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with dielectric function € = 2.25 (diameter 40 nm). For Au NPs, the contributions to the optical
absorption of interband transitions and LSPR are resolved. Adapted from Reference &.
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dispersions. Adapted from REFEIENCE 7. .....ccci oo 5
Figure 1-4 A) Schematic illustration of the two possible reaction pathways for the synthesis
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Figure 1-6 A) TEM micrographs of the Au NPs after the nucleation and every growth step,
with sizes ranging from ~8 to ~180 nm. B) UV-Vis spectra of the gold colloids after different
growth steps. Adapted from RefEreNCe 21, .......ooo it 9
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nanoplates on TiOzrutile. F) Schematic representation of the growth mechanism of Ag NPs,
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Figure 1-11 A) Hypothetical Current-Voltage (I-V) curves. Various important cell parameters
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and band gap energy (in eV) for various semiconductors in contact with an aqueous
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well as the standard hydrogen potential. The energy scale is indicated in eV using both the
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Figure 1-16 Schematic representation of A) the recombination of electrons in the FTO back
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Figure 1-17 Incident photon to current conversion efficiency (IPCE) as a function of the
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Figure 1-18 Binding modes of the dye through its carboxylic groups on TiO2 NPs surface.
Adapted from Reference 84, ... .. ..o e 25
Figure 1-19 Representation of the inefficient electron injection into nanostructured metal
oxide arising from aggregation and/or high degree of protonation in N3 dye. Adapted from
RETEIENCE 8%ttt sbb et beere e 26
Figure 1-20 Molecular structures of A) Z907 (cis-Bis(isothiocyanato)(2,2’-bipyridyl-4,4’-
dicarboxylato)(4,4’-di-nonyl-2’-bipyridyl)ruthenium(ll)), B) Cc101 (cis-
Bis(isothiocyanato)(2,2'-bipyridyl-4,4'-dicarboxylato)(4,4'-bis(5-hexylthiophen-2-yl)-2,2'
bipyridyl)ruthenium(ll)), C) C106 (cis-Bis(isothiocyanato)(2,2'-bipyridyl-4,4'-dicarboxylato)(
4,4'-bis(5-(hexylthio)thiophen-2-yl)-2,2'-bipyridyl)ruthenium(ll)) dyes. D) Photovoltaic
performance of DSSCs equipped with N3,7° black dye,”* Z907,72 C101,73 C10674 dyes....27
Figure 1-21. Active molecular orbitals (MOs) isosurfaces of the computed vertical transitions
of Dye-(TiOz2)1s systems at the TD-DFT/B3LYP theoretical level. The represented molecule
has a triphenilamine donor, a thiophene bridge and a cyanoacrylic acid acceptor. Adapted
frOmM RETEIEINCE 5. ... bbb re e e s 28
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Y123,7° LEG4,7® ADEKA-180 dyes and ADEKA-1 + LEG438 blend.........cccoccevieiiiieneeneennnn. 29
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Figure 1-24 SEM images of the following catalytic materials on FTO glass: A) edge oriented
tungsten disulfide (WS2), B) cross-section of poly(3,4-propylenedioxythiophene) (PEDOT).
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Figure 1-25 A) Absorption spectrum on N719 dye (in red) and LSPR bands of TiO2-Au-TiO2
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results obtained with AgT and AuT are not shown in this thesis. B) TEM image of TAUT NPs.
The scale bar represents 5 nm. C) IPCE spectra of DSSCs prepared with N719 sensitized
TiOz (in black) and with N719 sensitized TiO2 with 0.05% embedded Ag@ SiO2 nanoprisms
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the photovoltaic performance of DSSCs equipped with 1)TiO2 and TAUT NPs, and 2) TiO2
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200 nm. D) Comparison of the photovoltaic performance of DSSCs equipped with 1) Pt and
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Adapted from References 117 and 118, ... ... ..o 37
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the Stokes side and their (weaker) anti-Stokes counterparts. The spectrum was obtained
using a 633 nm excitation laser line. Adapted from Reference 23, ...........cccocoiviiiiiineiieens 39
Figure 1-28 Schematic representations of A) electromagnetic and B) chemical SERS
enhancement mechanisms. Adapted from References 13%and 139, .............ccccoeeeeiiiieeeenen. 42
Figure 1-29 TEM images of silver A) nanospheres, B) nanorods and C) nanoprism. D) SERS
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obtained using a 785 nm excitation laser line. The spectra were recorded in aqueous
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(~1.4 x 10'%/cm?3). Adapted from Reference 1. . ... 44
Figure 1-30 A) Extinction spectra of gold bipyramid in solution (in red) and adsorbed on
paper substrate (in blue). B) SEM images of gold bipyramids adsorbed on paper substrate.
In the inset, TEM image of gold bipyramids. C) SERS spectra obtained from the paper
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RETEIEINCE 192, ... i et s e e sttt e e e et e e e s eaaa e e e s aaaraeesaaraeeas 45
Figure 1-31 SERS spectra of bilirubin in water with concentration ranging from 10> M to 10~
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laser line. Asterisk-marked peaks are from the MoS2. B) SEM image and C) TEM image of
Au decorated MoS: nanoflowers. The average size of Au NPs is shown in the inset. Adapted
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substrate. B) Raman and SERS spectra of pyrene at different concentrations measured at
the edge of the coffee ring pattern obtained using a 785 nm excitation laser line. C) (a) SEM
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Figure 1-34. A) Schematic representation of a chemiresistor where metal NPs
interconnected by a molecular linker act as active material between two electrodes. Electron
tunneling or hopping occurs when a voltage (V) is applied. B) Schematic representation of
the conductive film growth in the chemiresistor electrodic channel, from i) isolated NPs,
passing by ii) an intermediate stage to a iii) percolated network, and the corresponding I-V
curves. Adapted from Reference 150, ... .. ..o s 53
Figure 2-1 SEM micrographs of Pt and Au thin films deposited on FTO glass by thermal
decomposition of H2PtCls and HAuCls at A-D) low and B-E) high magnification. The scale
bars represent 1 ym and 500 nm at low and high magnification, respectively. Particle size
distributions of the C) Pt and F) Au NPs deposited on FTO glass. .....ccccveeveeenniiiiiiieeneeennn. 63
Figure 2-2 SEM micrographs of Au thin films deposited by pulsed laser ablation on A-B) c-
Si substrate and D-E) FTO glass at A-D) low and B-E) high magnification. The scale bars
represent 1 ym and 500 nm, at low and high magnification, respectively. Particle size
distributions of the Au NPs deposited on C) c-Si substrate and F) FTO glass. ........cc........ 64

X



List of figures

Figure 2-3 A) UV-Vis extinction spectra of the Au thin films deposited on FTO glass by (blue)
thermal decomposition of HAuCls and (red) pulsed laser ablation. B) Transmittance spectra
of the (black) Pt and (blue) Au thin films deposited on FTO glass by thermal decomposition
and (red) pulsed laser ablation Of gold. ............coooiiiiiiiiiie e 66
Figure 2-4 Square wave voltammetric measurements (reported in integral form) of Co(bpy-
pz)2(PFse)3 with (black) Pt, (blue) Au therm and (red) Au PLA as working electrodes. ........ 67
Figure 2-5 A) I-V curves, and B) Tafel polarization plot of the symmetrical dummy cells (0.36
cm? active area) prepared with two identical Au PLA, Au therm and Pt CEs...................... 69
Figure 2-6 UV-Vis A) absorption spectrum of a diluted Y123 solution in ethanol (~ 0.02 mM)
and B) extinction spectrum of a TiO2 photoanode (thickness 6 um) sensitized with Y123. In
the inset: schematic representation of the Y123 dye adsorbed on anatase TiO2 (101) surface
and the internal charge transfer (ICT) PrOCESS. ....c.uuiiiiiiiiie ittt 71
Figure 2-7 Schematic representation of the co-adsorption of Y123 dye and the de-
aggregating agent, chenodeoxycholic acid (CDA), reducing the -1 stacking between the

dye alkyl chains and the electron recombination with the oxidized form of the electrolyte

Figure 2-8 Photocurrent vs Voltage for DSSCs (0.181 cm? active area) equipped with
different photoanodes: (green) 2BL 1TL 1SL, (violet) 2BL 2TL 1SL, (marine blue) 2BL 2TL
2SL. TL: transparent titania layer: SL: scattering layer. Data refer to the best performing cell
for each PhotOEIECIIOUE. ......cooviiiiiiee e 73
Figure 2-9 Photocurrent vs Voltage for DSSCs (0.181 cm? active area) equipped with
different counter electrodes: (black) Pt, (blue) Au therm and (red) Au PLA. Data refer to the
best performing cell for @ach CE. ........ovviiiiiiiiieeeeeeeeeee et eaeaaeees 76
Figure 3-1 Schematic representation of the electrostatic layer-by-layer (LbL) deposition of
polyelectrolytes and TA stabilized Ag NPs on glass substrate. .........cccccceevviiiiiiiieeee s 85
Figure 3-2 UV-Vis-NIR extinction spectrum of the synthesized citrate stabilized Ag NPs
(o RS o= = To [ Y= 1= PP 88
Figure 3-3 A) UV-Vis-NIR extinction spectra of the synthesized tannic acid stabilized Ag NPs
dispersed in water, with sizes ranging from 15 to 125 nm. B) UV-Vis-NIR extinction spectra
of tannic acid stabilized Ag seeds (15 nm) and 100 nm Ag NPs after centrifugation. The blue
and green lines indicate the position of the dipolar and quadrupolar bands, respectively for
T00 NIM AG NS, ittt e e e s e et e e et e e e e e e e s e bbb e e e e e e e e e aanee 89
Figure 3-4 UV-Vis-NIR spectra of the synthesized Au NPs dispersed in water, with sizes

ranging from 18 10 54 NIM......uiiiiiiiiii ettt e e s ennaeee s 90

Xi



List of figures

Figure 3-5 UV-Vis-NIR spectra of the synthesized A) 32 nm Au@Ag core@shell NPs,
starting from a 22 nm Au core (black spectrum) and B) 110 nm Au@Ag core@shell NPs,
starting from a 54 nm Au core (black spectrum), dispersed in water. ............cccceevvvireennnnnn. 91
Figure 3-6 SEM images of the TEG-citrate stabilized Ag NPs network on chemiresistive
substrates exposing gold IDEs (L= 2.5 um) at A) low and B) high magnification, showing the
formation of nanoparticles, nanorods and triangular nanoplates. The scale bars represent 5
=Yg o 1 TR =T 1= Tod 11 PSSR 92
Figure 3-7 A) SEM images of the APTES-tannic acid stabilized Ag NPs network and B)
APTES-Ag NPs-(TEG-Ag NPs)s on chemiresistive substrates exposing gold IDEs (L= 2.5
HM). The scale bars repreSENt L0 LM, .....ooiuiiiiiiiiieeiiieee e seneee s 93
Figure 3-8 SEM images of the Au@Ag NPs network on APTES functionalized chemiresistive
substrates exposing gold IDEs (L= 2.5 pm) with A) 32 nm and B) 110 nm core@shell NPs.
The scale bar represents 1 and 100 pm, reSpectively.......ccoooeeoeiiiiiiiiiieeeseceeeeee e 94
Figure 3-9 SEM images of the PDDA-TA stabilized Ag NPs network, obtained after 3
consecutive depositions on chemiresistive substrates exposing gold IDEs (L= 2.5 um). Ag
NPs size is 37 nm. The inset image shows the highlighted region at a higher magnification.
The scale bars represent 10 um and 3 pm in the low and high magnification image,
(1225 o =Tot 1)Y= | ST PO P PP P PUPPPPTP 94
Figure 3-10 SEM images of the plasmonic thin films obtained after A) one, B) two, C) three,
D) four and E) five LbL depositions of PDDA and 37 nm Ag NP on glass substrates. The
Scale bar rePreSENLS L M. ... 95
Figure 3-11 AFM images (resolved by 512x512 pixels) and line trace along the dashed lines
of the plasmonic thin films obtained after A) one, B) two, C) three and D) four LbL depositions
of PDDA and 37 nm Ag NP on glass substrates. The insets are resolved by 1024x1024
pixels. The scale bars represent 1 um and 200 nm in the main images and the insets,
(122 o =Tot 1)Y= | PSP PP P PPU PP 96
Figure 3-12 A) UV-Vis-NIR extinction spectra of the plasmonic sensing platforms prepared
by (blue) one, (yellow) two, (green) three, (red) four and (grey) five consecutive LbL
depositions of PDDA and TA acid stabilized Ag NPs (37 nm diameter) on glass substrate.
The position of the Raman laser line is highlighted in violet. B) Stability over 15 days of the
UV-Vis-NIR extinction spectra of a plasmonic sensing platform prepared with three LbL
depositions of PDDA and TA acid stabilized Ag NPs (37 nm diameter) on glass substrate,
after NaBHa4 treatMENt. ... e e s s s e e e e e e e s st rareeeeeees 97
Figure 3-13 A) Average SERS spectrum of 1l-naphthalenthiol (1-NAT) adsorbed on a
plasmonic sensing platform prepared by 3 LbL depositions of PDDA and 37 nm Ag NPs.

Xil



List of figures
The molecular structure of 1-NAT is shown in the inset. B) SERS intensity of the highlighted
ring stretching band (1367 cm-?) as a function of the Ag NPS size and number of depositions.
SERS mappings of the SERS intensity of the 1367 cm® band on the plasmonic sensing
platforms prepared by 3 LbL depositions of PDDA and Ag NPs with a diameter of C) 15 nm,
D) 23 nm, E) 37 nm and F) 43 nm. The scale bar represents 10 um, while the colour scale
refers to the maximum SERS intensity obtained with 3 depositions of 37 nm Ag NPs....... 99
Figure 3-14 A) SERS intensity of 1-NAT ring stretching band (1367 cm?) as a function of the
number of depositions of 37 nm Ag NPs. SERS mappings obtained at 1367 cm-! after B)
one, C) two, D) three, E) four and F) five depositions of PDDA and 37 nm Ag NPs. The scale
bar represents 10 um, while the colour scale refers to the maximum SERS intensity obtained
After 3 EPOSILIONS. ..eiiiiiiii et 100
Figure 3-15 A) Current-Voltage curves for the chemiresistive substrates functionalized with
3 LbL depositions of PDDA and 37 nm Ag NPs (red) before and (black) after the immersion
in 1 mM Hg(NO3)2 solution for 30 min. B-C) SEM micrographs of the plasmonic thin films
deposited on chemiresistive substrates B) before and C) after the immersion in 1 mM
Hg(NOs3)2 solution for 30 min. The electrodic channel length is 2.5 pm and the scale bars
represent 3 um. D) Current-Voltage curves for the chemiresistive substrates functionalized
with 3 LbL depositions of PDDA and 37 nm Ag NPs before and after the immersion in 1 mM
salt solutions for 30 min. The reported |-V curves are the average of four different
acquisitions. E) Resistance ratio (final resistance Rf / initial resistance Ri) for the plasmon
modified chemiresistive substrates extrapolated from the |-V curves as a function of the
(011 7= 1o o T PP TP PO PTPUPPPPTO 102
Figure 3-16 A) Average SERS spectra of TA capping agent on 37 nm Ag NPs (black) before
and (green) after the immersion in Hg(NO3s)2 1 mM for 30 min. The sensing platform was
prepared by 3 LbL depositions of PDDA and 37 nm Ag NPs. B-C) SERS mappings obtained
at 1300 cmt B) before and C) after the immersion of the sensing platform in Hg(NOz)2 1 mM
for 30 min. D) Variation of the 1-NAT 1367 cm! peak area ratio (Af/Ai) with the immersion in
Hg(NOs)2 1 uM for 1, 5 and 30 min. E-F) SERS mappings obtained at 1367 cm! E) before
and F) after the immersion of the sensing platform in Hg(NO3)2 1 uM for 1 min. The scale
DArS rePreSENE 10 M. ...t e e e e e s e abb et e e e e e e s e annbreeeeaeeeaaannes 104
Figure 4-1 A-D) STEM images of the synthesized tannic acid stabilized Ag NPs. The
reported sizes were determined as an average of the diameter of 100 particles for each Ag
NPs generation. E-H) Particle size distribution for every Ag NPs generation. .................. 107
Figure 4-2 UV-Vis-NIR extinction spectra of the plasmonic sensing platforms prepared by

(blue) one, (yellow) two, (green) three and (red) four LbL depositions of PDDA and TA acid

Xiii



List of figures

stabilized Ag NPs with the following diameter: A) 15 nm, B) 23 nm and C) 43 nm on glass
substrate. The position of the Raman laser line is highlighted in violet..............c..cccee. 107
Figure 4-3 Average SERS spectra of 1-NAT adsorbed on a sensing platform was prepared
by 3 LbL depositions of PDDA and 37 nm Ag NPs (black) before and after the immersion in
in Hg(NO3)2 1 pM for (red) 1 min, (blue) 5 min and (green) 30 min. The ring stretching band
(1367 cm1) is highlighted in DIUE. .......c..eiiiie e 110

Xiv



List of abbreviations

List of abbreviations

NP
PLD
DSSC
PCE
PE

CE
TCO
ITO
FTO
HOMO
LUMO

N3
N719

Z907

FoM
Jsc

Voc

FF

n (PCE)
PV
EQE
IPCE

HTM
ICT
D-11-A
CB
ACN
VN
MPN
TBP
CVvD
GR
PEDOT
LH

Nanoparticles

Pulsed laser deposition

Dye-sensitized solar cell

Power conversion efficiency

Photoelectrode

Counter electrode

Transparent conductive oxide

Indium tin oxide

Fluorine-doped tin oxide

Highest occupied molecular orbital

Lowest unoccupied molecular orbital
cis-bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’-dicarboxylato
ruthenium(ll)
Di-tetrabutylammonium-cis-bis(isothiocyanato)bis(2,2’-bipyridyl-
4,4’-dicarboxylato)ruthenium(Il)
cis-Bis(isothiocyanato)(2,2’-bipyridyl-4,4’-dicarboxylato)(4,4’-di-
nonyl-2’-bipyridyl)ruthenium(ll)

Figure of merit

Short-circuit current

Open circuit voltage

Fill factor

solar-to-electric power conversion efficiency
photovoltaic

external quantum efficiency

incident photon conversion efficiency
wavelength

Hole transporting material

Internal charge transfer

Donor-1r bridge-Acceptor

Conduction band

acetonitrile

valeronitrile

3-methoxypropionitrile

4-tert-butylpyridine

Chemical vapour deposition

graphene
poly(3,4-propylenedioxythiophene)

Light harvesting



Eg

He
LASIS
SDS
PLD or PLA
LSP
LSPR
EM

E
SERS
CM
LbL
BL

TL

SL

D

Jiim

Rs
Rsh
TA
SC
OFET

List of abbreviations

Energy band gap

Electron mobility

Laser ablation synthesis in solution
sodium dodecyl sulfate

Pulsed laser deposition or ablation
Localized surface plasmon
Localized surface plasmon resonance
electromagnetic

Dielectric function

Surface enhanced Raman spectroscopy
chemical

Layer-by-Layer

Blocking layer

Transparent titania layer
Scattering layer

Diffusion coefficient

Limiting current density

Series resistance

Shunt resistance

Tannic acid

Sodium citrate

Organic field effect transistor

XVi






Abstract
Abstract

The aim of this thesis is to assess the possible applications of noble metal
nanoparticles (NPs) in the fields of solar energy production and chemical
sensing. The research project arises directly from the well-known
extraordinary properties of noble metal NPs, namely the optical and electrical
properties, high surface area, high catalytic activity and surface enhanced
Raman scattering effect.

More specifically, concerning the energy production field, the first part of the
thesis will deal with the application of Au NPs as counter electrode material
in dye sensitized solar cells (DSSCs). This study was conducted in the
S.O.L.A.R.E. laboratory at the Istituto per i Processi Chimico-Fisici of the
Italian National Research Council (IPCF-CNR) in Messina, under the
supervision of Dr. Giuseppe Calogero.

To the best of our knowledge, the role of noble metal NPs as exclusive
counter electrode material in DSSCs has not been explored yet, despite their
catalytic activity (i.e. applications in water purification) and electron
conductivity have been massively studied. On the other hand, gold mirror thin
films were used in combination with graphene nanoplatelets for the
fabrication of the counter electrode in the most efficient DSSC reported in
literature. For this reason, the work conducted towards the realisation of this
thesis has been focused on the development of an efficient and reproducible
method for the fabrication of Au based counter electrodes for DSSCs. Two
different methods have been proposed, namely the thermal decomposition
of HAuCl4 as bottom-up method and the pulsed laser ablation of a gold target
as top-down method. They were compared on the basis of the counter-
electrodes optical properties, surface morphology, catalytic activity and
performance both in dummy cells and fully assembled DSSCs. In the latter

case, the adequate photoanode configuration has been studied, in order to
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Abstract
reduce the electron recombination and maximize the solar-to-electric power
conversion efficiency. In addition, the fabricated gold counter-electrodes

were compared to standard platinum ones.

In the second part of the thesis, the use of Ag NPs for the fabrication of
multiresponsive plasmonic sensing platforms for surface enhanced Raman
scattering (SERS) and chemiresistive sensing will be presented. This work
has been conducted in the Nanochimie laboratory at the Institut de Science
et d'Ingénierie Supramoléculaires (ISIS) in Strasbourg, under the supervision
of Prof. Paolo Samori.

