)-(Cg,HT) film (annealed)
CoP(3DDT)-(Cgx,HT) fibers
CoP(3DDT)-(CgoHT) fibers (annealed)
BHJ cell (P3HT:PCBM - annealed)
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SMOC fabrication

Layer deposition: Nanofiber incorporation
Doctor blading

Fiber Deposition

l A dispersion of 5 mg of CoP(3DDT)-(Cy,HT)
fibers in 1 mL of cyclohexanone was deposited

RN by doctor blading on the PEDOT:PSS layer.

NG TR SRSt
PEDOT.:PSS

ITO A backfill layer was deposited on the fiber layer

by doctor blading using un unsatured
CoP(3DDT)-(Cg,HT) solution in chlorobenzene.

VAN &

Backfill Layer Fundamental for interconnecting fibers and
creating a uniform layer.

v The use of an unsaturated solution allows for a
Annealing condition: _ further nanofibers diameter reduction while
heating at 130 °C for 15 min AN e A maintaining the structure that serves as a

PEDOT-PSS template for the fully solubilized CoP(3DDT)-

at 1073 mmHg. . . .
g (CgoHT) during the construction of the final layer.
ITO




CoP(3DDT)-
(CeoHT) film
(annealed)

CoP(3DDT)-
(CgoHT) fiber
(annealed)

Topography

e
Single-Material Organic Solar Cell: morphology

nm

nm

Phase

AFM

degree

13

degree

Both height images show flat surfaces with root-mean-square
roughness of around 1 nm. The morphology of the film without
electrospun nanofibers is more regular than that of fiber-based
active materials. The presence of electrospun nanofibers within
the cell active layer leads to a slight increment in roughness.

The phase images reveal the absence of large fullerene
aggregates in both analyzed materials.

The active layer without fibers shows a featureless phase image,
while the presence of a nanopattern is clearly visible in the layer
with incorporated electrospun fibers.

The nanopattern formation is often related to the development
of higher efficiency devices. This nanopatter has a more
spherical morphology than other double-cable active material
due to the large number of fullerene groups within the polymer.
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Single-Material Organic Solar Cell: photovoltaic performance

External quanf[um efficiency (EQE) is the ratio of the electrons /sec current /(charge of one electron)
number of carriers collected by the solar cell to the number EQE = =

: o photons/sec (total power of photons)/(energy of one photon)
of photons of a given energy incident on the solar cell.

The EQE profiles follow the absorption spectra trend, demonstrating
that the harvested photons contribute directly to the photocurrent and
confirming the lowering of the recombination side effects.

CoP(3DDT)~CgqHT) fibers

—— CoP(3DDT)<CggHT) film

Maximum EQE in the CoP(3DDT)-(C4HT) fibers reached 61% at
around 330 nm, which is remarkably higher than the most intense peak
in the SMOCs prepared without fiber (+12.5%). This peak is ascribed
to the TT—1r* transition of chromophoric fullerene derivatives in the side
chain. This result highlighted the beneficial effect of the method used
on the conformation of both backbone and side polymer chains.

Improvement in quantum efficiency was observed in the 500-625 nm
wavelength region, which corresponds to the maximum spectral zone
of the solar radiation hitting the Earth’s surface.

300 400 500 600 700 800
Wavelength (nm)
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Single-Material Organic Solar Cell: photovoltaic performance

The power conversion efficiency (PCE) is a photovoltaic cell is the ratio between the maximum electrical power
that the array can produce compared to the amount of solar irradiance hitting the cell an it is function of:

Where:

1) V! “open circuit voltage®
2) lsc: “short circuit current”
3) FF:“fill factor”

4) P, power delivered

5) P,, input power (1000 W/m? for an air mass (AM) 1.5 solar simulator)
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Single-Material Organic Solar Cell: photovoltaic performance

—— P3HT:PCBM (ann.)

—— CoP(3DDT)(CggHT) film
CoP(SDDT)-(CeOHT) film (ann.)
CoP(3DDT)-(CgHT) fibers
CoP(3DDT)-(CgqHT) fibers (ann.)

00 0.1 02 03 04 05 06 07

Voltage (V)

sample
P3HT:PCBM (annealed)
CoP(3DDT)-(CgHT) film
CoP(3DDT)-(CHT) film (annealed)
CoP(3DDT)-(CHT) fibers
CoP(3DDT)-(C,HT) fibers (annealed)

¢ 1’0\:
(mAem™) (V)

10.1

8.2
10,7
11.4
13.3

0.63
0.58
0.59
0.60
0.68

14 21 28 35 42
Time (Days)

FF PCE
%) (%)
56 3.55
51 243
55 347
55 376
62 5.58

Solar cells made with a CoP(3DDT)-(C4HT) film and
annealed showed a similar PCE to that of the BHJ device
(due to the high Cg, contenent)

The V.. (indicator of the excitons to the carrier collection
process — influenced by the charge recombination) values
of the BHJ and SMOCs are similar, which proves that it is
possible to overcome one of the main double-cable
polymer limitations (charge recombination).

Performance improvement achieved by including the
nanostructured template into the is attributed to more
favorable stacking interactions and side group disposition,
permitting a more balanced charge transport.

The fiber-containing cells were more stable than the
corresponding ones in film state.

PCE after 42 days:

CoP(3DDT)-(CgHT) fibers (annealed): -16.7%
CoP(3DDT)-(CgHT) film: -37.9%
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Single-Material Organic Solar Cell:

Conclusions

Novel donor—acceptor polymer (CoP(3DDT)-(Cg,HT)) with high fullerene group content, high regioregularity, and
great solubility may contribute to a greater charge carrier mobility and lower charge recombination.

The presence of the electron-acceptor group chemically linked to the main chain by the alkyl spacer makes it
possible to prevent phase-separation phenomena, even at a high fullerene content.

Electrospun CoP(3DDT)-(C4,HT) nanofibers were found to have a degree of polymer chain order (interchain mm—1r
stacking and well-structured copolymer system). These features contribute to a more efficient UV-vis radiation
absorption, the creation of ideal pathways for charge carriers, and improved mechanical properties.

Thermal annealing strongly contribute to the optimization of the active material structure.

Development of a SMOC with the highest value reported of power conversion efficiency (PCE: 5.58%). +33.2% and
+57.2% in terms of efficiency if compared with the best SMOC and a conventional BHJ device, respectively
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Future/present objectives: biomedical applications

Electrically modulated
drug delivery systems
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