The development of SERS based sensors has experienced an enormous
growth in the last decades, as a consequence of their high versatility, high
sensitivity, ease of fabrication and low cost. However, despite the inherently
higher SERS activity of Ag compared to Au, sensing platforms based on Au
NPs are already commercially available, while Ag NPs are mainly employed
as colloidal dispersions, due to their lower chemical stability arising from
oxidation. On the other hand, the extraordinary electrical properties of noble
metal NPs made them suitable as active conductive materials in
chemiresistors. Within this context, different synthetic procedures have been
used to obtain citrate stabilized Ag NPs, tannic acid stabilized Ag NPs and
Au@Ag core@shell NPs. Besides the study of their optical properties in
colloidal solutions, they were compared by means of their ability to give rise
to uniform thin films on chemiresistive devices, using both the cross-linking
with dithiols and the electrostatic layer-by-layer deposition. The best results
were obtained with the electrostatic layer-by-layer deposition of tannic acid
stabilized Ag NPs, so that the optical properties, surface morphology, SERS
and chemiresistive activity of these devices was largely studied.

Furthermore, the possibility to use the fabricated sensing platforms for the
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Abstract
sensing of mercury ions in water by both indirect SERS and resistance

variation was explored.
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Noble metal nanoparticles as active materials for solar energy conversion
and chemical sensing

1 Introduction

1.1 Noble metal nanoparticles

Since their first use as decorative pigments, noble metal nanoparticles (NPs)
demonstrated to have very unique and fascinating properties. Nowadays, it
is still possible to admire the Lycurgus cup, dated IV century BC, whose
unique optical properties can be ascribed to the presence in the glass matrix
of small metal crystals containing Ag and Au with a molar ratio of about 14:1
and a diameter of ~70 nm. For this reason, the glass cup appears green
when illuminated from the outside and observed in reflected light (Figure
1-1A), while it looks ruby red when the light comes from the inside and is
transmitted through the glass (Figure 1-1B).! The Romans were thus able to
use colloidal NPs to represent Lycurgus myth: in the Iliad, Homer depicts
Lycurgus as a strong, mighty king, who was punished with blindness when
he dared to challenge “mad Bacchus”, heavenly God of grape-harvest and
wine.? However, the famous cup represents another version of the myth,
showing Lycurgus being tangled up by the Greek nymph and disciple of
Bacchus, Ambrosia, who is disguised as a vine.2 The synthetic route used by
the Romans is not clear yet, but several studies conducted on the Lycurgus
cup suggest that the simultaneous presence of silver, gold, copper and
antimony in the soda-lime-silica glass matrix and the heat treatment could
have caused the precipitation of a fine dispersion of Ag-Au alloy NPs.* >

Later on, in Mesopotamia during the 9™ century AD, silver and/or copper NPs
were dispersed within the outermost layers of glazed ceramics to obtain
metallic luster decorations: for example, the medieval glaze in Figure 1-1C
shows iridescence under specular reflection, with shiny blue and green

colours. When transmission electron microscopy (TEM) analysis is



Introduction
performed on the sample, a double layer of silver nanoparticles with sm aller
sizes (5-10 nm) in the outer layer and larger ones (5—20 nm) in the inner
layer can be observed (Figure 1-1D). A schematic representation of the
interference between the two layers with constant distance of about 430 nm
is shown in Figure 1-1E. The light scattered by the second layer has a phase
shift with respect to the one scattered by the first layer: each wavelength is
scattered differently, since the phase shift depends on the wavelength of the

incoming light.® 7

Figure 1-1 Lycurgus Cup (British Museum; IV century BC) illuminated A) from the outside
and B) from the inside. C) Medieval piece of a glazed ceramic (9" century AD) observed by
scattered light and specular reflection. D) TEM image of the double layer of silver
nanoparticles. E) Schematic representation of interference phenomena due to the double
layer with an interlayer distance of 430 nm. Adapted from references & 7.

1.1.1 Optical properties of noble metal nanoparticles

The beautiful examples reported in the previous Section suggest that noble
metal NPs are characterized by extraordinary optical properties, that make

them suitable for a high number of applications. The optical properties are
2



Noble metal nanoparticles as active materials for solar energy conversion
and chemical sensing

exploited when light interacts with matter, thus an exact analysis can be
obtained solving the Maxwell equations with the appropriate boundary
conditions. However, this goes beyond the scope of this thesis. More
classically, when a NP is illuminated, the electromagnetic (EM) field of light
interacts with the conduction electrons, which usually move freely inside the
particle creating the so-called plasmon. As a consequence, an electric dipole
is created, so that negative and positive charges accumulate in opposite
regions in the particle and the generated electric field results opposite to the
light one. Since the size of the NP is much smaller than the photon
wavelength, the resulting plasmon oscillation is distributed over the whole
particle volume, hence localized surface plasmons (LSPs) are created. The
electrons displacement generates a restoring force, so that when the external
field is removed, they oscillate with a resonant plasmon frequency.® °
Consequently, a resonance is achieved as soon as the frequency of the EM
radiation approaches the LSP frequency, so that a localized surface plasmon
resonance (LSPR) band can be observed in the extinction spectrum of the
NPs colloid.1° The extinction cross-section for metallic NPs, which depends
also on the power of the incident light, is the summation of the absorption
and scattering contributions and it is defined as the effective area of a
homogeneous incoming beam from which they will absorb or scatter every
photon. Additionally, LSPR is strongly dependent on the NP size or shape,
the dielectric function of the surrounding medium and the nature of the metal.
In Figure 1-2A-B, it is possible to notice that two kinds of transitions are
excited when Ag and Au NPs are illuminated. Apart from the LSPR, interband
transitions have a certain probability to take place. In the case of silver, the
two bands are well-resolved, since the interband energy is quite high (Figure
1-2C) and this behaviour can be described with a lossless Drude model.1? A
completely different situation can be observed within Au NPs spectrum. As

3



Introduction
shown in Figure 1-2D, the interband energy is small, so that losses,
associated to the transition between d levels and the conduction band, are
likely: interband transitions and LSPR overlap, resulting in the decay into
electron-hole pairs and a reduced plasmon intensity.® % 12 However, although
Ag outperforms Au, usually Au is preferred due to its higher chemical stability

and biocompatibility in most applications.
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Figure 1-2. Optical absorption spectra for A) Ag and B) Au NPs embedded in a silica matrix
with dielectric function € = 2.25 (diameter 40 nm). For Au NPs, the contributions to the optical
absorption of interband transitions and LSPR are resolved. Adapted from Reference 8.
Schematic representation of phonon-assisted C) intraband electronic transition in Ag NPs
and D) interband electronic transition in Au NPs when irradiated with Vis light. Adapted from
Reference 2.

The optical properties of noble metal NPs are influenced not only by the
nature of the metal, but also by the size and shape of the particles. Adjusting
the synthetic procedure, various morphologies can be obtained, spanning
from nanospheres to nanocubes, hexagonal shapes, nanorods and
nanostars (Figure 1-3). Interestingly, all these NPs have different optical

properties. For example, in the case of gold nanorods with different aspect

ratios (the length divided by the width), this effect is visible to the naked eye.
4
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The UV-Vis spectra for gold nanorods typically show two bands: one at
higher energy, corresponding to the collective oscillation of free electrons in
the presence of the external EM field along the transverse dimension, and
the other at longer wavelengths, corresponding to the absorption and
scattering of light along the longitudinal dimension of the nanorod.*® As the
length of the rod increases, it is possible to observe a shift of the band at
longer wavelengths, from the visible to near infrared, and the colour of the
corresponding dispersions changes from pink to blue, green and brownish
(Figure 1-3F-H).”

400 500 800 900

600 700
Wavelength (nm)

Figure 1-3 TEM images of Au NPs with different shapes: A) nanospheres, B) nanocubes,
C) nanorods, D) hexagons, E) nanostars. Au nanorods with different aspect ratio (the length
divided by the width): F) 1-5 TEM images, G) UV-Vis spectra and H) photographs of the
dispersions. Adapted from Reference .

Nowadays, numerous strategies for the synthesis of noble metal NPs have
been reported in literature, but they can be mainly divided in two macro-

groups, namely bottom-up and top-down methods. The former deals with the
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reaction of atoms or molecules under specific chemical or physical
conditions, while the latter is essentially the reduction in NPs of bulk materials

by means of physical, mechanical or chemical processes.*

1.1.2 Bottom-up synthesis of noble metal nanoparticles

The chemical reduction of precursors is one of the most common methods
for the synthesis of noble metal NPs. Apart from the precursor, two species
are fundamental for the synthesis, namely the reducing agent and the
stabilizer, and two steps are essential, namely the nucleation and the growth.
In 1951 Turkevich reported the in situ synthesis of Au NPs with a size of 20
nm from the reduction of chloroauric acid (HAuClas) in boiling water containing
sodium citrate as stabilizing and reducing agent.*> The method was later
improved by Frens, who found that Au NPs with sizes ranging from 15 to 150

nm can be obtained adjusting the HAuCls : citrate ratio.®
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Figure 1-4 A) Schematic illustration of the two possible reaction pathways for the synthesis
of Au NPs as a function of the solution pH. B) Variation of the solution pH upon the addition
of sodium citrate to a chloroauric acid solution (0.25 mM) and structure and reactivity of gold
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complexes as a function of pH. C) TEM images showing the temporal evolution of Au NPs
size and shape using high (top row) and low (bottom row) citrate:HAuCl, ratio. D) TEM
images of Au NPs synthesized varying the solution pH, but with fixed initial HAuCls and
citrate concentrations. Adapted from Reference .

Here, nucleation and growth take place in the same process, and the size
distribution is determined by various parameters, such as temperature, pH
and strength of the reducing and stabilizing agents. Since citrate is a weak
base, changing its concentration, the solution pH is also changing.
Furthermore, the reactivity of gold complexes, reflected by their reduction
potentials, varies markedly when the pH changes (Figure 1-4B). As shown in
Figure 1-4 A, Ji et al. found that two different reaction pathways are followed
when the synthesis is carried out at low and high pH values. Under high pH
(6.5-7.7), which correspond to a high citrate: chloroauric acid ratio, nucleation
is quite slow (~ 60 sec) and it is followed by slow diffusion-controlled growth,
giving rise to relatively small NPs. When the pH is lower (3.7-6.5), the higher
reactivity of the formed gold complexes is accompanied by a faster
nucleation, followed by random attachment and intra-particle ripening, giving
rise to relatively larger NPs with higher polydispersity. The TEM images
showing the temporal size and shape evolution of Au NPs as a function of
citrate: HAuCls ratio and pH are shown in Figure 1-4 C-D.1’

Other common in situ synthesis of Au NPs are carried out using different
stabilizing agents, such as borohydride, hydrazine, formaldehyde,
hydroxylamine, citric and oxalic acid, polyols, hydrogen peroxide etc., or
stabilizing agents, such as thiolates, phosphorus-, nitrogen-, oxygen-based
ligands, dendrimers, polymers and surfactants (i.e. cetyltrimethylammonium
bromide, CTAB).18

When the Turkevich method is applied to the synthesis of Ag NPs starting
from AgNOs, the ability of citrate to form relatively stable complexes with
positively charged silver ions, leads to the formation of relatively big and

polydisperse Ag NPs (30-150 nm) and a variety of shapes, such as spheres,
7
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rods, plates and polyhedra.® Pillai et al. showed how citrate is able to
influence the particles growth and morphology. The augmented absorbance
of the broad plasmon band at 420 nm with time is a clear sign of a slow
particle growth, whose rate is also influenced by citrate concentration. (Figure
1-5C) The TEM images in Figure 1-5A-B show that small spherical Ag NPs
are formed in the early stage of the reaction, but the presence of citrate
induces their agglomeration into nanoclusters, until an optimal size.
However, the small particles undergo the so-called Ostwald ripening
process: they are reoxidized to Ag* ions and then adsorbed on the surface
of bigger particles, where they are reduced. A complete scheme of the
nucleation and primary and secondary growth of Ag NPs in the presence of

citrate is shown in Figure 1-5D.%°
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Figure 1-5 TEM micrographs of silver colloids at A) an early stage and B) a later stage of
the synthesis performed using sodium citrate as reducing and stabilizing agent. C) Temporal
evolution of the absorbance of the Ag NPs plasmon band at 420 nm for different Ag*:citrate
ratios. D) Schematic representation of the nucleation and primary and secondary growth of
Ag NPs in the presence of citrate. Adapted from Reference 2°.
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More recently, aiming to obtain better size and shape control of the NPs,
seeded-growth methods have been developed, based on the temporal
separation of nucleation and growth. Bastus et al. proposed this method for
the synthesis of highly monodisperse Au NPs: the nucleation occurs in boiling
water in the presence of sodium citrate, thus producing small seeds (~8 nm).
Later, seeds growth is performed thanks to the accurate control of
temperature and number of Au atoms added in every growth step. Indeed,
after the synthesis of Au seeds, the subsequent steps were carried at 90°C
in order to favour growth against secondary nucleation and, besides, avoid
the Ostwald ripening process. The TEM images in Figure 1-6A show the step
by step increase in the size of Au NPs after every growth step (from ~8 to
~180 nm). The UV-Vis spectra of the gold colloids in Figure 1-6B exhibit a
well-defined LSPR band, which is peaked at 518 nm for the Au seeds, while
it is red shifted at every growth step; furthermore, the increasing absorbance

is a proof of the deposition of Au on the preformed seeds.?!
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Figure 1-6 A) TEM micrographs of the Au NPs after the nucleation and every growth step,
with sizes ranging from ~8 to ~180 nm. B) UV-Vis spectra of the gold colloids after different
growth steps. Adapted from Reference 2.

Unlike the above-mentioned solution processed bottom-up methods, a direct

synthesis method of noble metal NPs is the thermal decomposition of solid
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precursors, which is useful for the production of large amounts of material,
but, on the other hand, appears to be a complex process, due to the high
number of factors affecting the solid-state and solid-gas systems. Thus,
suitable precursors, heating rate, annealing time, temperature and
atmosphere should be carefully selected and controlled.?? Wang et al.
succeeded in the synthesis of Ag NPs from the thermal decomposition of
silver nitrate in a chemical vapour deposition system with a source
temperature of 400°C, while the substrate temperature varies in the range
110-350°C. Ag NPs were synthesized on TiOz2 films. The authors observed
that the particles size decreases from 75 to 25 nm when the distance from
the silver source, which is directly proportional to the decreased substrate
temperature, varies from 15 to 25 cm. Furthermore, when different values of
pressure are applied on TiO2 anatase or rutile, nanorods or nanoplates are
formed, respectively. SEM images of the obtained Ag nanostructures and a
schematic representation of the synthetic procedure are shown in Figure
1-7A-F.2

= Growth of l\gmmomd s along <110>
Y direction on smooth TiOy(anatase) film
3 a to nducelolalmrfa(-emerg\ of Ag
Decomposition of Condensat r\g “\
AgNOj to Ag v: po and d pm of Ag
to form

Growth of Ag nanoplates through the grain
of rough TiO, (rutile) film

Figure 1-7 SEM images of the synthesized Ag NPs on TiO; film at a distance of A) 15 cm,
B) 20 cm, C) 25 cm from the silver source and D) Ag nanorods on TiO; anatase, and E) Ag
nanoplates on TiOz rutile. F) Schematic representation of the growth mechanism of Ag NPs,
nanorods and nanoplates on TiO; film. Adapted from Reference 23
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Similarly, the thermal decomposition of precursor salts dissolved in organic
solvents is particularly suitable for the direct formation of NPs on the desired
substrate surface, for various technological applications, as it will be shown

later in this thesis.24

1.1.3 Top-down synthesis of noble metal nanopatrticles

An effective technique for the preparation of noble metal NPs is the laser
ablation synthesis in solution (LASIS), which relies on the pulsed laser
irradiation of a bulk metal source dipped in a liquid solution. Although a
comprehensive explanation of the synthetic procedure is still lacking, it has
been established that photons are absorbed in the irradiated area of the
metal source, thus causing heating and photoionization, which give rise to
the expulsion of material generating an expanding plasma plume.
Supersaturation in the plasma plume is the major driving force for the
nucleation of NPs, which is followed by diffusion-limited growth and
coalescence, also favoured by the cooling effect of the surrounding liquid.
The size distribution and morphology of the particles can be influenced by
various factors, such as the nature of the solvent and the presence of
electrolytes or surfactants.?> 26 Tilaki et al. studied the laser ablation of
copper in deionized water and acetone and noticed that in the first case the
obtained particles observed with TEM are characterized by an average size
of 30 = 14 nm and have a core@shell structure, which can be ascribed to the
presence of a Cu core and a CuO shell. Furthermore, the diffraction pattern
of the obtained particles confirms this observation. On the other hand, when
the ablation is performed in acetone, the particles, all appearing in the same
contrast, have an average size of 3 + 1.3 nm and the diffraction pattern is the

typical one for Cu NPs. These findings clearly suggest that water has a role
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in the surface oxidation of the obtained particles, while acetone works as a
capping layer on the NPs surface, thus preventing oxidation.?” Although one
of the main advantages of LASIS is the possibility to synthesize uncapped
naked NPs in solution, it was demonstrated that the absence of a capping
agent is the reason for the formation of big NPs aggregates, which are also
prone to precipitation. Mafuné et al. studied the influence of sodium dodecyl
sulfate (SDS) on the ablation of Ag in water and found that the average
diameter of Ag NPs decreases as the SDS concentration increases.?8 (Figure
1-8A-C)

Abundance (arb. units)
)

Diameter (nm) Diameter (nm) Diameter (nm)

Figure 1-8 TEM micrographs and size distribution of Ag NPs prepared by laser ablation
synthesis in solution (LASIS) in aqueous solution of SDS A) 0.003 M, B) 0.01 M and C) 0.05
M. Adapted from Reference 2.

LASIS revealed to be a feasible method for the synthesis of ligand-free AuAg
bimetallic NPs: Ag is ablated in a gold colloidal solution and the composition
and the optical properties, consequently, strongly vary with the initial Au NPs
concentration.?? 30

The laser-metal target interaction can take place also in a different

environment, such as in vacuum or in the presence of a background gas. In
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these cases, pulsed laser deposition or ablation (PLD or PLA) is a useful
technique for the deposition of nanostructured thin films, as it will be shown

later in this thesis.

1.2 Dye-sensitized solar cells

Dye-sensitized solar cells (DSSCs), along with perovskite solar cells, can be
considered the most promising alternatives to conventional Si-based or thin
film solar cells, being able to convert solar energy to electricity with
acceptable efficiency and moderate costs.3% 32

DSSCs appeared in literature in 1991 for the first time, when Gréatzel and
O’Regan proposed a low cost and highly efficient solar cell,*® based on light
harvesting by a sensitizing dye attached to a wide band gap
semiconductor.34-37

State-of-the-art DSSCs based on iodide/triiodide or cobalt based redox
couples in a liquid electrolyte reached validated power conversion
efficiencies (n or PCE) of 14%,% while, when a solid-state hole conductor is
used, PCE can reach values over 5%.3° Nowadays, several companies are
able to manufacture DSSCs for residential installations as well as consumer
electronics.

A typical DSSC can be schematized as a photoanode or photoelectrode
(PE), constituted by a dye adsorbed on a n-type semiconductor oxide
(typically TiOz in the anatase phase), in contact with a hole transporting
material (HTM), such as a liquid electrolyte. The flow of charges in the system
is ensured by the presence of a catalytic material on the counter-electrode
(CE) surface. Both the PE and the CE are made of conducting glass,
prepared covering the glass with a transparent conducting oxide (TCO),
typically indium tin oxide (ITO) or fluorine-doped tin oxide (FTO).33 40. 41 The
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working principle of a DSSC under solar illumination is presented in Figure

1-9.
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Figure 1-9. Schematic representation of the working principle of a DSSC under solar

illumination. Recombination processes are indicated by dashed arrows.
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Upon irradiation, (a) photon absorption gives place to the excitation of
electrons from the dye Highest Occupied Molecular Orbital (HOMO) to its
Lowest Unoccupied Molecular Orbital (LUMO), thus leading to the formation
of *Dye, (b) which is then able to inject charges from the LUMO in the

conduction band of the TiO2 semiconductor. Here, electrons firstly diffuse in
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the disordered TiO2 network until they reach the back contact of the anode
and then (c) to the CE, through the external circuit. Simultaneously, (d)
thanks to the presence of a catalytic material on the CE surface, reduction of
Ox (oxidized form of the electrolyte) occurs, while (e) Dye* (oxidized dye)
rapidly transfers its holes to Red, the electron rich form of the redox couple.
A good dye regeneration is ensured when the energy of the HOMO of the
redox mediator is higher than the dye one. However, the electron transfer
events here described can be limited by several undesirable loss reactions,
such as the charge recombination from the semiconductor conduction band
(f) to Dye* which gives rise to the so-called dark current, or (g) to Ox
(recombination back reaction), and (h) the (radiative or non-radiative) decay
of the LUMO level of the dye to its HOMO one.*? The typical time constants
for the described processes are shown in Figure 1-10.

Interfacial
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Charge Charge Dye
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Figure 1-10 Overview of the typical timescale of the main kinetic processes occurring in a
DSSC. Adapted from Reference 3.

Since their first appearance in literature, researchers have worked on the
optimization of all the components of DSSCs, in order to maximize the cell
performances. However, before reviewing the recent advances in the field,

the device key parameters and figures of merit (FoM) should be presented.
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1.2.1 Key parameters and figures of merit

1.2.1.1 Photoconversion efficiency

The photoconversion efficiency (PCE) of a solar cell is given by the ratio
between the maximum generated power (Pmax) and the power of the incident

light (Pin) and it is usually calculated by the following equation:

Prnax _]max “Vinax :]SC Voc - FF

p; Pin p;

The key parameters are the photocurrent and photopotential which can be
experimentally measured under different conditions, such as open or short

circuit and under monochromatic or sunlight illumination.

1.2.1.2 Short circuit density

The short circuit density (Jsc) is the highest current density that a cell can
supply at 1 sun when it is short-circuited. The Jsc is closely related to the
ability of the dye to absorb light over a wide range of wavelengths and to
inject electrons from its excited level to the semiconductor conduction band
(Egn (a, Egn (b). Furthermore, higher is the rate of dye regeneration (Eqn (d)
ensuring low values of dark current (Egn (f), higher is the Jsc. Indeed, the

overall Jsc is given by the following equation:

Jsc = ]inj — Jrec

Where Jinj represents the injection current, while Jrec is the recombination
current contributing to the photovoltaic (PV) performance loss. In particular,
Jsc is closely related to the light harvesting efficiency (LHE), the charge

16



Noble metal nanoparticles as active materials for solar energy conversion

and chemical sensing

injection and charge collection efficiencies,* which will be presented in
Section 1.2.1.5.

1.2.1.3 Open circuit voltage

Another key parameter which can be highly affected by the recombination
processes is the open circuit voltage (Voc): it represents the electrical
potential difference when no current is flowing between PE and CE under
illumination. The maximum Voc for a DSSC is given by the difference between
the quasi-Fermi energy level for the semiconductor (Ecb) and the redox
potential of the electrolytic couple (Ered). Nevertheless, a more complete

description of the Voc is given by the following equation:

v le ( nd, )
= —In|———mm—
oc q noker[0x]

Where k is the Boltzmann constant, T is the absolute temperature, q is unit
charge; n and ®o are closely related to the Jinj and they represent the
photogenerated electrons quantum yield and the incident photon flux,
respectively. The influence of the loss reactions is given by the terms no, ket
and [Ox] which are the electron density in the semiconductor conduction
band in the dark, the recombination rate constant and the concentration of

the oxidized form of the electrolyte, respectively.*®

1.2.1.4 Fill Factor, series and shunt resistances

The fill factor (FF) is a measure of the quality of the cell, since it is given by
the ratio between the maximum theoretical power (P,ux = Jmax * Vimax) @nd
the real output power (P,,: = Jsc - Voc)- It is calculated as the ratio between

the blue and the green shaded regions in Figure 1-11A. This parameter
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represents the easiness of extraction of the photo-generated charge carriers
from the solar cell. The FF can assume values in the range 0-1. Indeed, if we
consider the Voc as the illumination dependent resting potential of the cell,
the FF value will differ from unity as the Voc faces voltage losses; the latter
are caused by the presence of internal resistances when an external load is
connected and the current starts to flow.*® The FF can be affected by the
series resistance (Rs) and the shunt resistance (Rsh): the former can be
associated to the bulk resistance of the materials and the electrodes, the
contact resistance at the interface between the various cell components and
charge transfer resistance in the semiconductor material. High values of Rs
give rise to a smaller voltage drop in the diode, inducing a slower increase of
current with voltage (Figure 1-11B). On the other hand, Rshis related to the
presence of alternative paths for the photogenerated current, for example in
the traps or the pinholes in the semiconducting film or high degree of
recombination. Low values of Rsh are associated to huge current leakage in
the cell, causing a decrease of current with the applied voltage (Figure
1-11B).

A B
=~ AN
3
<
£
= J
JSC p Pout < = °
Jmax max Rs /I\
D\ "4
5 ) C Y
ph Lt/
Js,n ‘Rsh
> ]
V(v
Vmax VOC )

Figure 1-11 A) Hypothetical Current-Voltage (I-V) curves. Various important cell parameters
are also indicated in the figure. B) Equivalent circuit for a solar cell showing the
photogenerated current density Jph, the current flowing in the external load J and the applied
voltage V, the series and shunt resistances, Rs and Rsp, respectively.
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The Rs can be calculated as the slope of the I-V curve around the Voc value.

A high value of Rs negatively affects the overall PCE of the cell, as shown in

Figure 1-12A. On the other hand, the Rsh can be calculated as the slope of

the I-V curve around the Jsc point and when its value approaches infinity, the
PV device is characterized by high FF values (Figure 1-12B).45 47.48
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Figure 1-12 A) Effect of the series resistance (Rs) variation on the I-V characteristic of a solar
cell, when the shunt resistance Rqn is infinite. B) Effect of the shunt resistance (Rsn) variation
on the I-V characteristic of a solar cell, when the series resistance Rs is zero. Adapted from
Reference 5.

1.2.1.5 Incident photon conversion efficiency

All the parameters described in the previous sections are measured under 1
sun illumination, while the incident photon conversion efficiency (IPCE)
represents the external quantum efficiency (EQE) of the cell at a specific

excitation wavelength (Aex). It is usually expressed by the following equation:

IPCE(Aex) = Pa(Aex) - CI)inj ) q)reg D¢
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Where ®a (Aex) is the light harvesting efficiency (LHE) at Aex . This term can
be evaluated by UV-Vis spectroscopy, since it is defined as 1-10-#, where A
is the absorbance at Aex. Furthermore, ®injis the electron injection efficiency
from the *Dye LUMO level to the TiO2 conduction band. ®reg is the efficiency
of regeneration of Ox on the CE and ®c is the charge collection efficiency.*
A schematic representation of the mentioned processes can be observed in
Figure 1-13.

Figure 1-13 Schematic representation of the processes contributing to the IPCE: light
harvesting, electron injection and charge collection and their efficiencies LHE, ®iyjand ®e.

1.2.2 Device components

The main components of DSSCs are shown in Figure 1-14, as well as the

main processes occurring in the cell.
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Figure 1-14 Schematic representation of the cell components and some of the main electron
transfer processes.
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1.2.2.1 Photoelectrode

A PE is usually fabricated by depositing a thin compact layer of a wide band
gap semiconducting oxide on a TCO coated glass. As shown in Figure 1-15
for applications in PV, a semiconductor should be characterized by a suitable
band position for the injection of electrons from the sensitizing dye. Indeed,
owning a wide band gap (Eg > 3 eV), these semiconductors are characterized
by absorption in the UV region, which implies the necessity of using a
sensitizer with high extinction coefficient in the visible range.
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Figure 1-15 Comparison of the lower edge of the CB (in red), upper edge of the VB (in green)
and band gap energy (in eV) for various semiconductors in contact with an aqueous
electrolyte at pH 1. The standard redox potentials for some redox couples are shown, as
well as the standard hydrogen potential. The energy scale is indicated in eV using both the
vacuum and the normal hydrogen electrode (NHE) level as a reference. Adapted from
Reference 0.

For sufficient dye loading, a nanoporous film of semiconductor should be
used, in order to ensure a high surface area.’® The most widely used

semiconductor is TiOz, but various examples of DSSCs carrying ZnO or SnO:
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can be found in literature. ZnO, owing a similar Eg, is considered the most
promising alternative to TiOz2: it is characterized by low cost, high stability
against photocorrosion and it has a high pe (115-155 cm? V! s™1), which
ensures efficient electron transport in the semiconducting thin film and slow
recombination rate.>? However, ZnO based DSSCs are characterized by
lower PCE compared to the TiO2 based counterparts: Memarian et al.
reported a PCE of 7.5% using ZnO polydispersed aggregates obtained by
spray pyrolysis.>® The formation of insulating agglomerates of Zn?*/dye
complexes, causing the dissolution of ZnO, limits the electron injection, when
acidic dyes carrying carboxylic groups are used.>* On the other hand, SnO2
is characterized by higher Eg (3.8 eV) and e (250 cm? V™1 st and 125 cm?
V-1 s71for single crystal and nanostructured SnO2) compared to TiO2 (Eg 3.2
eV and pe 1 cm? V™t s71),% but the low conduction band edge energy is the
reason for the poor PV performance (PCE ~1.70%), which can be endorsed
to low Voc values (~0.4 V for iodide based electrolytes).>® An alternative
strategy to boost the PV performance, while taking advantage of the reported
SnO2 high pe value, is the fabrication of hybrid structures of SnO2 and TiOz:
Gu et al. reported a PCE of 7.87% when using as PE material SnO2@TiO2
core@shell nanoparticles prepared by flame spray pryrolysis.%’

Thus, an ideal photoanode should have the following characteristics:

* high surface area to ensure high dye loading;

* high electron mobility for a fast electron injection from the dye excited state
and fast electron transfer from the dye to the external circuit;

* porous structure to facilitate the diffusion of the electrolyte;

* high resistance to photocorrosion;

* high scattering of the sun light to favour the absorption from the dye of the
diffused light.58

A common methodology used to match these requirements envisages four

layers of anatase TiO2 with different particles sizes. A blocking underlayer
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(thickness ~50 nm), whose role is to enhance the adhesion on TCO glass
substrate and to help reducing the dark current generated by the charge
recombination between the electrons in the TCO glass and the holes of the
oxidized electrolyte. This is possible thanks to the reduction of the number of
pores, which allow the infiltration of the electrolyte into the TiO2/TCO

interface and the formation of a compact thin layer.>® 8(Figure 1-16)
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Figure 1-16 Schematic representation of A) the recombination of electrons in the FTO back
contact with the oxidized form of the electrolyte and B) its suppression in the presence of
the blocking underlayer.

The active layer is usually a transparent layer of mesoporous anatase TiO2
nanoparticles with a diameter of ~20 nm. The thickness of the layer varies in
the range ~5-12 um, according to the extinction coefficient of the sensitizing
dye. The large surface area of the NPs ensures the adhesion of a large
number of dye molecules. Among the various technigues available, screen
printing is the most efficient and reproducible one, allowing the deposition of
ordered multilayers with the desired thickness.

A non-transparent scattering layer can be deposited on top of the active

layer, acting as a photon trapping system: the presence of larger TiO2
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nanoparticles (~200-400 nm) causes an elongation of the optical path of the
incident light enhancing light absorption.?

The post-treatment with TiCls for the deposition of a thin layer of small TiO2
nanoparticles (upper blocking layer) is usually performed, but the positive
effect on the PV performance has been highly debated in literature. Among
the others, the most common explanation is that small TiO2 nanoparticles
resulting from the vaporization of organic binders during the sinterization
process, fill in the pores generating a more uniform film leading to easier
electron transfer. However, Sommeling et al. showed an increase in
photocurrent after the TiCls treatment, but it was evident that neither the dye
loading (probably more dye binding sites are provided) nor the decrease in
charge transport losses or recombination could independently explain the
results. They were also able to show a downward shift of the TiO2 CB of ~100
mV, which in any case was not causing a decrease in Voc: overall, we can
assume that the efficacy of the TiClsa post treatment can vary widely,

according to the quality of the starting TiO2 active layer.5?
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Figure 1-17 Incident photon to current conversion efficiency (IPCE) as a function of the
wavelength for the standard ruthenium sensitizers N3 (cis-Bis(isothiocyanato) bis(2,2-
bipyridyl-4,4*-dicarboxylato ruthenium(ll), red line), the black dye N749 ([[2,2"6'2"-
terpyridine]-4,4',4"-tricarboxylato(3-)-N1,N1',N1"Jtris(thiocyanato-N)hydrogen ruthenium(ll),
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black curve), and the blank nanocrystalline TiO: film (blue curve). The chemical structures
of the sensitizers are shown as insets. Adapted from Reference 7.

The necessity to use a molecular chromophoric compound arises from the
really poor light absorption from wide band gap semiconductors, such as
TiO2 (Figure 1-17), whose absorption in the UV spectral range limits the
efficiency of the electrical response.®® The first class of sensitizers which
found application in DSSCs are polypyridyl Ru(ll) complexes, whose

ancestor is Ru(bpy)sCl-.

UNIDENTATE CHELATING BRIDGING BIDENTATE

Figure 1-18 Binding modes of the dye through its carboxylic groups on TiO2 NPs surface.
Adapted from Reference 4.

Usually these complexes have a general ML2(X)2 formula, where L stands
for 2,2'-bipyridyl-4,4'- dicarboxylic acid, M for Ru and X for water, halide,
cyanide or thiocyanate. The carboxylic functionality represents the typical
anchoring group for the sensitization of the semiconductor. As shown in
Figure 1-18, the dyes can link to the TiO2 surface through unidentate,
chelating or bridging bidentate modes with the metal cation: however, the
unidentate mode, involving an ester-like linkage, results in poor stability of
the structure due to large rotational freedom of the dye molecules. For this
reason, the chelating or the bridging bidentate modes are more common,
thanks to the carboxylate linkage. Furthermore, the dyes anchoring is even

more stable when it occurs through two carboxylic groups.®° 66
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The so called N3 and black dye are among the most famous synthesized
dyes for the first generation of Ru based DSSCs. Their structure and IPCE
spectra in a DSSC are shown in Figure 1-17 compared with the photocurrent
response of bare TiO2. They are both characterized by high IPCE values
(~80%) in the visible range, but the black dye response is extended also in
the NIR region.s’
A PCE of 10% was achieved employing the N3 dye, but its main drawback
arises from the high degree of protonation of the free carboxylic groups in the
bpy moiety, which causes the downshift of the TiO2 CB edge, thus reducing
the Voc. Furthermore, aggregation on the TiO2 surface occurs due to the
formation of intermolecular hydrogen bonding, causing self-quenching of the
dye excited state (Figure 1-19).64 68,69

Figure 1-19 Representation of the inefficient electron injection into nanostructured metal
oxide arising from aggregation and/or high degree of protonation in N3 dye. Adapted from
Reference .

New generations of dyes arose from the modification of N3: the aggregation
was suppressed adding amphiphilic alkyl chains, as in the case of Z907,
while higher molar extinction coefficients and conjugation were obtained
adding a thiophene moiety prior to the alkyl chain, as in C101 and C106, the

latter differing from the former for the presence of a sulphur atom (Figure 1-
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20A-C). As shown in Figure 1-20D, the Voc increases from 0.720 V for N3 to

0.730 V when the alkyl chain is introduced in Z907, but it reaches 0.778 V

when using C101. Nevertheless, the low values of FF and PCE for the DSSC

equipped with Z907 are ascribable to the use of a gel electrolyte, which
reduces the mobility of ions and, consequently, the dye regeneration.
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Figure 1-20 Molecular structures of A) Z907 (cis-Bis(isothiocyanato)(2,2-bipyridyl-4,4*-
dicarboxylato)(4,4-di-nonyl-2-bipyridyl)ruthenium(Il)), B) C101 (cis-
Bis(isothiocyanato) (2, 2'-bipyridyl-4,4"-dicarboxylato)(4,4'-bis(5-hexylthiophen-2-yl)-2,2'
bipyridyl)ruthenium(ll)), C) C106 (cis-Bis(isothiocyanato)(2,2"-bipyridyl-4,4"-dicarboxylato)(
4,4"-bis(5-(hexylthio)thiophen-2-yI)-2, 2" -bipyridyl)ruthenium(ll)) dyes. D) Photovoltaic
performance of DSSCs equipped with N3,70 black dye,”* Z907,72 C101,7® C10674 dyes.

Despite the good PV performance, the large-scale application of Ru-based
sensitizers is limited by the difficult purification and low molar extinction in the
visible range and the rarity and environmental hazard of the starting
materials. For these reasons, metal-free organic sensitizers have attracted
increasing interest, thanks to their versatile structure, tunable electronic

properties and high absorption of visible light. Fast electron injection in the
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TiO2 CB is ensured by push-pull dyes, with a general structure donor-1
bridge-acceptor (D-11-A): the D moiety plays the role of the light harvesting,
which gives rise to an intramolecular charge transfer (ICT) through the bridge
to the A.43
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Figure 1-21. Active molecular orbitals (MOs) isosurfaces of the computed vertical transitions
of Dye-(TiO>)1s systems at the TD-DFT/B3LYP theoretical level. The represented molecule
has a triphenilamine donor, a thiophene bridge and a cyanoacrylic acid acceptor. Adapted
from Reference 5.

Triarylamine derivatives were chosen as efficient donors, thanks to their
electronic properties and planarity. The main advantage of D-—A dyes is the
localization of the molecular orbitals involved in the electronic transition: the
HOMO is strongly localized on the donor moiety, while the LUMO is on the
acceptor fragment. Furthermore, when the dye is adsorbed on the TiOz2, the
orbitals accepting the transition are localized also on the TiOz2 cluster orbitals,

demonstrating an efficient route for the electron injection (Figure 1-21).
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Figure 1-22. Molecular structures of A) D35 (E)-3-(5-(4-(bis(2',4'-dibutoxy-[1,1'-biphenyl]-4-
yl)amino)phenyl)thiophen-2-yl)-2-cyanoacrylic ~ acid), B) Y123  (3-{6-{4-[bis(2',4"-
dihexyloxybiphenyl-4-yl)amino-]phenyl}-4,4-dihexyl-cyclopenta-[2,1-b:3,4-b"ldithiphene-2-
yl}-2-cyanoacrylic acid), C) ADEKA-1 (2-Cyano-3-[5"-(9-Ethyl-9H-carbazol-3-yl)-3,4’,4-tri-
n-hexyl-[2,2°,5°, 2 Jterthiophenyl-5-  ylltrimethoxysilane, D) LEG4 (3-{6-{4-[bis(2',4"-
dibutyloxybiphenyl-4-yl)amino-]phenyl}-4,4-dihexyl-cyclopenta-[2,1-b:3,4-b"]dithiophene-2-
yl}-2-cyanoacrylic acid). E) Photovoltaic performance of DSSCs equipped with D35,76
Y123,7° LEG4,7® ADEKA-18% dyes and ADEKA-1 + LEG4®8 blend.
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In addition, various studies were performed to assess the best structure of
these dyes. Strong electron donating substituents can induce a red shift of
the absorption, improve the charge transfer ability and suppress the
recombination. These requirements are matched using long chain bulky
alkoxyl groups as substituents on an additional phenyl ring on the
triarylamine, as in the case of D35 dye.’® 77 The bridge plays an important
role in favouring the ICT from D to A, thus thiophene, dithiophene,
cyclopentadithiophene (CPDT) are among the most common and efficient
ones.’® 78 In order to accept electrons from D, the acceptor should be a good
electron withdrawing and anchoring group, such as cyanoacrylic acid,
carboxylic acid or alkoxysilane.38: 43
In conclusion, the main advantage of metal-free push-pull dyes relies in the
high molar extinction values, which allow the reduction of the semiconducting
film thickness, thus decreasing the charge recombination rate and the
transport time, making them suitable for the application in combination with
iodide-free redox mediators. The FoM of the most efficient DSSCs and the
molecular structures of the D-T—A dyes used as sensitizers, such as D35,
Y123, LEG4 and ADEKA-1, are shown in Figure 1-22.
Nevertheless, several other classes of sensitizers were developed, such as
porphyrins,8! phthalocyanins,®? coumarins®® and dyes extracted from natural

products, such as anthocyanins, betalains, chlorophylls, carotenoids, etc.3?
84, 85

1.2.2.2 Electrolyte

Traditional DSSCs are fabricated using a solvent based iodide-triiodide
(I7/13) redox couple electrolyte. The most common solvent is acetonitrile
(ACN), by virtue of its polarity, low viscosity and high stability, ensuring good
diffusion of ions and efficient charge transfer. Its main drawback is the low
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boiling point (78°C) which affects the long-term stability of the PV system,
due to the solvent volatility and leakage. In order to overcome such problems,
other common alternatives are methoxy acetonitrile, 3-methoxypropionitrile
(MPN), N-methyl-2-pyrrolidone or y-butyrolactone. As an alternative, solvent
mixtures can be used, as in the case of the addition of valeronitrile (VN) to
ACN.8 87 |t has been demonstrated that various additives can play a role in
determining the overall PCE: the addition of 4-tert-butylpyridine (TBP), which
is able to adsorb on the bare TiO2 surface through its nitrogen lone pair,
induces an increase in Voc, which is probably related to a shift of the TiO2
CB edge to higher energies and the recombination suppression,
consequently. On the other hand, positive charged species, such as Li*
(frequently used as iodide counterion) and guanidinium (from another
commonly used additive, guanidinium thiocyanate) give rise to a shift of the
TiO2 CB edge towards lower energies and a Voc decrease.*? 8-91 However,
Li* is also able to intercalate into the semiconducting film, favouring the
charge recombination suppression and the charge injection.®¢ Thus, the
appropriate balance in the additives concentration should be found for the
studied PV system. Furthermore, aqueous electrolytes,®? as well as quasi-
solid, based on polymer gel or ionic liquids, and solid state ones, based on
HTMs, such as copper halogen salts or molecules (i.e. spiro-OMeTAD
{2,2',7,7"-tetrakis(N,N’-di-p-methoxyphenylamine)-9,9'-spirobifluorene}) are
gaining increasing interest.86. 87
Since 2010, various studies were carried out on the electrolyte composition,
seeking for iodide-free redox mediators. The 17/l redox couple is
characterized by an inherent low redox potential, which limits the maximum
Voc that the DSSC could obtain. Furthermore, the energetic mismatch
between its reduction potential and most of the Dye*/Dye states usually leads

to large voltage losses. Another disadvantage that should not be discarded
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for large scale applications is the corrosive nature of this redox mediator
towards most of the metals that usually find application in PV systems, such
as Pt, Au, Ag, Cu, Al etc.®3% Various examples of iodide-free redox
mediators span from alternative halogen redox couples, SCN~/(SCN)3,
disulfide/thiolate (T~/T2) to cobalt and copper based complexes. In particular,
rigid Cu complexes show excellent performance as HTMs in solid state
DSSCs,% 97 while Co complexes, being characterized by more positive
oxidation potentials compared to 17 /I3, nonvolatility, optical transparency

and non—corrosiveness, are able to ensure high PCE in liquid based DSSCs.

A
D
Redox couple E, (V vs NHE) Jsc (mA/em?) Voc (V) FF PCE (%)
Co(bpy)i* 0.57 9.4 0.89 0.57 482
Co(phen)™* 0.62 8.2 0.91 0.51 3.82
Co(bpy — p2)i+ 0.86 5.3 1.02 0.68 3.62

213 pm transparent TiO, + scattering layer; D35 sensitizing dye; CE: platinized FTO glass

Figure 1-23 Chemical structures of the following cobalt complexes: A) Co(bpy)%* (bpy = 2,2"-
bipyridine), B) Co(phen)}* (phen= 1,10-phenanthroline), C) Co(bpy — pz)5+ (bpy-pz = 6-
(1H-pyrazol-1-yl)-2,2'-bipyridine). D) Reduction potentials and the photovoltaic performance
of DSSCs equipped with these complexes as redox mediators.%

Furthermore, the redox potential can be easily modulated varying the ligand
nature (Figure 1-23), thus matching the oxidation potential of the sensitizer
for an efficient dye regeneration.8 % Nonetheless, according to Feldt et al.
even if a more positive redox potential induces an higher Voc value in a

DSSC, as shown in Figure 1-23, the photocurrent and the overall PCE
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decrease, probably due to lower regeneration and charge -collection
efficiencies. However, the same authors suggest that performing the
measurements in different conditions, i.e. varying the Co complex
concentration in the electrolytic solution, can simply greatly enhance the
regeneration efficiency.®® In addition, Co(bpy — pz)3* was found to induce a
PCE of 10.08 % when used in combination with Y123 dye in a DSSC with a
photoanode composition of 5.6 and 5 um of transparent TiO2 and scattering
layer, respectively, and a nanoporous poly(3,4-propylenedioxythiophene)
(PEDOT) counter-electrode.1%

1.2.2.3 Counter-electrode

A CE has a central role in a DSSCs, collecting charges from the external
circuit and catalysing the reduction of the redox mediator. For this reason,
the electrodic material should have good electrical conductivity, stability and
catalytic activity, to ensure a fast reduction and an efficient suppression of
the recombination reaction.%%: 192 Since the first appearance of DSSCs in
literature, platinum has been the material of choice for CEs and the
fabrication methods span from the thermal decomposition of precursor
salts,1%3 the electrochemical decomposition'®* and the chemical reduction®
to the sputtering® and the casting and calcination of Pt NPs.107
Nevertheless, the high cost and the lack of resistance to corrosion of Pt limit
its application for long-term stable PV devices. Among all the candidates for
the fabrication of Pt-free CEs, carbon based materials and conductive
polymers play a major role, although other metal compounds and hybrid
materials are extensively studied.'%8 19 Transition metal dichalcogenides,
such as molybdenum disulfide (MoS2) and tungsten disulfide (WSz2),

demonstrated to have an excellent catalytic activity towards the reduction of
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trilodide, and this activity is directly correlated to the number of active edges
in the 2D structure. DSSCs equipped with edge-oriented WS: as CE
exhibited a PCE of 8.85 % when associated with N719 dye and an iodide
based electrolyte.1? Graphene (GR) based materials can be used both in the
case of iodide and iodide-free electrolytes. When graphene oxide is used in
combination with graphene nanoplatelets (GO/GNPs) for the fabrication of
CEs by spray-coating and successive reduction with hydrazine, the obtained
DSSCs show similar performance to Pt based ones.! On the other hand,
among the various conductive polymers, PEDOT exhibits high catalytic
activity towards Co(bpy)5*, giving rise to a PCE of 10.3%, because of the
high surface area of the catalytic material and its low charge transfer
resistance.? The SEM images of the above-mentioned materials deposited
on FTO glass and the FoM of the DSSCs equipped with them are reported
in Figure 1-24A-C.

C

Catalytic material Jsc(mA/em?) Voc (V) FF PCE (%)

1 Pt 15.34 0.778 0.60 7.20 @
Edge oriented WS, 16.12 0.789 0.69 8.852

2 Pt 15.2 0.901 0.66 9.0 b

GO/GNPs 50:50 15.6 0.885 0.67 9.3b

3 Pt 14.5 0.917 0.63 7.9%¢
PEDOT 15.9 0.91 0.71 10.3¢

2 10 pm transparent TiO, + 5 pm scattering layer; N719 dye; 17 /I3 electrolyte
b 5 um transparent TiO, + 5 um scattering layer; Y123 dye; Co(bpy)'3l+ electrolyte
©8 um transparent TiO, + 4 um scattering layer; Y123 dye; Co(bpy)gx'+ electrolyte

Figure 1-24 SEM images of the following catalytic materials on FTO glass: A) edge oriented
tungsten disulfide (WS,), B) cross-section of poly(3,4-propylenedioxythiophene) (PEDOT).
C) Comparison of the photovoltaic performance of DSSCs equipped with 1) Pt and edge
oriented WS, 2) Pt and GO/GNPs 50:50 and 3) Pt and PEDOT as CEs. Adapted from
References 110 and 111,
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In any case, the best PCE certified by NREL for liquid state DSSCs (12.3 %)
was obtained employing a 5 + 5 um thick PE consisting of a mesoporous and
scattering TiOz layer, respectively, co-sensitized with two D-11-A molecules,
a zinc porphyrin (YD2-0-C8) and a triphenylamine derivative (Y123), a
Co(bpy)3* based electrolyte and a platinized FTO CE.113 114
On the other hand, the most efficient DSSC reported in literature (PCE = 14.3
%, as shown in Figure 1-22E) was prepared by co-sensitization of the
semiconducting film with ADEKA-1 and LEG4, Co(phen)}™* electrolyte and
AuU/GR nanoplateles CE.38

1.2.3 Noble metal nanoparticles in DSSCs

The role of noble metal NPs in a PV system has been widely investigated,
as a consequence of their characteristic LSPR and high surface area which
can result in high catalytic activity. Among the various possible strategies to
achieve better PV performance, as far as the PE is concerned, a balance
between the light harvesting (LH) and the charge collection should be found:
the light absorption can be enhanced increasing the semiconducting layer
thickness, but this negatively affects the charge collection, since the
electrons should travel along a larger path to reach the collecting electrode,
causing voltage losses. For this reason, a viable alternative can be the
improvement of LH in the dye low absorption regions, as shown in Figure
1-25 for N719 dye, whose absorption after 600 nm is very low. Dang et al.
showed that adding noble metal NPs to TiO2 the PCE can be enhanced,
simply matching the LSPR with the dye low absorption region. In the case of
N719, they found that multiple core-shell TiO2-Au-TiOz2 (TAuT) NPs (TEM
image in Figure 1-25B) can induce an increase in Jsc as a consequence of

the increased LH and charge collection. Furthermore, since the plasmon
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enhanced DSSCs reach optimal PCE at lower PE thickness, reduced voltage
loss induced by reduced recombination gives rise to increased Voc. (Figure
1-25E)5 A similar behaviour can be observed when Ag@SiO2 core@shell
nanoprisms (33 nm SiO2 shell, 70 nm total diameter, TEM image in Figure
1-25D) are embedded in TiO2 for the PE fabrication: Gangishetty et al.
showed that Jsc, Voc and PCE increase with the addition of 0.05 % of these
nanoprisms to the PE, compared to the DSSCs with bare N719 sensitized
TiO2, as a consequence of the LH enhancement up to 750 nm, as showed
also by the higher IPCE in Figure 1-25 C.116

A C D
80 —0.0% i
) AgT AuT TAUT s o.os%Agg
N719 — Difference
-,-5; g60
o w
2 \\ g 40 :
< = . {
; 50 nm
20 Sl
400 500 600 700 400 600 800
Wavelength (nm) Wavelength (nm)
E
PE material (optimal thickness) Jsc(mA/ecm?) Voc (V) FF PCE (%)
Tio, (13.01 pm) 14.31 0.799 0.728 8.32
+
TiO,-Au-TiO, (11.04 um) 18.03 0.823 0.728 10.81
2 TiO, (8-10 pm) 11.2+1.2 0.65+0.01 0.757+0.112 5.6+ 0.6
TiO, + 0.05% Ag@SiO, (8-10 pm) 14.4%+1.4 0.70+0.01 0.735+0.09 7.4%0.7

2N719 dye; I /I3 electrolyte; Pt CE
5N719 dye; I~ /I3 electrolyte; Pt CE

Figure 1-25 A) Absorption spectrum on N719 dye (in red) and LSPR bands of TiO,-Au-TiO;
(TAUT, dcore ~15 nm, day ~0-4 nm, dr ~2 nm) NPs (in blue), Ag@TiO2 (AgT, dcore ~15 nm, dr
~2nm) NPs (in yellow) and Au@TiO, (AuT, dcore ~15 Nm, dt ~2 nm) NPs (in purple). The
results obtained with AgT and AuT are not shown in this thesis. B) TEM image of TAUT NPs.
The scale bar represents 5 nm. C) IPCE spectra of DSSCs prepared with N719 sensitized
TiOz (in black) and with N719 sensitized TiO» with 0.05% embedded Ag@ SiO» nanoprisms
(in red). The difference spectrum is shown in blue line. D) TEM image of Ag@SiO;
nanoprisms (33 nm SiO; shell, 70 nm total thickness) after sinterization. E) Comparison of
the photovoltaic performance of DSSCs equipped with 1)TiO, and TAUT NPs, and 2) TiO-
and TiO; + 0.05% Ag@SiO, as PE materials. Adapted from References 115 and 116,

The application of noble metal NPs in DSSCs CE is still limited, although few

examples are reported for the combination of Au NPs with GR-based
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materials or bimetallic nanostructures. Due to the already discussed high
corrosiveness of iodide-based electrolytes, Au NPs based CEs are reported

in association with cobalt based redox mediators.

D
CE material Jsc(mA/em?) Voc (V) FF PCE (%)
Pt 8.09+0.12 0.3303 £ 0.0001 0.4912 + 0.0026 1.45+0.2°2
= Au NPs/rGO 7.27+0.11 0.3552 + 0.0025 0.5042 + 0.0035 1.30+0.01°2
2 Pt NPs 13.94 0.740 0.716 7.4b
Pt sAUq s NPs 14.66 0.745 0.730 8.0b

212 um transparent TiO, + 4 pm scattering layer; N719 dye; Co(bpy)™ electrolyte
514 pm transparentTiO, + 4 pm scattering layer; N719 dye; 1™ /I3 electrolyte

Figure 1-26 A) SEM and B) TEM images of the Au NPs/rGO nanohybrid prepared by Ar
plasma reduction on FTO glass and TEM grid, respectively. C) SEM image of PtysAugs
bimetallic NPs prepared by dry plasma reduction on FTO glass. The scale bar represents
200 nm. D) Comparison of the photovoltaic performance of DSSCs equipped with 1) Pt and
Au NPs/rGO nanohybrid, and 2) Pt NPs and PtysAugs bimetallic NPs as CE materials.
Adapted from References 117 and 118,

Dao et al. showed the in situ synthesis of Au NPs/rGO nanohybrid by
consecutive drop-casting on FTO glass of a graphene oxide (GO) solution
and HAuCls precursor solution, followed by simultaneous reduction with Ar
plasma, to obtain reduced graphene oxide (rGO) and Au NPs. SEM and TEM
images of the nanohybrid are shown in Figure 1-26A-B. The obtained CEs
are characterized by high surface area and low charge transfer resistance.
However, as far as the PV performance of the fully assembled DSSCs are
concerned, the overall PCE is very low also in the case of Pt CE, due to
inefficient combination of Co(bpy)3* with N719 dye (Figure 1-26D).'7 Better

results were obtained when AuPt bimetallic NPs were synthesized by dry
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plasma reduction on FTO glass, after drop-casting of H2PtCle and HAuCls
mixed solution in 5:5 ratio. The obtained Pto.sAuo.s bimetallic NPs are shown
in Figure 1-26C. The combination of Pt and Au is accompanied by higher
catalytic activity and thus higher PCE.*8(Figure 1-26D)
Au mirror thin films (~ 50 nm) deposited by sputtering, in combination with
GR nanoplatelets, were used for the fabrication of the most efficient DSSCs
reported in literature:8 119 the addition of Au ensures higher PCE as a
consequence of the enhanced Jsc, given by higher CE reflectivity, and lower
charge transfer resistance, thus improving the FF.120

Notes: when not specified, the reported PCEs are measured under 1 SUN

illumination (100 mW/cm?).

1.3 Raman Scattering

The Raman scattering or Raman effect was reported for the first time by
Chandrasekhara Venkata Raman in 1928.%?! This process involves the
simultaneous emission of a photon when a molecule interacts with the
incident light: Rayleigh scattering involves the emission of a photon with the
same energy of the incident one, but a different direction and/or polarization,
while, as far as the Raman effect is concerned, the energy of the scattered
photon is different from the incident one, following the transition between
rotational/vibrational levels. The two processes are illustrated in Figure
1-27A-B. Since the emission of the photon is instantaneous, there is not an
actual absorption of the incident light causing an electronic transition, and for
this reason the phenomenon is observed also when using light in the
transparency region of the molecule. The phenomenon can be rationalized
as the formation of a very short-lived complex between the incoming light
and the molecular electron cloud, which is considerably smaller than the light
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wavelength. The interaction is so fast that the nuclei do not have time to move
appreciably and only a small temporary dipole is formed. Furthermore, the
complex is not stable and the light is immediately released as scattered
radiation.?? In order to better understand and depict the processes, the
absorption is usually described as causing the excitation to a virtual state,
followed by the emission of light carrying the same (Rayleigh) or different

energy (Raman) as the incident photons. (Figure 1-27C-D)
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Figure 1-27 Jablonski diagrams depicting the A) Rayleigh and B) Raman scattering
processes. Alternatively, the C) Rayleigh and D) Raman scattering processes are presented
showing the excitation to a virtual state, followed by the photon emission. Jablonski diagrams
depicting the E) Stokes and F) anti-Stokes Raman scattering processes. G) Typical Raman
spectrum of a Raman active molecule (Rhodamine 6G), showing several Raman peaks on
the Stokes side and their (weaker) anti-Stokes counterparts. The spectrum was obtained
using a 633 nm excitation laser line. Adapted from Reference 123,

Furthermore, there are two possible Raman processes, named Stokes and
anti-Stokes, according to the energy of the emitted photon. The former

occurs when the molecule is excited from its vibrational ground state to the

first vibrational excited state, so that the scattered photon energy is smaller
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than the incident one for a quantity hwy, which corresponds to the energy
difference between the two involved vibrational states. On the contrary, when
the molecule is in a vibrational excited state (i.e. due to thermal excitation)
and relaxes to the ground state, the emitted photon has an energy greater
than the incident one for a quantity hwy, which corresponds to the energy
difference between the vibrational states donating and accepting the
transition. (Figure 1-27E-F)'2® When interpreting a Raman spectrum, the
observed peaks are related to a molecular vibrational mode. Due to the
selection rules, a vibration is Raman-active when it is accompanied by an
anisotropic change in polarizability: the latter measures the deformability of
a bond under the influence of an incident electromagnetic field, causing a
temporary dipole. An example of Raman spectrum is shown in Figure 1-27G.
When the energy of the incident photon matches the frequency of an
electronic transition of the molecule (the intermediate virtual state coincides
with a real electronic one), the phenomenon is known as resonant Raman
scattering, which gives rise to an enhancement of the scattering efficiency of
the molecule by factors between 102 and 106.124
As anticipated in Section 1.1.1, the Raman cross-section is defined as the
effective area of a homogeneous incoming beam from which the molecule
will scatter every photon. It depends on the power of the incident light and it
relates the signal produced by a Raman scattering event. Compared to other
optical processes, such as UV-absorption (~1018 cm?) or fluorescence (~10
19 cm?), the Raman cross-section (~102* cm?) is several orders of magnitude

smaller.125

1.4 Surface-enhanced Raman scattering spectroscopy

An amplification of the Raman signal can be obtained using Surface-

enhanced Raman scattering spectroscopy (SERS), which relies on the
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interaction between light, molecules and metal nanostructures. The effect
was observed and reported for the first time in 1974 by Fleischmann, who
used Raman spectroscopy to study the formation of a monolayer of adsorbed
pyridine molecules on the surface of a silver electrode: unexpectedly, the
Raman spectrum of pyridine changed when it was examined in the proximity
of the electrode and a strong ring stretching band appeared at 1025 cm™,
which can be associated with the coordination of the metal through
nitrogen.*?8 The first attempts to rationalize this evidence were made in 1977
by Jeanmarie and Van Duyne and by Albrecht and Creighton, independently:
they both recognized that the increased signal could not be explained by the
increased surface area of the roughened electrode alone.'?” 1228 Nowadays,
two processes are considered fundamental to the SERS effect: the
electromagnetic (EM) and the chemical (CM) mechanisms.

1.4.1.1 SERS enhancement mechanisms

SERS is observed for molecules on or nearby the surface of metallic
nanostructures that can support LSPR, which act as SERS substrates.'?®
The EM mechanism is schematically illustrated in Figure 1-28A. Elastic
scattering of the incident field Eo off a metal sphere, having a diameter
smaller than the wavelength of the incoming electromagnetic field Eo, leads
to a field enhancement by the additional component Eim. The resulting
incoming field Ein = Eo + ELm induces a dipole moment ping in the molecule.
Ein and Hind are vectorial properties which are connected by the molecular
polarizability tensor (a). The dipolar radiation emitted by the molecule (Eoir),
which is red-shifted with respect to the incident laser light in the case of
Stokes scattering, undergoes an enhancement by the scattering component

Esc due to the presence of the metal sphere, so that the outcoming electric
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field is given by: Eout = Epip + Esc. Although the EM mechanism does not
require the molecule in direct contact with the metal surface, it abruptly
decreases as the distance, R, between the molecule and the metal surface
increases (1/R)*2. For spherical NPs, the EM mechanism provides SERS
enhancement around 10%-108. This value can be further increased to 10°-
10!! as a consequence of the molecules located in a hotspot, the gap region
between two coupled NPs.'?2°-131  However, although classical
electromagnetics predicts that enhancements should vary inversely with the
square of the gap size, for gaps with dimensions significantly below 1 nm,
guantum effects associated with electron tunneling between NPs become
important, changing the dominant plasmon energies significantly, resulting in

a reduction in the EM enhancement.132
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Figure 1-28 Schematic representations of A) electromagnetic and B) chemical SERS
enhancement mechanisms. Adapted from References 3%and 139,

If we recall the basic formula for the induced dipolar moment, pind = a Ein, the
EM mechanism contributes through the increase in Ein, while SERS can also
be enhanced up to 103-fold via a CM mechanism, which acts by means of
the increase in electronic polarizability a. Charge transfer (CT) between the
molecule in its electronic ground state and the metal can occur, thus
changing the polarizability a and the Raman scattering cross-section of the

molecule. The same effect occurs in coordination chemistry when ligand
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molecules are bound to a metal center.'*3 For CT to take place, the molecule
must be chemisorbed on the metal substrate, so that the mechanism is
usually referred to as a first-layer effect. The CM mechanism involves the
interaction of the molecules with the surface plasmons, giving rise to charge-
transfer excitation from the molecular HOMO levels to the nanoparticles
Fermi-level or the inverse, from the Fermi-level to the LUMO levels of the
molecule, as shown in Figure 1-28B. Basically, the enhancement is thought
to proceed via new electronic states which arise from the formation of the
bond between the analyte and the metal surface.'®*'% The combination of
the two primary mechanisms contributes to the total enhancement. In 1997,
Nie and Kneipp independently reported the single molecule detection of dyes
in silver colloids, achieving Raman signal enhancement around 14 orders of
magnitude greater than those obtained in the absence of a metal

substrate.137. 138

1.4.1.2 SERS methods

SERS substrates can be divided into colloidal NPs, such as individual NPs
or colloidal assemblies, or nanostructured platforms prepared through self-
assembly of particles obtained by wet-chemical synthesis or lithographic
approaches. In addition, the versatility of SERS derives from the possibility
to detect various kind of analytes through different strategies: surface-affinity
strategies, when the signal arises from the analyte itself; SERS tags
strategies, when the signal arises from a Raman tag; and probe-mediated
strategies, when the signal arises from a change in the probe upon the

interaction with the analyte.
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1.4.1.2.1 SERS substrates: Colloidal NPs

SERS efficiency dramatically differs as a function of NPs morphology and
degree of aggregation. Usually, higher SERS efficiency is obtained when
spherical NPs are partially aggregated, since junctions between the
nanoparticles act as SERS hot-spots where large field enhancements occur,
allowing detection down to the single molecule level. However, techniques
allowing a fine control over aggregation are not yet perfect and thus the
reproducibility of SERS signals is challenging. As an alternative way to

generate hot-spots, anisotropy in metal NPs has been widely studied.'4°

Ag nanorods
Ag nanospheres
Ag nanoprisms

Figure 1-29 TEM images of silver A) nanospheres, B) nanorods and C) nanoprism. D) SERS
spectra of Rhodamine 6G (102 M) with silver nanospheres, nanorods and nanoprisms
obtained using a 785 nm excitation laser line. The spectra were recorded in aqueous
solutions under dilute conditions, with a similar number of NPs in all the samples
(~1.4 x 10'%/cm?3). Adapted from Reference 41,

Tiwari et al. reported a comparative study of the SERS activity of Ag
nanorods, nanoprisms and nanospheres, whose structure is shown in Figure
1-29A-C, using Rhodamine 6G. They evaluated that the SERS enhancement
of Ag nanoprisms is considerably higher than Ag nanospheres and nanorods:
in all cases a Ag-N stretching vibration is visible at ~235 cm™, confirming the
contribution of the CM mechanism, while the higher efficiency of the Ag
nanoprisms can be explained by the matching of their intense in plane dipole
band, peaked at 646 nm, and the 785 nm excitation light (Figure 1-29D).14!
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Furthermore, the anisotropy of the structure probably ensures higher

concentration of hot-spots.

1.4.1.2.2 SERS substrates: nanostructured platforms

Aiming to higher reproducibility, uniformity and long-term stability for real-life
applications, immobilization of noble metal NPs on a solid support can be
performed. Generally, the techniques for immobilization are bottom-up
approaches, such as self-assembly of preformed metal NPs, or top-down
approaches, such as lithography.'®?> Lee et al. immobilized Au
nanobipyramids on paper substrate by immersion in a colloidal solution for
two days. It can be seen that both the transverse and longitudinal plasmon
bands, corresponding to the two possible ways in which electrons can be
polarized within these nanostructures, exhibit a blue shift compared to those
observed in solution (Figure 1-30A), due to the change in dielectric constant
of the surrounding medium. The Au bipyramids, homogeneously adsorbed
on the paper substrate without aggregation (Figure 1-30B), are able to give
SERS enhancement of the Raman peaks for trans-1,2-bis(4-pyridyl)ethane,

ensuring its detection up to 0.5 nM, as shown in Figure 1-30C.142
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Figure 1-30 A) Extinction spectra of gold bipyramid in solution (in red) and adsorbed on
paper substrate (in blue). B) SEM images of gold bipyramids adsorbed on paper substrate.
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In the inset, TEM image of gold bipyramids. C) SERS spectra obtained from the paper
substrate adsorbed with gold bipyramids, exposed to different concentrations (5 - 0.1 nM) of
trans-1,2-bis(4-pyridyl)ethane in ethanol, using a 785 nm excitation laser line. Adapted from
Reference 142

1.4.1.2.3 SERS hybrid materials

The possibility to further enhance SERS efficiency and its applications
emerged with the discovery of graphene-enhanced Raman scattering, which
is mainly dominated by the CM mechanism, via a ground-state chemical
interaction between the Tr-electrons and the molecules. After this
observation, various studies were performed on the combination of graphene
with noble metal nanostructures to form graphene-based hybrid SERS
platforms, whereby metallic NPs generally promote SERS via EM
enhancement, while graphene mainly contributes via additional CM
enhancement. Additionally, graphene can also improve SERS via a
synergistic EM mechanism, deriving from the direct contact between
graphene and a metal of higher work function (such as Au), which results in
an electron flow from graphene to the Au surface through p-doping,

contributing to higher EM enhancement from Au. 30 143
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Figure 1-31 SERS spectra of bilirubin in water with concentration ranging from 10-> M to 10-
12 M, obtained using MoS; (black curve) and Au-MoS; substrates, using a 633 nm excitation
laser line. Asterisk-marked peaks are from the MoS,. B) SEM image and C) TEM image of
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Au decorated MoS; nanoflowers. The average size of Au NPs is shown in the inset. Adapted
from Reference 144.

Interestingly, diverse 2D materials beyond graphene, such as transition
metal dichalcogenides and hexagonal boron nitride, nowadays find
application in the fabrication of SERS hybrid materials. Singha et al. showed
the detection of bilirubin in water in the range 10° M - 10712 M through Au
decorated MoS: nanoflowers (Figure 1-31A), obtained by reduction of
HAuCl4 in a MoS2 nanoflowers solution. The SEM and TEM images of the
hybrid material and the average size of the Au NPs are shown in Figure
1-31B-C.144

1.4.1.2.4 SERS affinity strategies

The simplest detection method relies on the affinity of a Raman active analyte
for an unmodified SERS substrate, by means of electrostatic, van der Waals
or covalent interactions, or using a “drop and dry” method, where a small
amount of the sample solution is dropped onto a SERS-active substrate or
they are mixed in solution before being dropped on a surface for the
measurement and allowed to dry (Figure 1-32 A). As the solution evaporates,
both the NPs and the analyte tend to concentrate, forming a ring structure on
the surface, known as “coffee ring effect’”, characterized by high
concentration of the analyte and a great density of hotspots in the ring
region.# Xu et al. used this method for the detection of polycyclic aromatic
hydrocarbons using unfunctionalized Au NPs. In the case of pyrene, they
obtained a detection limit of 0.5 uM (Figure 1-32 B), measuring the SERS
spectra along the periphery of the coffee ring region. As shown in the SEM
images and EDX analysis in Figure 1-32C, Au NPs are almost exclusively

deposited on the periphery of the ring, whereas NaCl (residue of the Au NPs
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synthesis) is localized in the middle region, followed by the bare silicon wafer
in the center of the ring.146
Alternatively, Montes-Garcia et al. showed an example of affinity strategy
through functionalization (Figure 1-32D), demonstrating that a higher
detection limit (5 nM) can be obtained fabricating a SERS substrate by Layer-
by-Layer (LbL) assembly of Au NPs and ammonium pillar[5]arene (Figure
1-32E), a supramolecular species able to give rise to host-guest interactions
with polycyclic aromatic hydrocarbons, such as pyrene. The SEM image in
Figure 1-32 F shows the Au NPs/ammonium pillar[5]arene assembly on
PDDA modified glass, obtained after two depositions. The SERS spectra
recorded at different pyrene concentrations and the representative SERS

mapping of its 594 cm~ band at 0.1 uM are reported in Figure 1-32 G-H.14’
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Figure 1-32 A) Schematic representation of SERS affinity strategy with unfunctionalized
substrate. B) Raman and SERS spectra of pyrene at different concentrations measured at
the edge of the coffee ring pattern obtained using a 785 nm excitation laser line. C) (a) SEM
image and (b) EDX analysis for the coffee ring pattern (red = Na; white = CI; yellow = Au).
The middle column shows the SEM images at higher magnification, and the right column is
the EDX results for five points along the diameter of the coffee ring. D) Schematic
representation of SERS affinity strategy with functionalized substrate. E) Schematic
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representation of the Layer-by-Layer assembly of Au NPs and ammonium pillar[5]arene. F)
SEM image of AuNPs/ammonium pillar[5]arene assemblies on PDDA modified glass
obtained after two depositions. G) SERS spectra of pyrene at different concentrations (10
MM - 0.001 pM). H) SERS mappings obtained at 594 cm™ with the optimized plasmonic
substrate (two depositions of AuNPs/ammonium pillar[5]arene), obtained using a 785 nm
excitation laser line (scale bar 20 um). Adapted from References 146 and 147,

1.4.1.2.5 SERS tag strategies

SERS tag strategies rely on the signal from a Raman reporter attached to the
NP, rather than using the intrinsic Raman response from the analyte itself.
This approach makes SERS suitable for the indirect detection of analytes
with low Raman cross-section. The Raman reporter provides the SERS tag
with Raman fingerprinted signals. Optionally, a protective shell, made of silica
or PEG can be added to enhance the patrticle stability. Specificity towards the
analyte can be achieved by attaching a targeting ligand such as antibodies,
aptamers, small molecules, or molecular imprinted polymers (Figure 1-33A).
When exposed to the analyte, several changes can occur, causing a variation
in the SERS intensity of the Raman reporter: immobilization or accumulation
of the SERS-tags at specific locations, for example in SERS based imaging;
clustering/ declustering of the SERS-tags, resulting in hot-spots turn-on
(Figure 1-33B) or turn-off; and reduced or increased distance between the

Raman reporter and the SERS-active substrate.4% 148
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Figure 1-33 A) Schematic representation of the key elements in SERS tag strategy: (i)
plasmonic nanoparticles, (i) Raman reporter molecules, (iii) protective shell and (iv) target
ligands. B) Schematic representation of the SERS tag strategy occurring by hot-spot turn
on. C) SERS spectra of Raman reporters with different concentrations of ricin B, obtained
using a 785 nm excitation laser line. Adapted from References 148, 145 and 149,

Zengin et al. used the SERS tag strategy for the detection of Ricin B, a protein
toxin. Ag NPs were functionalized with a Raman reporter molecule, covered
with a protective shell and then coated with ricin B aptamer. When this
colloidal solution was dropped onto a silicon substrate coated with ricin B,
hot-spots formed between adjacent ricin B aptamer modified Ag NPs and the
Raman signal of the reporters could be greatly enhanced (Figure 1-33C).14°
To conclude, some applications of direct and indirect SERS are presented in
this thesis, although there are definitely several other materials and
methodologies for SERS detection, considering that there is no universal
measurement methodology and the choice is always determined by the

application itself.
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1.5 Chemiresistive sensing

Chemiresistors are a class of sensing devices whose functioning is based on
the change in electrical resistance of the active material in the presence of
the analyte of interest, upon application of a potential. Basically, the active
sensing element has a double role, namely the receptor and the transducer:
as a receptor, it is able to selectively interact with the analyte, while
transducing the information into a macroscopically accessible signal, such as
the change in resistance, in the case of chemiresistors. The active materials,
deposited as a film between two metal electrodes, are usually metals, metal
oxides, conductive polymers; more recently nanomaterials such as metal or
semiconducting nanowires, carbon based nanomaterials (i.e. nanotubes,
fullerenes, graphene) and semiconductive or metallic NPs have found
application in this field, thanks to their small size and high surface-to-volume
ratio providing several benefits for sensing over traditional bulk materials.1%%-
152 Among metallic NPs, the most used are electrostatically stabilized ones,
prepared by Turkevich-like methods, which usually undergo post-synthetic
modifications such as cross-linking reactions, and monolayer-protected
clusters (MPCs), where metal NPs are stabilized by a self-assembled
monolayer (SAM) of organomercaptans or organoamines. Sensing devices
are usually fabricated by drop casting, LbL deposition or spin coating of the
colloids on a pair of gold electrodes or interdigitated electrodes (IDES)
sputtered or evaporated on a Si/SiO2 insulating substrate. The resistance
exhibited by a 3D network of metal NPs connected by short molecules is

given by the following equation:

R = Ryeht
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Where (3 is a pre-exponential factor that depends on the nature of bonding in
the molecular backbone and L is the interparticle distance. It has been
demonstrated that when L is lower than ~ 3 nm, the accepted mechanism for
electron transfer is tunneling, while for higher values of L, hopping transport
occurs, although the dominant mechanism strongly depends also on the
nature of the bonding (Figure 1-34A).152 153
When metal NPs coated with a molecular layer are deposited in the electrodic
channel in a chemiresistor device, one among the three situations depicted
in Figure 1-34B can occur: i) at an early stage, the distance between isolated
NPs is so big that electron transfer is not allowed; ii) if the interconnected film
grows, when the NP capacitance is sufficiently low that the electron transport
barrier height is larger than kT, then a staircase behaviour may be observed
in the I-V curve; iii) when percolation is achieved, the interparticle distance is
so small that the number of pathways for electron transport is high enough
to give a ohmic behaviour and a linear correlation between current and
voltage is obtained.1%°
The most common application for chemiresistors is in the field of sensors for
organic vapor and liquid-phase molecules and gases. Usually, in this kind of
sensors, metal NPs provide the electrical conductivity, while the organic
matrix provides a selective binding site for the adsorption of the analyte of
interest, with an overall variation of the device resistance upon interaction

with the analyte.
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Figure 1-34. A) Schematic representation of a chemiresistor where metal NPs
interconnected by a molecular linker act as active material between two electrodes. Electron
tunneling or hopping occurs when a voltage (V) is applied. B) Schematic representation of
the conductive film growth in the chemiresistor electrodic channel, from i) isolated NPs,
passing by ii) an intermediate stage to a iii) percolated network, and the corresponding -V
curves. Adapted from Reference 10,

1.6 Heavy metals as water contaminants

The severe contamination of water resources due to the accumulation of
hazardous heavy metals deriving from anthropogenic activities, such as
several industrial, domestic and technological applications, represent a
concerning risk to human health.*®* For this reason, various strategies have
been developed for the detection and the removal of metal ions from aqueous
systems. The most common categories of detection methods are:
spectroscopic techniques, including atomic absorption spectroscopy, atomic
emission spectroscopy, inductively coupled plasma mass spectrometry,
which, despite the high sensitivity, are quite expensive and require laborious
pre-treatment processes; electrochemical detection techniques, including
amperometry, voltammetry, potentiometry, impedance measurement and
coulometry, which allow relatively simple and fast analysis.'>> On the other

hand, nowadays various detection methods exhibiting high limits of
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detection, rely on the use of nanomaterials.®® Among the various hazardous
compounds that pollute the water resources, mercury ions (Hg?*) have the
tendency, once migrated in the food chain, to undergo bioaccumulation and
biomagnification, resulting in a breakdown of the immune system, persistent
damage to the central nervous system, cardiovascular collapse, acute renal
failure, severe gastrointestinal damage and even death after acute exposure
of humans. %" 158 For this reason, the United States Environmental Protection
Agency established that 10 nM (2 ppb) should be the maximum permitted

level of Hg?* in drinking water.%°
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2 Chapter 2
Fabrication and characterization of nanostructured gold

counter electrodes for dye sensitized solar cells

In Section 1.2.3, the combination of noble metal NPs with 2D materials or the
formation of bimetallic NPs as counter electrode materials for DSSCs has
been shown, while the lack of examples of noble metal NPs as exclusive
catalytic materials in this field has been highlighted.

In this thesis, the fabrication of gold nanostructured CEs by pulsed laser
ablation (PLA) and a standard thermal decomposition method will be
presented. The surface morphologies, optical properties, electrochemical
behaviour, catalytic activity and the performance of the DSSCs equipped with
the fabricated CEs will be presented, in comparison with standard Pt CEs.
Conventionally, DSSC counter electrodes are Pt-based, but its high cost and
lack of resistance to corrosion limit its application for the production of long-
term stable PV devices. In addition, it was demonstrated that it is not the
material of choice when push-pull dyes and iodide-free electrolytes are used.
The main goal of the work is showing that a nanostructured gold layer
deposited on a FTO glass by PLA can efficiently replace a standard platinum
CE in DSSCs.

Large part of the work displayed in this chapter has been published.5°
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2.1 Materials and methods

2.1.1 Materials

Transparent conductive glasses were purchased from Dyesol (now
Greatcellsolar), made of soda-lime glass coated with fluorine-doped tin oxide
(FTO) with a sheet resistance of 7 Q/sq. The transparent titania paste (Dyesol
18NR-T) and the scattering titania paste (WER 2-O Dyesol, 150-200 nm)
were purchased from Dyesol (now Greatcellsolar). The dye Y123 (3-6-4-
[bis(2’,4’-dihexyloxybiphenyl-4-yl)amino-]phenyl-4,4-dihexyl-cyclopenta[2,1-
b:3,4-b’]dithiphene-2-yl-2-cyanoacrylic acid) and the cobalt complexes for
electrolyte (DN-C09 and DN-C10) were purchased from Dyenamo. All the
other chemicals employed in this study purchased from Sigma Aldrich were
used without any further modification. Milli-Q water (18.2 MQ) was used in all
the preparations.

2.1.2 Photoanode preparation

Before use, glass substrates were cleaned by sonication with detergent and
then washed with deionized water and ethanol. DSSCs equipped with four
layers photoanodes were used in this work. A blocking underlayer was
deposited on all photoanodes by immersion of the FTO glasses in 200 mL of
a 40 mM TiCls solution in deionized water at 70 °C for 30 min, followed by
annealing at 500 °C for 30 min. The transparent active TiO2 layer (TL) was
deposited by screen printing method, using a frame with polyester fibers
having 77:48 mesh size and Dyesol 18NR-T titania paste. To obtain thicker
layers, the deposition was repeated several times drying the film at 125°C for
6 minutes. Scattering layers (SL) were deposited with the same screen

printing method, but using WER 2-O Dyesol, containing titania particles with
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sizes ranging from 150 to 200 nm. At this point, thermal treatment in air
atmosphere was performed, using a temperature gradient program with five
levels at 125 °C (6 min), 325 °C (5 min), 375 °C (5 min), 450 °C (15 min) and
500 °C (15 min). The upper blocking layer was deposited with the same
procedure followed for the blocking underlayer.'6: 162 The as-prepared
photoanode was immersed overnight in the dye solution (0.1 mM of Y123
dye and 5 mM of chenodeoxycholic acid in 4-tert-butanol: acetonitrile (1:1
v/v) solvent mixture) at room temperature in the dark. The molecular structure
of the dye is shown in Figure 1-22B. The excess dye was rinsed with ethanol

and the photoanode dried in an oven at 80 °C.

2.1.3 Counter electrode preparation

The standard reference platinum CE (named Pt) was prepared by deposition
of a 5 mM solution of H2PtCls in 2-propanol by doctor blade technique, using
one layer of adhesive tape (3 M Magic), followed by sinterization in air
atmosphere using a temperature gradient program with the following levels:
125 °C (5 min), 180 °C (5 min), 235 °C (5 min) and 320 °C (30 min).163

A similar procedure was used for the preparation of the reference gold CE
by thermal decomposition of a 5 mM solution of HAuCl4 in 2-propanol, using
the same temperature gradient program for sinterization.54

The deposition of Au NPs by PLA technique was performed by Dr. S. Trusso
at the Istituto per i Processi Chimico Fisici (IPCF-CNR) in Messina. Au NPs
were deposited onto the FTO glass surface by PLA technique using a KrF
excimer laser (Compex 205 - Lambda Physik, A =248 nm, T = 24 ns). In order
to avoid excessive damage of its surface, a pure gold target (99.9%, Kurt J.
Lesker) was mounted on a rotating holder and then ablation was performed
at the laser fluence of 2.0 Jcm2 in a controlled Ar atmosphere at 100 Pa,

using 30000 laser shots. Substrates (FTO glass and crystalline silicon, c-Si)
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were positioned on a substrate holder located 35 mm far from the target. The
process took place in a vacuum chamber with a residual pressure better than
1.0 x 107 Pa.
Nanostructured gold CE prepared by thermal decomposition and PLA will be
referred to as Au therm and Au PLA, respectively.

2.1.4 Symmetrical dummy cells and DSSC assembly

The symmetrical dummy cells were fabricated using two identical CEs for
each type of catalyst (Pt, Au therm and Au PLA); using a heat press machine
they were sealed together in a sandwich type arrangement with the help of a
sheet of Surlyn ionomer (25 um, Du-Pont) cut as an O-ring. The gap between
the electrodes was filled with the electrolytic solution, which was inserted in
the pre-drilled pinhole using vacuum technique. The Co-based electrolytic
solution had the following composition: 0.22 M Co(bpy-pz)2(PFs)2, 0.05 M
Co(bpy-pz)2(PFs)3, 0.1 M LiClO4, 0.2 M tert-butyl pyridine in 85:15 (v/v)
acetonitrile : valeronitrile solvent mixture.% The DSSCs were prepared with
the same method and configuration, but sealing together the PE and the CE.

2.1.5 Characterization

Scanning electron microscopy (SEM) images of the platinum and gold thin
films on FTO substrates were acquired using a Zeiss Supra 40 field ion
microscope. SEM characterization was performed by G. Compagnini and L.
D’Urso at Universita degli Studi di Catania. The NPs size was determined
using ImageJ particle counting software.

UV-Vis absorption spectra were acquired with a home-made UV-Vis
spectrometer (Avaspec 2048L spectrometer equipped with Avantes

Avalight-DHS Deuterium-Halogen light source).
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Square wave voltammetric (SWV) measurements were performed in
collaboration with Prof. Francesco Nastasi and Prof. F. Puntoriero at
Universita degli Studi di Messina. An Autolab PGSTAT 12
potentiostat/galvanostat instrument connected to an electrochemical cell with
a three electrodes setup was used to perform SWV measurements at room
temperature in dry and argon purged acetonitrile solution. A solution 5 x 1074
M of Co(bpy-pz)2(PFs)s and 5 x 1072 M of tetrabutylammonium
hexafluorophosphate (supporting electrolyte) in acetonitrile was used for the
SWV measurements. The ferrocene/ferrocinium redox couple was used as
an internal reference (0.63 vs NHE in acetonitrile). In the measurement
apparatus the working electrodes (WE, 1 cm? active area) were prepared by
deposition of Pt and Au on FTO glasses with the previously described
procedure, while a platinum and a silver wire were used as a counter and a
reference electrode (RE), respectively. In the SWV analysis, a staircase
voltage ramp is used to sweep the potential linearly between WE and RE and
the current at the WE is measured. The latter is measured at the end of both
the forward and reverse pulses, thus minimizing the capacitive current
contribution. The difference between these two current values is plotted with
respect to the potential of the WE. The following experimental conditions
were used for all the measurements herein reported: 15 Hz square wave
frequency, 0.01 V scan increment, 0.02 V amplitude, 5 s equilibration time
and 0.15 V/s effective scan rate.
The photoanode thickness was measured using a surface profiler DektakXT
(Bruker) equipped with a 2 um radius diamond-tipped stylus. All the thickness
values reported were recorded with the same experimental conditions: 524
pm vertical scan range, 6000 um scan length and 1 mg stylus force. The
thickness values were verified performing several measurements with

different starting positions by translation of the sample.
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Current-Voltage characteristic curves for the DSSCs and dummy cells were
acquired with a Keythley 236 sourcemeter unit under AM 1.5 G sun

illumination with a power of 100 MW cm~2 and in the dark, respectively.

61



Chapter 2
2.2 Results and discussions

In the present section, a comparative study of the fabricated gold and
platinum CEs will be presented, showing their surface morphologies, optical
properties, electrochemical behaviour, catalytic activity and the performance
of the DSSCs equipped with them.

2.2.1 Counter electrodes: morphology

SEM imaging was used to attain a morphological characterization of the
prepared CEs. In the case of the deposition of H2PtCls, the thermal
decomposition induces the formation of Pt NPs of few nanometers in size on
FTO glass (Figure 2-1A). When the image at higher magnification is
observed in Figure 2-1B, isolated Pt NPs are clearly discernible besides the
presence of nanoaggregates and coalesced patrticles between the valleys of
the FTO grains, as shown also by Duong et al..1%® In Figure 2-1C, the size
distribution diagram shows that the majority of the isolated Pt NPs has an
average size of 2.7 £ 1.7 nm, even though a large number of sub-nanometric
particles are detectable in the SEM picture. Such a population is not included
in the distribution function, given the impossible task of separating it from the
image background noise. Furthermore, among the nanoaggregates, only the
discernible NPs with a clear outline were included in the size estimation.
When the same thermal decomposition method is applied to HAuClas, the
formation of isolated Au NPs is clearly visible on the FTO-glass surface. In
Figure 2-1D-E, it is possible to observe different shapes of NPs other than
spherical ones, i.e. triangular, hexagonal, cubic and rod-shaped, as
highlighted also by De la Garza et al. and Chew et al.:'66 167 the thermal
decomposition of HAuCl4, in the absence of stabilizing agents, leads to the

nucleation and growth of Au NPs, whose morphology is also influenced by

62



Noble metal nanoparticles as active materials for solar energy conversion

and chemical sensing

the presence of the FTO grains. The size distribution diagram shows that the

obtained Au NPs have an average diameter of 13.2 £ 5.0 nm (Figure 2-1F).

It is worth to note that the FTO surface is not completely covered by neither
the Pt nor the Au NPs.
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Figure 2-1 SEM micrographs of Pt and Au thin films deposited on FTO glass by thermal
decomposition of H,PtCle and HAuCl, at A-D) low and B-E) high magnification. The scale
bars represent 7 um and 500 nm at low and high magnification, respectively. Particle size
distributions of the C) Pt and F) Au NPs deposited on FTO glass.

A completely different surface morphology is observed for the gold thin films
deposited by PLA. When the deposition is performed on c-Si substrate,
isolated Au NPs are visible, with an average size of 23.0 + 5.4 nm (Figure
2-2 B). Such a morphology is typical of noble metal NPs prepared by PLA,
since a small portion of the target material is vaporized when the laser pulse
hits it. This process results in the formation of a plasma plume that, driven by
its internal pressure, starts to expand in the direction normal to the target
surface. The presence of a background gas enables the particle growth.
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Once deposited on the substrate surface, the NPs start to grow and,
depending on the deposition time and the total number of laser pulses,
different morphologies can be observed.168-170
However, when Au NPs deposit on FTO glass during the same ablation
process, a different morphology is observed (Figure 2-2 D), probably driven
by the interaction with the semiconducting substrate.1®” The FTO glass
surface appears covered by a nearly percolated gold layer consisting of
islands separated by narrow gaps. The SEM image at higher magnification
and the size distribution diagram reveal that the nanostructured Au layer
consists of coalesced Au NPs with an average size of 15.0 £ 4.3 nm (Figure
2-2E-F). Furthermore, the FTO grains appear completely covered by Au NPs,
which still preserve the plasmonic properties.
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Figure 2-2 SEM micrographs of Au thin films deposited by pulsed laser ablation on A-B) c-
Si substrate and D-E) FTO glass at A-D) low and B-E) high magnification. The scale bars
represent 1 ym and 500 nm, at low and high magnification, respectively. Particle size
distributions of the Au NPs deposited on C) c-Si substrate and F) FTO glass.
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2.2.2 Counter electrodes: optical properties

As shown in 1.1.1, noble metal NPs are characterized by extraordinary
optical properties arising from the interaction of light with the SPs, giving rise
to LSPR, which strongly depends on the NPs size and shape, the nature of
the metal and the dielectric function of the surrounding medium.

The different morphologies of the Au thin films prepared by thermal
decomposition and PLA lead to very different optical properties of the
obtained CEs. In Figure 2-3A, the extinction spectrum of the Au therm CE
shows an absorption band in the visible range peaked at about 570 nm: the
band appears red-shifted in comparison to the one of ~ 15 nm Au colloids in
water (~ 520 nm).?! The nanostructured gold layer deposited by PLA on FTO
glass shows a broad band peaked at about 780 nm and extending up to 900
nm Figure 2-3A). Such a red-shift and broadening of the SPR band, with
respect to the typical LSPR on isolated Au NPs, is a consequence of the
formation of an interconnected network of NPs where dipole-dipole
interactions play a major role.1’*

In Figure 2-3B the transmittance spectra of the prepared CEs are shown.
Both Pt and Au CEs fabricated by thermal decomposition of H2PtCle and
HAuCl4, respectively, are characterized by high transmittance (~ 80-90 %) in
the whole Vis-NIR region, while Au PLA CE exhibits ~ 50 % transmittance
around 500 nm, while it considerably decreases at higher wavelengths as a
consequence of the strong electronic coupling of Au NPs within the 2 D array

shown in Figure 2-3 D-E.
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Figure 2-3 A) UV-Vis extinction spectra of the Au thin films deposited on FTO glass by (blue)
thermal decomposition of HAUCl, and (red) pulsed laser ablation. B) Transmittance spectra
of the (black) Pt and (blue) Au thin films deposited on FTO glass by thermal decomposition
and (red) pulsed laser ablation of gold.

2.2.3 Counter electrodes: catalytic activity

Apart from conductivity, the main requirement of a CE in a DSSC is the
catalytic activity towards the electrolyte regeneration. SWV was used to
evaluate the different activity of the prepared Pt and Au CEs as catalysts
towards the reduction of the electrolytic species [Co(bpy-pz)2]®*. This pulsed
voltammetric technique was chosen due to its ability to ensure high speed of
analysis and high sensitivity to the rate of electron transfer at the interface
between the electrode and the electrolytic solution. This sensitivity derives
from the possibility to differentiate the charging/capacitive current from the
faraidic one, which is correlated to the redox reactions taking place at the WE
surface.l’>1’> To facilitate their interpretation, the obtained SW
voltammograms will be reported in integral form. The results of SWV
measurements of [Co(bpy-pz)2]3* performed on the prepared Pt, Au therm

and Au PLA electrodes are shown in Figure 2-4. First of all, it is possible to
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notice that a redox reaction occurs at 0.86 V vs NHE% on the three WEs,
thus demonstrating that they are all able to catalyse the electrolyte
regeneration. Furthermore, this redox potential makes the chosen electrolyte
suitable for the dye regeneration reaction, since an appropriate driving force
(2 250 mV) should be ensured.'’6-178 Indeed, the HOMO energy level of the
Y123 dye adsorbed on TiOz2 is reported in literature as 1.08 V vs NHE.1"®
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Figure 2-4 Square wave voltammetric measurements (reported in integral form) of Co(bpy-
pz)2(PFs)s with (black) Pt, (blue) Au therm and (red) Au PLA as working electrodes.

In addition, another important information is given by the obtained
voltammograms: the Au PLA electrode provides the highest value of current
for the Co(Il)/Co(lll) redox reaction, compared to Au therm and Pt. In the
studied system, high current values are directly related to high catalytic
activity, which consists in a faster reduction of the oxidized form of the
electrolyte. As demonstrated by Sapp et al., cobalt complexes are
characterized by higher affinity towards gold, compared to platinum.8°
However, the different current values obtained with Au PLA and Au therm
can be rationalized as depending on the different surface morphology of the

electrodes. When comparing Figure 2-1 D-E and Figure 2-2D-E it is clear
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that the gold thin film deposited by PLA is able to cover the FTO grains, which
are basically inactive towards the catalysis of the cobalt complex reduction.
On the contrary, the thermal reduction of HAuCls gives rise to isolated Au
NPs, thus leaving the TCO layer exposed. The similar current values
obtained with Au therm and Pt WEs could be rationalized taking into account
the presumable higher superficial area of the obtained Pt NPs, ensuring the
catalysis of a similar number of redox processes, despite the higher affinity
of cobalt for gold.

Current-Voltage (I-V) curves were acquired for symmetrical dummy cells in

the dark. Such measurements allow the calculation of the differential
resistance of the cells, as the reciprocal slope (Z—II/) at low overpotentials

around the equilibrium potential. High electron transfer kinetics leads to small
differential resistance values. Carli et al. compared gold mirror electrodes
prepared by top down methods and standard Pt ones and found that the
redox couple Co(Il)/Co(lll) is usually characterized by a smaller differential
resistance on Au CEs than on Pt ones.'8!
As shown in Figure 2-5A, the |-V curves in symmetrical dummy cells are
characterized by a linear response at low overpotentials (-0.1; 0.1 V). In the
same region, the differential resistance values are calculated as 45.31 Q,
44.11 Q, 129.37 Q for Au PLA, Pt and Au therm, respectively (Table 2.1).
Once again, the different surface morphology of the prepared gold electrodes
can explain their different catalytic behaviour. The percolated gold layer,
homogeneously covering the FTO grains as a consequence of the PLA, is
able to ensure low differential resistance and high electron transfer kinetics
in the electrolyte regeneration reaction. A similar resistance value is obtained
with Pt CEs, probably depending on the high superficial area of the Pt NPs.
On the contrary, Au therm CEs give rise to an approximately three times
higher resistance value: despite the higher affinity of cobalt for gold
compared to platinum, the low number of catalytic sites descending from the
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very poor covering of the inactive FTO grains and the probably low superficial
area of the Au thin film deposited by thermal decomposition of HAuClas, can

explain the obtained resistance value.
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Figure 2-5 A) |-V curves, and B) Tafel polarization plot of the symmetrical dummy cells (0.36
cm? active area) prepared with two identical Au PLA, Au therm and Pt CEs.

In addition, the qualitative analysis of the Current-Voltage curves for
symmetrical dummy cells suggests that the main limitation of the chosen
Co(Il)/Co(llN) electrolytic couple arises from the diffusional transport, which
makes it difficult to access a purely kinetically controlled regime. Indeed, the
rate of diffusion decreases when bulky ligands such as (bpy-pz) are used,
since they contribute to the increased hydrodynamical radius of the
Co(Il)/Co(Ill) complexes.

Tafel-polarization measurements are conducted to estimate the anodic and
cathodic steady-state polarization diffusion-limited current (Jim). The latter is
the current at the intersection with the Y-axis in a Tafel polarization plot. It
represents the current density when the charge transfer at the CE is limited
by the maximum number of electrolyte ions which are able to diffuse on its

surface.!® 183 This suggests that there is a correlation between Jim and the
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ionic diffusion coefficient of Co(lll), which is usually the limiting component.
Indeed, this relation is given by Fick’s law,

2FD|Co** |y

Where F is the Faraday constant, D is the diffusion coefficient of Co(lll) and

L is the thickness of the spacer.184

Counter electrode Differential resistance (Q) Log Jjim Jiim (MA/cm?) Diffusion coefficient (cm?/s)
Pt 44.11 1.427 26.73 6.93 - 10
Au therm 129.37 1.269 18.57 4.82 - 10
AuPLA 45.31 1.301 19.99 5.19-10°

Table 2-1. Differential resistance, limiting current and diffusion coefficient of the investigated
dummy cells (0.36 cm? active area) prepared with two identical Au PLA, Au therm and Pt
CEs and [Co(bpy-pz)2]>+3+.

As seen in Figure 2-5B, all the fabricated CEs are able to give well developed
limiting current density plateau, thus indicating that the diffusion limiting
region was reached in the given potential range. Assuming that the
concentration gradient across the thin layer cell is linear under stationary
conditions, that the process is regenerative and that L = 2.5 - 103 cm, D was
calculated according to the equation above ( Table 2-1). The highest Jim and
D values are found for the Pt CE (26.73 mA/cm? and 6.93 - 10 cm?/s,
respectively), suggesting that it should ensure the highest catalytic activity in
a DSSC configuration. However, these measurements confirm the previously
reported electrochemical data, since Au PLA CE gives higher values of Jim
and D compared to Au therm. Nevertheless, the obtained D values are in
good agreement with the ones reported in literature for structurally similar

cobalt complexes.181 184
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2.2.4 DSSCs performance

The DSSC performance strongly depends on the characteristics of the PE,
CE and electrolyte, as shown in Section 1.2. Y123 dye, whose structure is
shown in Figure 1-22B was chosen as a sensitizer, considering its excellent

characteristics as Ru-free dye.
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Figure 2-6 UV-Vis A) absorption spectrum of a diluted Y123 solution in ethanol (~ 0.02 mM)
and B) extinction spectrum of a TiO, photoanode (thickness 6 um) sensitized with Y123. In
the inset: schematic representation of the Y123 dye adsorbed on anatase TiO; (101) surface
and the internal charge transfer (ICT) process.

As an example, the absorption spectrum of a diluted Y123 solution in ethanol
(~ 0.02 mM) is shown in Figure 2-6A, in comparison with the extinction one
of a 6 um thick TiO2 PE sensitized with the same dye (Figure 2-6B). Two
main absorption maxima are found at 474 and 326 nm with a hump at 260
nm, the first one arising from the internal charge transfer (ICT) between the
donor and the acceptor moieties, through the 1r-bridge, while the second one
can be ascribed to T—1T* transitions.'® The interaction of the cyanoacrylic
acid anchoring group with TiO2 generates a red-shift of the ICT absorption

band for Y123 from 474 nm to 485 nm, when the dye is adsorbed on the
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semiconducting layer. A schematic representation of the ICT process when
the dye is adsorbed on the (101) surface of anatase TiO2, through a
bidendate linkage, is shown in the inset of Figure 2-6B.186
Since it was demonstrated that Y123 molecules are prone to aggregation by
T-11 stacking due to their planar geometry, de-aggregating agents, such as
chenodeoxycholic acid (CDA), are usually added to the sensitizer solution: it
has been demonstrated that CDA acts as a co-adsorbent on the TiO2
surface, breaking the -1 stacking thus avoiding the self-quenching of the
dye molecules. Even though the amount of adsorbed dye is lower, the
presence of CDA does not affect the DSSC performance, while, on the
contrary, aggregation of molecules reduces the photovoltaic efficiency.18’-18°
Furthermore, CDA helps preventing the recombination of injected electrons
with the oxidized form of the electrolyte (Figure 2-7).

Figure 2-7 Schematic representation of the co-adsorption of Y123 dye and the de-
aggregating agent, chenodeoxycholic acid (CDA), reducing the -1 stacking between the
dye alkyl chains and the electron recombination with the oxidized form of the electrolyte
(Ox).

As shown in Section 1.2.2.1, an adequate control over the dark current,
arising from the recombination of electrons at the FTO-TiOz2 interface, can be
obtained through the deposition of a blocking underlayer and upper layer,

while higher light absorption arises from the use of a scattering layer.
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The appropriate thickness of the PE was chosen by comparison of the
photovoltaic performance of DSSCs equipped with a Pt CE and [Co(bpy-
pz)2]>*** based electrolyte. As shown in Section 1.2.2.2, cobalt based
electrolytes are known to be the best choice when using push-pull dyes, such
as Y123, but in this work the necessity to use iodide-free HTMs is driven also
by the corrosiveness of iodide towards gold.'®® A comparative study was
performed with three different PE structures, as schematized in Table 2-2
and Figure 2-8. The DSSCs equipped with one active TiO2 layer and one
scattering layer (2BL, 1TL, 1SL) are characterized by a poor Jsc, which can
be ascribed to a low light harvesting efficiency, negatively affecting the FF
and PCE.
When a thicker TiO2 active layer (2BL, 2TL, 1SL) is used, the enhanced
photocurrent is probably a consequence of the higher light harvesting
efficiency deriving from the higher concentration of dye molecules adsorbed
on the PE. In addition, the higher values of Voc and FF deriving from low

recombination rate, contribute to the enhancement of the PCE.
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Figure 2-8 Photocurrent vs Voltage for DSSCs (0.181 cm? active area) equipped with
different photoanodes: (green) 2BL 1TL 1SL, (violet) 2BL 2TL 1SL, (marine blue) 2BL 2TL
2SL. TL: transparent titania layer: SL: scattering layer. Data refer to the best performing cell
for each photoelectrode.
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PE structure Voc (V) Jsc (mA/ecm?) FF PCE (%)

2BL, 1TL, 1SL 0.87 + 0.01 4.42 + 0.70 0.43 £ 0.03 2,186 £ 0.53
2BL, 2TL, 1SL 0.92 + 0.01 9.06 + 0.21 0.57 + 0.03 4,78 + 0.32
2BL, 2TL, 2SL 0.88 + 0.01 7.94 +0.13 0.39 £ 0.01 2.74 £ 0.02

Table 2-2. Photovoltaic parameters of the investigated DSSCs with Pt CE, [Co(bpy-pz).]?*/3*
and different PEs. BL: blocking layer (underlayer + upper layer); TL: transparent titania layer:
SL: scattering layer; Voc: open circuit voltage; Jsc: short circuit current; FF: fill factor; PCE:
photocurrent efficiency. Average and standard deviation values are calculated over a set of
2 cells.

Indeed, the DSSC is characterized by a significantly lower value of Rs
(364.96 Q and 119.47 Q for the PE with one and two active TiO2 layers,

respectively), which is related to the lower charge transfer resistance in the

semiconducting material (Table 2-3).

PE structure Rs(Q) Rg, (Q)
2BL, 1TL, 1SL 364.96 2190
2BL, 2TL, 1SL 119.47 2110
2BL, 2TL, 2SL 282.49 1450

Table 2-3. Series (Rs) and shunt (Rsh) resistance values of the investigated DSSCs with Pt
CE, [Co(bpy-pz)2]?*3* and different PEs. BL: blocking layer (underlayer + upper layer); TL:
tFEEnsparent titania layer: SL: scattering layer. Data refer to the best performing cell for each
A thicker scattering layer (2BL, 2TL, 2SL) causes a dramatic decrease of the
overall photovoltaic performance, which can be ascribed to a low dye
regeneration: a thicker layer of big TiO2 NPs hinders the flow of the
electrolytic species, thus causing a reduction of Voc and FF. Table 2-3
shows that the DSSC is also characterized by low Rsh (2110 Q and 1450 Q
for the PE with one and two scattering layers, respectively) which usually
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derives from the presence of alternative paths for the photo-generated
current, since the charge transfer in a thicker film suffers from a longer charge
transport distance to extract the excited electrons, as well as to recover the
oxidized dye molecules.*!
The comparative study on the CEs was then performed with the 2BL 2TL
1SL PE structure, to ensure the highest light harvesting efficiency (Figure
2-9).

CE material Vo (V) Jsc (mA/ecm?) FF Rs(Q) PCE (%)
Pt 0.92 + 0.01 9.1+0.2 0.57 + 0.03 181.78 +33.31 4.8+0.3

Au therm 0.90 + 0.02 9.1+0.6 0.52 + 0.03 213.04 + 26.82 43 0.5
AuPLA 0.93 + 0.01 9.1+04 0.57 +0.03 168.12 +16.73 49+0.1

Table 2-4. Photovoltaic parameters of the investigated DSSCs with Y123 sensitized 2BL
2TL 1SL photoelectrode, [Co(bpy-pz)2]?*3* and Pt, Au therm and Au PLA CEs on black
background. Voc: open circuit voltage; Jsc: short circuit current; FF: fill factor; Rs: series
resistance; PCE: photocurrent efficiency. Photoanode thickness: 8.5 um. Average and
standard deviation values are calculated over a set of 3 cells.

First of all, DSSCs equipped with Au therm CEs were studied in comparison
with those equipped with Pt CEs. Although they are characterized by similar
values of Jsc and Voc, the main difference can be found in the FF (0.52 *
0.03 and 0.57 + 0.03 for Au therm and Pt, respectively) (Table 2-4). As shown
in Section 1.2.1.4, the FF is significantly dependent on the series resistance:
Au therm CEs exhibit higher values of Rs (213.04 + 26.82 Q and 181.78 *
33.31 Q for Au therm and Pt, respectively), probably descending from the
non-adequate surface coverage of the FTO grains, which do not contribute
to the electrolyte regeneration, as highlighted in Section 2.2.3. However,
despite the common chemical nature of the catalyst, DSSCs equipped with

Au PLA CEs exhibit higher values of Voc (0.93 + 0.01 V) and FF (0.57 £
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0.03), as well as lower Rs (168.12 + 16.73 Q), compared to Au therm. The
different surface morphologies represent a valuable tool for data analysis: as
shown in Figure 2-2 A-B, the electroactive Au NPs form a nearly percolated
layer onto the FTO surface after PLA, thus ensuring the catalysis of a higher
number of redox processes. Indeed, Rs is determined by various resistive
events, among which resistance for electron transfer across the interface of

electrolyte/CE can be found.1%?
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Figure 2-9 Photocurrent vs Voltage for DSSCs (0.181 cm? active area) equipped with
different counter electrodes: (black) Pt, (blue) Au therm and (red) Au PLA. Data refer to the
best performing cell for each CE.

In Table 2-5 2-5, the photovoltaic parameters of the same DSSCs equipped
with Pt, Au therm and Au PLA CEs on white background are shown. In this
case, all the DSSCs are characterized by higher values of Jsc and FF, thanks
to the higher light harvesting deriving from the so-called albedo effect, i.e. the
light diffused and reflected by the background.1%3 194 The difference found
between the CEs prepared by thermal decomposition of H2PtCls or HAuCla
and Au PLA CE on black background, are significantly reduced by addition
of a white background (Table 2-5). As a consequence of the higher
transmittance of Pt and Au therm CEs (Figure 2-5B) more residual light is
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impinging on the white background and can be reflected to re-cross the solar
cell. In spite of the lower transmittance causing a lower average Jsc, DSSCs
equipped with Au PLA CEs maintain high values of Voc and FF, deriving from

the higher catalytic activity towards the redox processes of the electrolyte.

CE material Voc (V) Jsc (mA/cm?) FF PCE (%)
Pt 0.94 + 0.01 11.02 + 0.89 0.60 + 0.04 6.25 + 0.98
Au therm 0.93 + 0.02 10.99 + 1.34 0.53 + 0.06 5.42 +1.29
AuPLA 0.93 + 0.01 9.67 +1.08 0.53 + 0.09 4.84 +1.34

Table 2-5. Photovoltaic parameters of the investigated DSSCs with Y123 sensitized 2BL
2TL 1SL photoelectrode, [Co(bpy-pz)2]%+3* and Pt, Au therm and Au PLA CEs on white
background. Voc: open circuit voltage; Jsc: short circuit current; FF: fill factor; PCE:
photocurrent efficiency. Photoanode thickness: 8.5 um. Average and standard deviation
values are calculated over a set of 3 cells.
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2.3 Conclusions

In summary, two novel fabrication methods of Pt-free CEs for DSSCs were
developed. The nanostructured gold thin films deposited on FTO glass by
thermal decomposition of HAuCls and PLA were fully characterized. SEM
investigation revealed that the different fabrication methods adopted give rise
to completely different surface morphologies. The latter strongly affect the
optical properties of the CEs, but also their electrochemical behaviour and
catalytic activity, which were assessed by SWV and Current-Voltage and
Tafel-polarization measurements in symmetrical dummy cells. Isolated Au
NPs with different and irregular shapes were obtained by thermal
decomposition of HAUCla. The process turned out to be an irreproducible and
uncontrollable deposition technique, since it does not allow a good and
homogenous covering of the TCO layer. On the contrary, PLA enables an
accurate control over the surface morphology, which is characterized by the
presence of a nearly percolated gold layer, homogeneously covering the
FTO glass substrate. As a consequence of their surface morphology, higher
catalytic activity was found by SWV for Au PLA CEs, as well as lower
differential resistance in I-V measurements in symmetrical dummy cells and
higher limiting current density and diffusion coefficient for Co(lll) complex in
Tafel-polarization measurements. The data were then confirmed by the
Current-Voltage measurements in DSSCs equipped with the fabricated CEs.
Au PLA CEs in DSSCs lead to better PV performance compared to the
devices equipped with Au therm CEs. The PV parameters are comparable to
the ones obtained with Pt CEs, thus demonstrating that Au PLA CEs can
efficiently replace a standard platinum counter electrode in DSSCs.
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It is worth noticing that PLA allows for the realization of nanostructures with
very different surface morphologies, ranging from isolated nearly spherical
NPs to percolated films, so that probably the DSSCs efficiency could be even
improved by adopting different morphologies from the one investigated here,
as well as different materials (i.e. silver or hybrid system, such as gold/rGO).
PLA is a promising top-down method for the deposition of noble metal thin
films, which could find application in the fabrication of transparent and high-
performance Pt-free CEs for future large-scale applications not only in
photovoltaics but even for others devices employing gold (or silver) for

catalysis, sensing and opto-electronics.
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Fabrication and characterization of multiresponsive

sensors based on noble metal nanoparticles

As highlighted in Sections 1.4 and 1.5, both SERS based and chemiresistive
sensors are characterized by high versatility, high sensitivity, ease and low
cost of fabrication. In addition, the extraordinary optical and electrical
properties of noble metal NPs made them suitable as active materials for
both the sensing techniques.

In this thesis, the synthesis of different types of noble metal NPs, spanning
from citrate and tannic acid stabilized Ag NPs to Au@Ag core@shell NPs will
be shown and their application for the fabrication of multiresponsive sensors
will be presented. The optical properties, the morphological characterization
by SEM and AFM, the SERS performance of the fabricated plasmonic
sensing platforms, as well as the electrical response of chemiresistive
sensors equipped with these NPs will be shown. Furthermore, the possible
application of the fabricated plasmonic sensing platforms for the indirect
SERS and chemiresistive detection of mercury ions in water will be

demonstrated.
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3.1 Materials and methods

3.1.1 Materials

Silver  nitrate (AgNOs), sodium citrate, tannic acid (TA),
poly(diallyldimethylammonium chloride) (PDDA), poly(acrylic acid) (PAA), 1-
naphthalenthiol (1-NAT), sodium borohydride (NaBHa4), hydrogen peroxide
(H202, 28%), sulphuric acid (H2SO4, 98%), sodium chloride (NaCl), , lithium
chloride (LiCl), calcium chloride (CaCl2), magnesium chloride (MgCl2),
copper chloride dihydrate (CuCl2 2H20), lead nitrate (Pb(NOs3)z2), cadmium
chloride (CdCl2) were purchased by Sigma Aldrich (now Merck); mercury
nitrate (Hg(NOs)2) and potassium chloride (KCI) were purchased by Alfa
Aesar and Fluka, respectively. Glass substrates were purchased by Knittel
glass. Fraunhofer Organic Field Effect Transistors (OFET) chips, consisting
of a Si/SiO2 (230 nm thick) substrate with pre-patterned indium-tin oxide
(ITO)/Au interdigitated electrodes (IDEs, 30 nm Au layer on 10 nm ITO
adhesive layer) with channel length (L) of 2.5, 5, 10 and 20 um were used as
chemiresistive substrates. Milli-Q water (18.2 MQ) was used in all the

preparations.

3.1.2 Synthesis of tannic acid stabilized Ag NPs

Ag NPs were synthesized through a seeded-growth method, similar to the
one showed in Section 1.1.2. The synthesis was performed in a three-neck
round bottom flask with a condenser, to prevent solvent evaporation. A
solution of sodium citrate (SC, 5 mM) and tannic acid (TA, 0.1 mM) in 150
mL of water was heated with a heating mantle under vigorous stirring. As
soon as the solution started to boil, 1.5 mL of AgNO3 (25 mM in water) were

added: the nucleation of silver seeds occurred immediately with a clear
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colour change from pale to bright yellow. Immediately after the seeds
synthesis, Ag NPs growth was performed in the same vessel: 30 mL of seed
solution were extracted, while 25 mL of water were added in the same flask.
The temperature was lowered to 90°C in order to prevent further nucleation,
instead favouring the seed growth. With a delay of 1 minute, 750 pL of SC
(25 mM), 2.25 mL of TA (2.5 mM) and 1.5 mL of silver nitrate (25 mM) were
added to the solution. After 30 minutes, 30 mL of solution were extracted and
the remaining volume was used as seed solution for further NPs growth,
performed with the same procedure. The extracted Ag NPs suspensions
were purified by centrifugation to remove the excess TA and SC, with a
speed depending on the NPs size. The size of the NPs was determined by
STEM. Four different Ag NPs generations were used in this work, with sizes
ranging from 15 to 43 nm. The 15 nm colloids were firstly centrifuged at
10414 g, and then twice at 8228 g. The suspension of 23 nm Ag NPs was
centrifuged at 3214 g and then twice at 2057 g. The colloids containing 37
nm and 43 nm were centrifuged at 2057g and then twice at 804 g. In all
cases, the centrifugation durations were 30 min and 45 min for the first and
the second/third steps, respectively. After the purification, the NPs were

redispersed in the same volume of water.1%

3.1.3 Synthesis of citrate stabilized Ag NPs

Citrate stabilized Ag NPs were synthesized in a three neck round bottom
flask, where 120 mL of a solution of SC (3.54 mM) and NaBHa4 (0.5 mM) were
heated with a heating mantle to 60°C under vigorous stirring for 30 min. Then,
30 mL of AgNOs (2 mM) were added dropwise and subsequently the
temperature of the obtained solution was raised to 90°C. Heating was
continued for 20 min. The obtained Ag NPs were then used without any

further treatment.1%
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3.1.4 Au NPs synthesis

The seeded-growth method described in Section 1.1.2 was adopted for the
synthesis of Au NPs with sizes ranging from 18 nm to 54 nm. In a three neck
round bottom flask, 150 mL of a solution of SC (2.2 mM) in Milli Q water were
heated to boiling with a heating mantle for 15 min under vigorous stirring. In
order to avoid the evaporation of the solvent, a condenser was used. Once
the boiling point was reached, 1 mL of HAuCls (25 mM) was added. The
nucleation of Au seeds was evident from the colour change of the solution
from yellow to grey and then soft pink in a 10 min timescale. At this point, the
reaction mixture was cooled to 90°C to perform the NPs growth. In the same
flask, 1 mL of HAuCls (25 mM) was added and the process was repeated
twice, with a reaction time of 30 min. After three additions, 55 mL of the
obtained solution were extracted, while 53 mL of water were added in the
same reaction vessel. Once the temperature reached again 90°C, 2 mL of
SC (60 mM) were added and three consecutive addition of HAuUCls (25 mM)
were performed with a delay of 30 min. The process was repeated until the
desired Au NPs size was obtained. The synthesized Au NPs were then used

without any further purification step.?!

3.1.5 Au@Ag core@shell NPs synthesis

Au@Ag NPs (Au core 22 nm, Ag shell 5 nm) were synthesized through a
seeded-growth method. In a two neck round bottom flask, 60 pL of L-ascorbic
acid (100 mM) and 15 pL of AQNO3 (100 mM) were added to 10 mL of 22 nm
Au NPs and the obtained reaction mixture was stirred at room temperature
for 30 min. At this point, 60 pL of L-ascorbic acid (100 mM) and 15 pL of
AgNOs (100 mM) were added and the procedure was repeated 10 times in

total. Au@Ag NPs with a size of 110 nm (Au core 54 nm, Ag shell 28 nm)
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were synthesized with the same method, but using L-ascorbic acid 300 mM,
AgNO3 300 mM and 54 nm Au NPs colloidal solution. The obtained Au@Ag

NPs were then used without any further purification step.®’

When not specified, the reported size of the synthesized NPs is the expected
size estimated from their optical properties (maximum of the LSPR band), by

comparison with the literature data.%

3.1.6 Substrates fabrication

Prior to use, the glass slides were cleaned by immersion in piranha solution
(H202 : H2S04 25:75) for 30 min and then thoroughly rinsed with water and
stored in water until use. The chemiresistive substrates were instead cleaned
by ultrasonication in acetone for 15 min, in order to solubilize the photoresist
protection layer, followed by sonication in 2-propanol for 15 min.

The plasmonic platforms based on TA stabilized Ag NPs were prepared by
two different methods. The first one consists on the functionalization of
chemiresistive substrates with (3-aminopropyl)triethoxysilane (APTES, 43
mM in water) by immersion for 30 min, followed by immersion in TA acid
stabilized Ag NPs colloidal solution for 3 h. Later, three LbL alternated
depositions of tetra(ethylene glycol) dithiol (TEG, 5 mM in water) and TA
stabilized Ag NPs were performed by immersion for 30 min and 3 h,
respectively. For each deposition, new colloidal solutions were used. This
substrate will be named APTES-Ag NPs-(TEG-Ag NPs)s. The second
method is the alternated electrostatic LbL deposition of TA stabilized Ag NPs
and poly(diallyldimethylammonium) chloride (PDDA) on glass or
chemiresistive substrates. The substrates were immersed in the cationic
aqueous PDDA solution (1 mg/mL, 0.5 M NaCl) for 15 minutes and washed
twice by immersion in water for 1 min. The procedure was repeated twice,

alternating the immersion in a poly(acrylic acid) (PAA) solution (1 mg/mL, 0.5
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M NaCl in water) with the immersion in PDDA solution. Finally, the substrates
were immersed in the NPs colloidal solution and then rinsed with water and
dried with a gentle stream of nitrogen. The procedure was repeated several
times in order to obtain substrates with different Ag NPs loadings. For each
deposition, new colloidal solutions were used. A schematic representation of
the electrostatic LbL deposition is shown in Figure 3-1. Preliminary adhesion
tests were performed with citrate stabilized Ag NPs and Au@Ag NPs by
functionalization of chemiresistive substrates with APTES, followed by

immersion in the colloidal solutions for 3 h.

U

PDDA

PAA

PDDA

@ AgNPs
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(V)
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@ AgNPs

Figure 3-1 Schematic representation of the electrostatic layer-by-layer (LbL) deposition of
polyelectrolytes and TA stabilized Ag NPs on glass substrate.

3.1.7 Optimization of the SERS substrates

The SERS performance of the plasmonic substrates prepared by alternated
LbL deposition of Ag NPs and PDDA were investigated using 1-

naphthalenthiol (1-NAT) as Raman reporter molecule. Prior to use, they were
85



Chapter 3
immersed in a 50 mM NaBH4 aqueous solution for 30 min to remove the
stabilizing agents, then rinsed with water and N2 dried. Subsequently, they
were immersed in a 10> M 1-NAT aqueous solution overnight and then

rinsed with water and N2 dried.
3.1.8 Preparation of the Hg?* solutions

A 10 mM stock solution of Hg(NO3)2 was prepared dissolving 17.13 mg in 5
mL of HCI pH 3 to avoid the precipitation of mercury oxide, while 1 mM and

1 uM solutions were prepared by dilution of the stock with water.
3.1.9 SERS and electrical detection of Hg?* in water and selectivity

The plasmonic sensing platforms prepared with three alternate depositions
of PDDA and Ag NPs 37 nm on glass substrate were immersed in a 1 mM or
1 uM Hg(NOs3)2 solution for 1, 5 or 30 min, then rinsed with water and dried
with nitrogen. When 1-NAT was employed, the plasmonic sensing platforms
were previously treated with NaBHa, as described in Section 3.1.7.

To perform electrical measurements, the plasmonic sensing platforms
prepared with three alternate depositions of PDDA and Ag NPs 37 nm on
chemiresistive substrates with IDEs (2.5 um channel length) were immersed
in a 1 mM agueous solution of Li*, Na*, K*, Ca?*, Mg?*, Cd?*, Pb?*, Cu?* or

Hg?* for 30 min, then rinsed with water and dried with nitrogen.
3.1.10 Characterization

UV-Vis-NIR extinction spectra were recorded with a JASCO V-650
spectrophotometer. Scanning electron microscopy (SEM) and scanning
transmission electron microscopy (STEM) characterization were performed

using a FEI Quanta 250 FEG Scanning Electron Microscope, operating in
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high vacuum mode with a pressure in 10 Pa range. A 10 um gold coating
was applied on non-conductive glass substrates prior to perform SEM.
Atomic force microscopy (AFM) was performed in collaboration with Stefano
Ippolito at Institut de Science et d'Ingénierie Supramoléculaires (ISIS) in
Strasbourg. AFM images were acquired using a Bruker Dimension Icon
microscope under ambient conditions in tapping mode. Bruker TESPA-V2
tips (spring constant k =42 N/m) were used to obtain images resolved by
512x512 or 1024x1024 pixels. SERS spectra were acquired with a Renishaw
InVia Reflex system. The spectrograph used a high-resolution grating (2400
grooves cm™1) with additional band-pass filter optics, a confocal microscope,
and a 2D-CCD camera. A 532 nm laser excitation beam was employed for
the excitation, using a 100x objective (N.A. 0.85, spatial resolution 0.46 um?),
0.02 mW maximum power and 1 s acquisition time. SERS images were
obtained using a SERS point-mapping method, recording the spectra at each
pixel of the image (40 pum x 40 um?, 2 pm step size, 441 points).
Decodification of the SERS images was obtained using the characteristic
peak intensity or area of TA (C-O stretching band centred at 1300 cm?) or 1-
NAT (ring stretching band centred at 1367 cm™t) using WIiRE software V 4.2
(Renishaw, U.K.). The electrical characterization was performed in a probe
station with a two-terminal configuration in ambient conditions, measuring the
electrical resistance on chemiresistive substrates exposing IDEs with L= 2.5
pum, by means of a sourcemeter, Keithley 2636A/B, interfaced by

LabTracer™ software, applying a 500 mV constant bias.
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3.2 Results and discussions

3.2.1 Noble metal NPs synthesis and their optical properties in solution

Citrate stabilized Ag NPs were synthesized using a combination of a strong
and a mild reducing agents, namely NaBH4 and SC, and with an accurate
control over the temperature. The first reduction step occurs at 60°C, when
NaBHa4 induces the fast formation of small Ag nuclei, while SC passivates
their surface, preventing agglomeration. In the second phase, the remaining
SC induces the reduction of more Ag* ions on the surface of the already
formed NPs. As far as the optical properties are concerned, the synthesized
Ag NPs are characterized by a sharp LSPR band peaked at 416 nm, which
is consistent with a diameter of around 50 nm, by comparison with the data

reported by Agnihotri et al. (Figure 3-2).1%
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Figure 3-2 UV-Vis-NIR extinction spectrum of the synthesized citrate stabilized Ag NPs
dispersed in water.

For the synthesis of TA stabilized Ag NPs with diameters ranging from 15 to
125 nm, silver nitrate was employed as silver precursor, while SC and TA
were chosen as reducing agents and stabilizers. TA is a mixed gallotannin,
whose structure consists of a central glucose core, linked to gallic acid esters.
Its main applications derive from its antioxidant nature, since it is able to

reduce serum cholesterol and triglycerides. In the synthesis of Ag NPs, TA
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plays a dual role, since it is able to reduce Ag* ions through the oxidation of
hydroxyl groups to the quinone form, while stabilizing the formed Ag NPs.1%8
In this seeded-growth method, following the nucleation of Ag seeds, the main
factors influencing the NPs growth rate are the temperature, the ratio
between the concentration of Ag seeds present in solution and the silver
precursor injected, as well as the TA concentration. Altogether, the method
allows a precise control over the nanoparticle’s size between 15 and 125 nm,
leading to the growth of long-term stable and highly monodisperse NPs, thus

avoiding the nucleation of new Ag nuclei.1%
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Figure 3-3 A) UV-Vis-NIR extinction spectra of the synthesized tannic acid stabilized Ag NPs
dispersed in water, with sizes ranging from 15 to 125 nm. B) UV-Vis-NIR extinction spectra
of tannic acid stabilized Ag seeds (15 nm) and 100 nm Ag NPs after centrifugation. The blue
and green lines indicate the position of the dipolar and quadrupolar bands, respectively for
100 nm Ag NPs.

The UV-Vis-NIR extinction spectra of the obtained Ag NPs colloids are shown
in Figure 3-3A. As the NPs size increases, it is possible to observe a red shift
of the main dipolar LSPR band, starting from 408 nm for 15 nm Ag NPs.
Furthermore, when the diameter is higher than 50 nm, a new band appears
at shorter wavelengths, due to the quadrupole component of the plasmon

resonance.'®® The position of the dipolar and quadrupolar bands are

highlighted in Figure 3-3B, for colloidal solutions of 25 and 100 nm Ag NPs
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after centrifugation. In addition, these extinction spectra show that the optical
properties are retained after the purification steps.

STEM was used to determine the size of four generations of TA stabilized Ag
NPs, which were then used in the SERS sensing platforms optimization. The
results are shown in the Appendix.

To synthesize Au NPs, a seeded-growth method was adopted, using SC as
both reducing agent and stabilizer. The method allows the synthesis of highly
monodisperse and stable Au NPs, thanks to the accurate control over
temperature and number of Au atoms added in every growth step. Indeed,
after the synthesis of Au seeds, the subsequent growth steps were carried at
90°C in order to favour growth against secondary nucleation and, besides,
avoid the Ostwald ripening process (dissolving of smaller particles, whose
atoms are received by bigger ones, causing size polidispersity).?* The UV-
Vis-NIR spectra of the gold colloids in the 18 - 54 size range exhibit a well-
defined LSPR band, which is peaked at 522 nm for the Au seeds, while it is
red shifted at every growth step; furthermore, the increasing absorbance is a
proof of the deposition of Au on the preformed seeds (Figure 3-4).

Extinction

400 600 800 1000
Wavelength (nm)

Figure 3-4 UV-Vis-NIR spectra of the synthesized Au NPs dispersed in water, with sizes
ranging from 18 to 54 nm.
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The prepared Au NPs were used for the synthesis of Au@Ag core@shell
NPs. The chosen method is based on the reduction of Ag* ions on the surface
of the pre-synthesized Au NPs in the presence of L-ascorbic acid. By using
a mild reducing agent and controlling the concentration and the rate of
addition of AgNOs it was possible to avoid the nucleation of free-standing Ag
NPs.2%° The Ag shell growth on Au cores comes with a blue shift of the Au
NPs LSPR band and the appearance of a new one at around 400 nm: the
two bands merge after 5 additions of AQNOs when 22 nm Au core was used
(Figure 3-5A), but not when 110 nm Au@Ag NPs were formed (Figure 3-5B).
Furthermore, the presence of a Ag shell is clear from the formation of an
absorption minimum at around 320 nm, which is inherent to Ag dielectric

properties.?0t

A B
1.2 1.2
1.0 1.0 5§
c c w
.0 0.8 " .0 0.8 5
-t a -t 2
£ g g &
',E 0.6 1 En i, 0.6 1
w 3 w = _;
0.4 3 04¥/
o
0.2 0.2 4
0.0 T T T 0.0 T T - T
400 600 800 1000 400 600 800
Wavelength (nm) Wavelength (nm)

Figure 3-5 UV-Vis-NIR spectra of the synthesized A) 32 nm Au@Ag core@shell NPs,
starting from a 22 nm Au core (black spectrum) and B) 110 nm Au@Ag core@shell NPs,
starting from a 54 nm Au core (black spectrum), dispersed in water.

3.2.2 Chemiresistive sensing platforms: fabrication and morphology

The chemiresistive sensing platforms were prepared with a procedure similar

to the one of Squillaci et al., who deposited a 3D Au NPs network on pre-
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patterned Si/SiO2 substrates exposing Au IDEs by a two-step approach
based on the preliminary formation of a chemisorbed SAM of TEG, followed
by drop-casting of a Au NPs-TEG solution.?°? Being a dithiol, TEG was
chosen due to its potential ability to cross-link NPs via the formation of Ag-S
bonds at both its ends.?%® In the present work, instead of the TEG SAM, a
preliminary APTES layer was deposited on the surface of a clean
chemiresistive substrate, followed by its immersion in noble metal NPs
colloidal solutions. In the case of citrate stabilized Ag NPs, a non-ordered
assembly of NPs and a very low degree of deposition in the electrodic
channel can be observed in Figure 3-6A. Furthermore, Figure 3-6B highlights
the presence of particles with various shape besides the nanospheres, such

as nanorods and triangular nanoplates.

Figure 3-6 SEM images of the TEG-citrate stabilized Ag NPs network on chemiresistive
substrates exposing gold IDEs (L= 2.5 pm) at A) low and B) high magnification, showing the
formation of nanopatrticles, nanorods and triangular nanoplates. The scale bars represent 5
and 1 pm, respectively.

On the contrary, TA stabilized Ag NPs (37 nm) exhibited a completely
different behaviour. As shown in Figure 3-7A, a very low surface coverage is
achieved when APTES-functionalized chemiresistive substrates are
immersed in the colloidal solution. In order to assess the causes, a second

functionalization step was performed by three consecutive alternate LbL
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depositions of TEG and Ag NPs: the procedure did not allow the deposition

of new Ag NPs, probably due to the inability of TEG to act as a linker for the

NPs, which may be still covered by tannic acid, even after the purification.

The SEM image of the APTES-Ag NPs-(TEG-Ag NPs)s on chemiresistive
substrates is shown in Figure 3-7B.

Figure 3-7 A) SEM images of the APTES-tannic acid stabilized Ag NPs network and B)
APTES-Ag NPs-(TEG-Ag NPs)3 on chemiresistive substrates exposing gold IDEs (L= 2.5
pm). The scale bars represent 10 pm.

Au@Ag NPs were deposited on APTES-functionalized chemiresistive
substrates. When using Au@Ag NPs with a size of 32 nm it is possible to
observe the coalescence of adiacent NPs, probably due to the removal of the
very thin Ag shell (Figure 3-8A). Whereas, 110 nm Au@Ag NPs formed big
aggregates covering very large areas of the electrode, as shown in Figure
3-8B. In both cases, the Ag shell was probably too thin (5 and 28 nm,
respectively), thus undergoing oxidation during the substrate fabrication. For
this reason, the prepared chemiresistive sensing platforms seem to be not
suitable for the desired sensing applications.
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Figure 3-8 SEM images of the Au@Ag NPs network on APTES functionalized chemiresistive
substrates exposing gold IDEs (L= 2.5 um) with A) 32 nm and B) 110 nm core@shell NPs.
The scale bar represents 1 and 100 pum, respectively.

Aiming to a better surface coverage, a different deposition method was
employed. Electrostatic LbL deposition with polyelectrolytes such as PDDA
and PAA was performed with 37 nm TA stabilized Ag NPs. The SEM image
in Figure 3-9 shows the PDDA-Ag NPs network on a chemiresistive substrate
after 3 consecutive LbL depositions. The inset clearly highlights the good
surface coverage both on the IDE gold electrode and Si/SiO2 channel, where
a good degree of percolation is achieved. For this reason, the sensing
substrates presented in the following Sections will be fabricated with
electrostatic LbL deposition of PDDA and TA stabilized Ag NPs.

Figure 3-9 SEM images of the PDDA-TA stabilized Ag NPs network, obtained after 3
consecutive depositions on chemiresistive substrates exposing gold IDEs (L= 2.5 um). Ag
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NPs size is 37 nm. The inset image shows the highlighted region at a higher magnification.
The scale bars represent 10 pm and 3 pm in the low and high magnification image,
respectively.

3.2.3 SERS sensing platforms optimization

Optimization of the SERS sensing platforms was performed varying the size
of TA stabilized Ag NPs and the number of LbL depositions on glass
substrates, following the variation of the optical properties and the
morphology by UV-Vis-NIR spectroscopy, SEM and AFM, as well as the
SERS effect.

Figure 3-10 SEM images of the plasmonic thin films obtained after A) one, B) two, C) three,
D) four and E) five LbL depositions of PDDA and 37 nm Ag NP on glass substrates. The
scale bar represents 1 um.

The SEM morphological characterization of the platforms shows that after
one deposition of 37 nm Ag NPs the majority of the nanoparticles are
isolated, while the formation of dimers and aggregates can be detected at
higher NPs loadings (Figure 3-10A-E). In addition, it is possible to observe

that five consecutive LbL depositions do not give rise to five layers of Ag NPs,
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but instead more densely packed aggregates can be spotted on the substrate
surface.

To confirm these observations, AFM characterization was performed on the
SERS sensing platforms fabricated with one to four depositions of PDDA/Ag
NPs on glass substrates. Figure 3-11A-D show isolated Ag NPs lying on the
substrate surface when the first deposition is performed, while the degree of
aggregation increases with the number of depositions, leading to a
continuous interacting network of Ag NPs in Figure 3-11D. Moreover,
analysing the line trace along the highlighted dashed lines for all the sensing
platforms, it is clear that, increasing the number of depositions, the distance
between adjacent Ag NPs on the substrate surface decreases, while after
three depositions it is possible to observe height values of ~ 80 nm,
ascribable to two NPs lying one on the other, as shown also in the insets.
The surface roughness values of the plasmonic thin films are 12 + 1 nm, 16

+1 nm, 18.5 + 1.5 nm and 25.5 + 1.5 nm when one to four depositions are

60
50
100.0 nm
40
30

performed.

Height (nm)
Height (nm)

0 1 2 3 4
Scan Size (um)

1 2 3 4
Scan Size (um)

120
100

. |
2

Al 100.0 nm 100.0 nm

Height (nm)
o B &8 8 8
Height (nm)

8

[ Ly
LA (‘J1.\,1'%“(‘U\ﬂﬂuuﬂ

l‘ !}L
I

Scan Size (um)

Al

1 2 3 4
Scan Size (um)

N
1

Figure 3-11 AFM images (resolved by 512x512 pixels) and line trace along the dashed lines
of the plasmonic thin films obtained after A) one, B) two, C) three and D) four LbL depositions
of PDDA and 37 nm Ag NP on glass substrates. The insets are resolved by 1024x1024
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pixels. The scale bars represent 1 pm and 200 nm in the main images and the insets,
respectively.

Moreover, when studying the optical properties on glass substrates, the
plasmonic thin films exhibit the typical LSPR band for isolated Ag NPs at 382
nm, which is blue shifted compared to that for 37 nm TA stabilized Ag NPs
dispersed in water (430 nm), as a consequence of the lower average
refractive index of air compared to water, after their deposition on glass
substrate.'4’ In addition, increasing the loading of NPs on the substrate, a
broad coupling band at lower energy (around 550 nm) appears (Figure
3-12A).
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Figure 3-12 A) UV-Vis-NIR extinction spectra of the plasmonic sensing platforms prepared
by (blue) one, (yellow) two, (green) three, (red) four and (grey) five consecutive LbL
depositions of PDDA and TA acid stabilized Ag NPs (37 nm diameter) on glass substrate.
The position of the Raman laser line is highlighted in violet. B) Stability over 15 days of the
UV-Vis-NIR extinction spectra of a plasmonic sensing platform prepared with three LbL
depositions of PDDA and TA acid stabilized Ag NPs (37 nm diameter) on glass substrate,
after NaBH4 treatment.

A similar behaviour was observed when the optical properties were studied
as a function of the Ag NPs size (Appendix). Figure 3-12B shows the UV-
Vis-NIR spectra of a plasmonic sensing platform prepared with 3 LbL
depositions of PDDA and TA acid stabilized Ag NPs. The spectrum 0 was
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recorded immediately after the treatment with NaBH4 described in Section
3.1.7. Extinction spectra of the same sample were then acquired for 15 days
and no evident variation of the optical properties was observed, thus
suggesting a good stability of the plasmonic substrate in the considered
period of time.

The SERS performance of the as-prepared plasmonic sensing platforms was
studied as a function of Ag NPs loading and size, using 1-NAT. The latter is
a small aromatic molecule containing a thiol group, which makes it suitable
as a Raman reporter molecule with high affinity for noble metals, resulting in
the formation of a monolayer on the substrate surface. The complete table of
calculated vibrational bands maxima and their molecular vibration
assignments are reported in the Appendix. The molecular structure of 1-NAT
and its average SERS spectrum obtained on the surface of a plasmonic
sensing platform prepared with three LbL depositions of PDDA and TA acid
stabilized Ag NPs (37 nm diameter) on glass substrate is shown in Figure
3-13A. The SERS spectrum shows the characteristic SERS bands for 1-NAT:
ring breathing at 821 cm, C-H twisting at 964 cm, C-H bending at 1024,
1064, 1133, 1198, 1252 and 1331 cm, ring stretching at 1367, 1452, 1501,
1556, 1585 and 1618 cm™.2%4 The highlighted ring stretching band at 1367
cm? was used to study the SERS intensity as a function of the size of TA
stabilized Ag NPs. The histogram in Figure 3-13B clearly shows that,
disregarding the NPs size, one deposition of Ag NPs does not give rise to a
SERS effect, which instead becomes visible after two depositions. After three
or four depositions of 15, 23 or 43 nm Ag NPs, the SERS intensity does not
increase, while 37 nm Ag NPs give rise to the highest SERS intensity for the
1-NAT ring stretching band. The intensity of the latter was used to decode
the SERS maps shown in Figure 3-13C-F, obtained after 3 LbL depositions
of PDDA and TA stabilized Ag NPs with 15, 23, 37 and 43 nm diameters,
respectively. The maps clearly show that the SERS intensity is highly uniform
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and homogeneous in intensity over the whole area (40x40 pm?) and that 37
nm Ag NPs give the highest SERS intensity (122.8 + 35.7 kcts mW-1 s1). The
SERS intensity decrease with the increasing Ag NPs size could be explained
by the smaller surface area and huge radiation damping and dynamic
depolarization, causing the adsorption of a smaller number of molecules on

the particle’s surface and a decrease in the field enhancement.?05 206
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Figure 3-13 A) Average SERS spectrum of 1l-naphthalenthiol (1-NAT) adsorbed on a
plasmonic sensing platform prepared by 3 LbL depositions of PDDA and 37 nm Ag NPs.
The molecular structure of 1-NAT is shown in the inset. B) SERS intensity of the highlighted
ring stretching band (1367 cm-?) as a function of the Ag NPS size and number of depositions.
SERS mappings of the SERS intensity of the 1367 cm band on the plasmonic sensing
platforms prepared by 3 LbL depositions of PDDA and Ag NPs with a diameter of C) 15 nm,
D) 23 nm, E) 37 nm and F) 43 nm. The scale bar represents 10 um, while the colour scale
refers to the maximum SERS intensity obtained with 3 depositions of 37 nm Ag NPs.

The SERS intensity variation as a function of the number of depositions was
studied with 37 nm Ag NPs. Figure 3-14A shows that the SERS intensity
increases with the number of depositions, but when the fourth bilayer is
deposited, only a ~ 20% increase is obtained (122.8 + 35.7 kcts mW-! stand
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145.6 = 28.2 kcts mW st for three and four depositions, respectively).
Moreover, after five depositions, the SERS intensity decreases to 95.07
+14.8 kcts mW-! s'1. Probably, the increased surface coverage shown in
Figure 3-10E, induces a strong plasmon coupling between adjacent NPs with
different orientations, leading to a hot-spot deactivation when a higher
number of depositions is performed. In addition, the 532 nm laser line does
not match the plasmon coupling band for the five depositions sample, which
is characterized by a huge red shift, compared to the other samples (Figure
3-12A).
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Figure 3-14 A) SERS intensity of 1-NAT ring stretching band (1367 cm-!) as a function of the
number of depositions of 37 nm Ag NPs. SERS mappings obtained at 1367 cm! after B)
one, C) two, D) three, E) four and F) five depositions of PDDA and 37 nm Ag NPs. The scale
bar represents 10 um, while the colour scale refers to the maximum SERS intensity obtained
after 3 depositions.

SERS sensing was then performed using sensing platforms prepared with
three depositions of 37 nm Ag NPs.
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3.2.4 Detection of Hg?* ions in water

The sensing strategy relies on the redox reaction between Ag® and Hg?*, with
the standard reduction potentials of 0.851 V vs NHE for Hg?*/Hg and 0.799
V vs NHE for bulk Ag*/Ag.?°” A sufficient driving force for the reaction is
probably resulting from the higher reactivity of silver at the nanoscale, since
the reduction in size usually leads to a decrease in the reduction potential.2%®
Ivanova et al. reported a redox potential of 0.627 V vs NHE for 42.9 + 13.2
Ag NPs.2%° For this reason, the proposed fabrication method of plasmonic
sensing platforms is extremely versatile, since, in the presence of the analyte,

a SERS intensity turn-off and resistance increase can be both observed.

3.2.4.1 Hg?" ions in water: chemiresistive detection and selectivity

The detection of Hg?* ions was performed taking advantage of the resistance
variation caused by the redox reaction between Ag® and Hg?* taking place
on the surface of the fabricated chemiresistive sensors. In Figure 3-15A, the
red curve shows that the deposited Ag NPs based thin film is able to provide
the electrical conductivity in the 2.5 um electrodic channel, giving rise to a
linear I-V correlation, in the investigated voltage range. Furthermore, the
SEM image in Figure 3-15B clearly shows the film percolating in the channel.
However, when the substrate is immersed for 30 min in 1 mM Hg(NO3)2
solution, a dramatic increase in resistance can be detected (black curve in
Figure 3-15A): the huge decrease in size and number of Ag NPs in the
electrodic channel (Figure 3-15C) makes the electron transfer along the
device impossible. Interestingly, as far as the selectivity is concerned, the
plasmonic thin film did not show any significant interaction with alkaline and
alkaline earth metals, while a slight decrease in the resistance ratio (final

resistance Rt/ initial resistance Ri) is observed when the substrate is exposed
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to transition and heavy metals (Figure 3-15D-E). Alkaline (Na, Li and K) and
alkaline earth metals (Ca and Mg) are characterized by highly negative
reduction potentials compared to the Ag*/Ag redox couple, meaning that they
are not prone to be reduced in the presence of Ag®. On the contrary, exposing
the chemiresistive platforms to Cd, Pb and Cu ions, the observed reduced
resistance (Figure 3-15D inset) could be associated with the chemisorption
of these metals on the NPs surface,?'? giving rise to a conductive shell. The
process could be also driven by the ability of tannic acid to coordinate these
metals, through its abundant hydroxyl functional groups.?!* The standard

reduction potentials of the used cations are reported in the Appendix.
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Figure 3-15 A) Current-Voltage curves for the chemiresistive substrates functionalized with
3 LbL depositions of PDDA and 37 nm Ag NPs (red) before and (black) after the immersion
in 1 mM Hg(NOs), solution for 30 min. B-C) SEM micrographs of the plasmonic thin films
deposited on chemiresistive substrates B) before and C) after the immersion in 1 mM
Hg(NOs3). solution for 30 min. The electrodic channel length is 2.5 pm and the scale bars
represent 3 um. D) Current-Voltage curves for the chemiresistive substrates functionalized
with 3 LbL depositions of PDDA and 37 nm Ag NPs before and after the immersion in 1 mM
salt solutions for 30 min. The reported |-V curves are the average of four different
acquisitions. E) Resistance ratio (final resistance Rf / initial resistance Ri) for the plasmon
modified chemiresistive substrates extrapolated from the I-V curves as a function of the
metal ions.
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3.2.4.2 Hg?" ions in water: SERS detection

The SERS intensity turn-off method relies on the disruption of the interaction
between the Ag NPs and the Raman reporter molecules, causing a decrease
in SERS intensity, in the presence of the analyte.?*? The detection of Hg?*
ions was then performed following the lowering of the SERS signals of the
Raman reporter molecule (TA stabilizing agent or 1-NAT) on the Ag NPs
surface. The observed phenomenon is probably related to the displacement
of the capping agent from the Ag NPs surface.

First of all, the actual interaction between Ag® and Hg?* was proved studying
the SERS intensity decrease of the C-O stretching band of TA phenols after
the immersion of the plasmonic substrate in 1 mM Hg(NOz3)2 solution for 30
min. In Figure 3-16A, it is possible to observe the characteristic Raman
spectrum (in black) for TA, whose most defined band peaked at 1300 cm™ is
highlighted in blue. When the plasmonic substrate is immersed in 1 mM
Hg(NOs3)2 for 30 min, the SERS intensity of the entire spectrum dramatically
decreases (green spectrum). The area of the C-O stretching band of TA
(1250-1370 cm?) decreases from 762.425 + 169.167 k to 0.4798 + 0.1 k.
This huge variation is even more clear when the SERS mappings for this
Raman peak area are analysed (Figure 3-16B-C). Furthermore, the SERS
maps demonstrate that the area of the Raman band is homogeneous over
all the substrate surface, before and after the immersion in Hg(NO3)2
solution. When the Hg?* concentration is lower (1 uM), the predominant effect
is probably the amalgam formation subsequent to the chemisorption of
reduced mercury on the NPs surface.?’’ In the Appendix, the variation of the
averaged SERS spectra for 1-NAT before and after the immersion of the
plasmonic sensing platform in 1 uM Hg?* solution for 1, 5 and 30 min is
shown. The plot in Figure 3-16D highlights that the rate of Ag NPs oxidation
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is extremely high: the SERS peak area ratio (final peak area/initial peak area,
A#/Ai) for 1-NAT ring stretching band (1367 cm™) undergoes a ~ 40%
reduction after just 1 min from the immersion in Hg(NO3): 1 uM. SERS
mappings demonstrate that the reduction of the peak area is significant over
all the substrate surface after its immersion in Hg(NOs)2 1 uM for 1 min Figure
3-16 E-F). Furthermore, when the immersion is prolonged for 5 and 30 min,
Ai/Ai does not undergo any significant change, probably due to the

chemisorption of reduced mercury on the Ag NPs surface.
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Figure 3-16 A) Average SERS spectra of TA capping agent on 37 nm Ag NPs (black) before
and (green) after the immersion in Hg(NO3), 1 mM for 30 min. The sensing platform was
prepared by 3 LbL depositions of PDDA and 37 nm Ag NPs. B-C) SERS mappings obtained
at 1300 cm! B) before and C) after the immersion of the sensing platform in Hg(NOs), 1 mM
for 30 min. D) Variation of the 1-NAT 1367 cm* peak area ratio (Af/Ai) with the immersion in
Hg(NOg3). 1 uM for 1, 5 and 30 min. E-F) SERS mappings obtained at 1367 cm! E) before
and F) after the immersion of the sensing platform in Hg(NO3)> 1 uM for 1 min. The scale
bars represent 10 pm.
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3.3 Conclusions

In summary, Ag NPs stabilized by tannic acid or citrate, Au NPs and Au@Ag
core@shell NPs were successfully synthesized and characterized. Their
deposition on glass and Si/SiO2 exposing gold IDEs was performed and
studied: it was demonstrated that the electrostatic LbL deposition with
polyelectrolytes is more suitable than the cross-linking with dithiols for the
deposition of tannic acid stabilized Ag NPs. For this reason, the plasmonic
sensing platforms prepared with this method were fully characterized by UV-
Vis-NIR spectroscopy, SEM and AFM microscopies and SERS
spectroscopy. Besides, in spite of the well-known reactivity of Ag NPs arising
from oxidation, the optical properties of the substrates revealed to be stable
over 15 days. Using 1-NAT as a Raman reporter molecule, the analysis of
the SERS performance of the plasmonic thin films as a function of Ag NPs
size and loading shows that the highest SERS effect is obtained after three
depositions of 37 nm Ag NPs. The same deposition procedure was used for
the fabrication of chemiresistor devices and the prepared plasmonic thin film
revealed to be able to provide the electrical conductivity in the electrodic
channel. The as-fabricated plasmonic sensing substrates were used for the
detection of mercury ions in water both by indirect SERS and chemiresistivity.
The sensing strategy relies on the redox reaction occurring between Ag® and
Hg?*. Furthermore, the prepared sensing platforms revealed to be extremely
selective for mercury ions over other alkaline, earth alkaline, transition and
heavy metal ions. The preliminary study presented in this thesis shows that
the prepared multiresponsive plasmonic substrates are promising candidates
for the ultrasensitive detection of Hg?* and there is still space for the
investigation of the limit of detection even in real water samples, as well as

the application for the detection of other analytes.
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433 +7.0 nm

Figure 4-1 A-D) STEM images of the synthesized tannic acid stabilized Ag NPs. The
reported sizes were determined as an average of the diameter of 100 particles for each Ag
NPs generation. E-H) Particle size distribution for every Ag NPs generation.
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Figure 4-2 UV-Vis-NIR extinction spectra of the plasmonic sensing platforms prepared by
(blue) one, (yellow) two, (green) three and (red) four LbL depositions of PDDA and TA acid
stabilized Ag NPs with the following diameter: A) 15 nm, B) 23 nm and C) 43 nm on glass
substrate. The position of the Raman laser line is highlighted in violet
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Table 4-1. Calculated vibrational bands maxima in cm?* and their molecular vibration
assignments for 1-naphthalenthiol, after minimization of the geometry using Gaussian ‘03
suite of programs with the 6—-311G(p,d) basis set Adapted from Reference 204,

Calculated vibrational bands maxima | Molecular vibration

(cm) assignment

75, 126 Ring torsion and S-H wagging

171 Ring butterfly

211 Ring twisting

231 Ring wagging

389 Ring deformation and C-S
stretching

415 Ring wagging

424 Ring deformation

474 Ring twisting

518, 543 Ring deformation

546 Ring wagging

630 Ring twisting

675 Ring deformation

739, 781 C-H wagging

798 Ring deformation

799 C-H wagging

828 Ring breathing

863 C-H wagging

896 C-H twisting

942 S-H bending

961, 976 C-H twisting

990 Ring breathing
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997 C-H twisting
1048, 1091, 1165, 1171, 1190, 1231, | C-H bending
1239, 1287

1367, 1388 Ring stretching
1415 C-H bending

1469, 1490, 1543, 1604, 1633, 1662

Ring stretching

2680

S-H stretching

3192

3160, 3163, 3170, 3172, 3181, 3187,

C-H stretching

Table 4-2. Standard reduction potentials for the analysed metal redox couple at 25°C.

Redox couple E° (V)
Hg?*/Hg 0.851
Hg22*/Hg 0.80
Ag*/Ag 0.799
Cd?*/Cd -0.400
Pb2*/Pb -0.126
Cu?*/Cu 0.337
Na*/Na -2.71
Li*/Li -3.04
K*/K -2.92
Ca?**/Ca -2.76
Mg?*/Mg -2.38
Au®t/Au 1.50
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Figure 4-3 Average SERS spectra of 1-NAT adsorbed on a sensing platform was prepared
by 3 LbL depositions of PDDA and 37 nm Ag NPs (black) before and after the immersion in
in Hg(NOz3)2 1 uM for (red) 1 min, (blue) 5 min and (green) 30 min. The ring stretching band
(1367 cm™) is highlighted in blue.
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